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Introduction

Research on the recently-discovered new form of
carbon, fullerenes, is expanding at a rapid rate. As
explained elsewhere in this issue, this new scientific field
has emerged from fundamental studies of gas-phase
carbon clusters.! This research, largely based on mass
spectrometry experiments,? provided the crucial evi-
dence for postulation of the fullerene structures.* This
led to further experimental and theoretical work and,
finally, to the discovery of a method by which large
quantities of fullerenes can be synthesized.® The
purpose of this Account is to describe some of the key,
early mass spectrometric studies of gas-phase carbon
clusters, which served as a prelude to the Huffman-
Kratschmer discovery, as well as some more recent in-
vestigations of fullerene properties in the gas phase.

Mass spectrometry has proven invaluable in the study
of carbon cluster production mechanisms and proper-
ties, and more recently for characterization of fullerenes
and fullerene derivatives, because it is a sensitive,
specific, and versatile technique. The fundamentals of
mass spectrometry are simple: neutral molecules are
ionized and separated by their mass-to-charge ratio
(m/z). A typical experiment begins with ionization of
a volatile species, either by electron ionization (EI) or
by protonation in a reagent gas plasma (chemical ion-
ization, CI). Involatile species can be desorbed and
ionized by various techniques including thermal de-
sorption EI or CI, laser desorption/vaporization
(LD/LV), and particle bombardment. Following ion-
ization, two general approaches are used for ion mass
analysis. With “beam” instruments, ions are accelerated
out of the ion source and separated according to mo-
mentum (magnet, B), kinetic energy (electric sector, E),
mass (quadrupole, Q) or flight time (time-of-flight,
TOF). Alternatively, ions can be trapped and analyzed
using a quadrupole ion storage device or a Fourier
transform ion cyclotron resonance (ICR) mass spec-
trometer (FTMS). The resultant spectrum of the ion
and its fragments can give both molecular weight and
structural information.

The power of mass spectrometry is enhanced by the
development of tandem mass spectrometry (MS/MS)
techniques, which further extend the capability to probe
ion structures and properties. In one type of MS/MS
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experiment, known as collision-induced dissociation
(CID), one mass analyzer is used to select an ion of a
particular mass-to-charge ratio. The selected ion is then
collided with a neutral target gas, after which the
fragments from the collision are analyzed by a second
mass analyzer. At low ion kinetic energies, reactions
between the selected ion and reagent gases can be
studied. The availability of numerous ionization and
mass analysis methods has given rise to a variety of
instruments that can be applied to a range of analytical
problems. Much of the initial work on buckminster-
fullerene and its derivatives has relied in part on ana-
lytical characterization by mass spectrometry.

Early Studies of Carbon Clusters

The initial mass spectrometric studies by groups at
Exxon,? Bell Labs,? and Rice*® reported the production
of large carbon clusters (n > 30) and showed certain
anomalously abundant cluster sizes. The method used
by the these groups to produce carbon clusters was
developed by Smalley in the early 1980s” and consists
of laser vaporization of a graphite rod, which is rotated
and translated, followed by entrainment of the ablated
species in a molecular beam. The nascent ions or
photoionized neutrals were mass analyzed by TOFMS.
Cluster research at the Naval Research Laboratory
(NRL) at this time was focused on the production of
clusters from a variety of materials using particle bom-
bardment and laser vaporization in sector and TOF
instruments.®® While the cluster ion size distributions
for most systems show a pseudoexponential decrease
in abundance for larger species,' the bimodal distri-
bution of positively-charged carbon cluster ions re-
ported by the Exxon group? (C,*, 3 < n < 30 with An
= 1 and n > 32 with An = 2) was distinctive. This
unique behavior and the unusual, anomalously abun-
dant carbon cluster sizes (C,*, odd n = 7, 11, 15, 19, and
23 in the low mass distribution and even n = 50, 60, and
70 for the larger species) raised questions about the
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Figure 1. Time-of-flight mass spectrum of nascent C,* generated

by direct laser vaporization (DLV) of a stationary graphite sample,

showing the bimodal distribution and magic numbers at n = 11,

15, 19, 23, 50, 60, and 70.

mechanism of carbon cluster production and cluster
properties.

Our initial experiments were directed at the mecha-
nism(s) of carbon cluster formation and, in particular,
why the low-mass C,* distribution was observed by
laser vaporization of graphite both with and without!!
a molecular beam, but the high-mass clusters were ob-
served only with the molecular beam. In order to sim-
plify the method, we designed our experiment to allow
observation of the cluster ions formed directly in the
plasma that is generated by laser irradiation of graphite,
without subsequent collisions in a molecular beam or
ionization. The ions produced by direct laser vapori-
zation (DLV) (Nd:YAG, 532 nm) of a stationary gra-
phite sample pellet were extracted at a right angle to
the incident laser irradiation and mass analyzed by
TOFMS. Initially, only the low-mass C,* (n < 30) were
observed, but after a few minutes of laser irradiation
of the same spot on the target, the spectrum shown in
Figure 1 was obtained.!? This spectrum shows both
low- and high-mass C,*, and the distribution is nearly
identical to that measured originally by the Exxon
group? using a molecular beam. This unexpected ob-
servation was postulated to result from the laser
“drilling” a channel in the graphite pellet, which pro-
vided a confined space with higher particle densities
where reactions could occur to yield the high-mass C,,*.
This was the first demonstration that large carbon
clusters could be produced without a molecular beam,
_ but the full significance was not realized at the time,
i.e., the possibility of generating large quantities of these
species from different carbonaceous materials and by
a variety of techniques.

Another result from the TOFMS studies was that the
larger C,* were emerging from the laser-induced plasma
with lower velocities than the smaller C,*. We specu-
lated that this could in part explain why only the
smaller C,* were observed by DLV of graphite in an
FTMS.!? In this instrument the laser beam, and hence
the plasma, propagates perpendicularly to the magnetic
field and vaporizes a graphite sample located flush with
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the ICR cell. The ions are constrained in cyclotron
orbits around the magnetic field lines while the neutrals
expand freely into the cell. This reduces ion/neutral
interactions and preferentially samples those ions with
velocities great enough to get into the center of the cell
for trapping and analysis. However, in an FTMS
equipped with a superconducting magnet, the laser
vaporization occurs along the magnetic field lines, and
as predicted, when DLV of graphite was studied in this
experimental configuration, both low- and high-mass
C,* (40 < n < 180) species were observed.* In this
case, the laser-induced plasma expands parallel to the
magnetic field and both neutrals and ions propagate
freely in a process similar to that in the field-free region
between the sample and ion source in the TOFMS.

The first production of large C,,* in an FTMS allowed
numerous studies of their properties'* and prompted
many other groups to use DLV of a variety of carbo-
naceous materials to generate carbon clusters.!> The
higher mass resolution afforded by FTMS (compared
to TOFMS) was used to measure the isotopic ratios of
m/z 720 (IZCGO+)! m/z 721 (13C12C59+), and m/z 722
(13C,12C551), which showed that there is no detectable
contribution from hydrogenated species in the high
mass C,* region.!* In addition, the FTMS allowed the
study of ion/molecule reactions and CID of C,*. While
reactivity studies have shown the smaller C,* to be
reactive with several reagent gases,!®'7 which revealed
isomeric structures and evidence for conversion from
linear to cyclic structures between n = 9 and 10, the
larger C,* were found to be unreactive.* In addition,
CID and IR photoactivation of the larger C,* yielded
no fragment ions, thus providing further evidence for
unusual stability.

Ion/Molecule Reactions of Fullerenes:
Physical Properties

The early characterization of fullerene ions using the
MS/MS capabilities afforded by FTMS was quite lim-
ited. Although the carbon cluster ions with n > 10 are
relatively inert, electron-transfer (i.e., charge-transfer)
reactions in the gas phase have been used successfully
to bracket their ionization energies (IEs).'"1° In brief,
once the cluster ions are mass-selected (size-selected)
and thermalized in the FTMS, reaction 1 is studied with
neutrals (M) of differing IEs:

Ctr+M—M"+C, (1)

The IE of C, is then bracketed (relative to M) by de-
termining if reaction 1 is exothermic (IE(C,) > IE(M))
or endothermic (IE(C,) < IE(M)). The “resolution” of
the charge-transfer (CT) bracketing technique is limited
by the IE difference of the neutrals used and is typically
0.1 eV. This technique was used by Eyler and co-
workers!® for the determination of the IEs of small (n
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Figure 2. The first and second ionization energies of carbon

clusters, C,, determined by the charge-transfer bracketing tech-
nique.

< 24) carbon clusters. Large alternations were observed
in the IEs, where the “magic-number” clusters (n = 7,
11, 15, etc.) have much lower IEs than their neighboring
clusters, consistent with their enhanced abundances in
the positive-ion mass spectrum.

The CT bracketing technique was subsequently used
at the NRL to determine the IEs of the fullerenes.?’
These experiments were initiated prior to the produc-
tion of bulk fullerenes; thus DLV of graphite was used
to generate the corresponding fullerene cations in the
FTMS. The results are shown in Figure 2 for selected
C, with 48 < n < 80. The neutral CT compounds used
in this study included aromatic hydrocarbons, amines,
and metallocenes. The IEs of the “magic-number”
clusters (n = 50, 60, and 70) were determined to be 7.61
+ 0.11 eV. In contrast, the IEs of the neighboring
fullerenes are considerably lower. Several aspects of
these results were quite surprising. The alternations
observed in the IEs resulting from the addition or
subtraction of a C, unit are relatively large (~0.5 eV)
for species of this size. Also, in contrast to the small
carbon clusters (n < 24), the opposite trend is observed
for the fullerenes in which the magic-number clusters
in the positive-ion distribution possess relatively high
IEs. This suggests that the enhanced abundance of
these positive ions does not result from ease of ioniza-
tion, but more probably from their greater absolute
abundances as either neutrals or nascent ions. All of
the carbon clusters (up to n = 200) were determined to
have IEs significantly greater than the work function
of graphite (4.9 eV), consistent with the recent struc-
tural confirmation of these species as a unique form of
carbon. Although the n = 50, 60, and 70 clusters have
the same IE, differences were observed in their re-
activity with metallocenes. The reaction of Cg* and
C,* with metallocenes is significantly slower than that
of the other clusters studied, including Cs,*. This re-
duced reactivity has been suggested to be consistent
with closed-shell and /or extremely symmetrical struc-
tures. It is interesting that these species are also those
produced and extracted in high abundance in the bulk
synthesis of fullerenes.

The availability of macroscopic quantities of fuller-
enes has allowed the use of photoelectron? and pho-

(20) Zimmerman, J. A; Eyler, J. R.; Bach, S. B. H.; McElvany, S. W.
J. Chem. Phys. 1991, 94, 3556.

McElvany et al.

toionization? spectroscopy for the determination of the
IE of Cg;. Photoelectron measurements in the bulk and
gas phase yielded values of 7.6 £ 0.2 eV and 7.61 % 0.02
eV, respectively. A value of 7.57 £ 0.01 eV has recently
been reported using vacuum ultraviolet photoionization
mass spectrometry.??2 The excellent agreement between
these vertical IEs and the adiabatic value measured by
CT indicates that little structural change occurs upon
ionization, as would be expected from a relatively large,
symmetrical molecule such as Cg.

Electron ionization of gas-phase fullerenes also results
in the production of multiply-charged cations, which
has allowed the bracketing of the second and third IEs
of several fullerenes by the CT technique.?? The second
IEs are included in Figure 2 for Cgy (9.7 V), Cqy (9.1
eV), and C; (9.0 eV). These second IEs are indicative
of the stability of the singly-charged ion and are con-
sistent with the observed mass spectrum, i.e., the en-
hanced stability (abundance) of Cgy* and C,,*. The
second IEs of these large aromatic carbon clusters are
low in comparison to those of similar systems, e.g.,
p-hexaphenyl (C;;Ho) has a first IE of 7.67 eV and a
second IE of ~11.8 eV.2* Considerably higher values
have been estimated for the second IEs of Cg by
charge-stripping measurements (12.25 eV% and 11.9
eV¥), Recent vacuum ultraviolet photoionization
measurements? indicates a second IE intermediate to
the charge-stripping and charge-transfer values, but the
nonlinear behavior near threshold in the photoioniza-
tion study favors the lower value.

The proton affinities (PA) of Cg, and C;; have also
been bracketed by ion/molecule reactions in the
FTMS.?” For these experiments, a mass-selected
protonated reagent molecule (MH™) is allowed to react
with gas-phase fullerenes heated off a solids probe
(reaction 2). Analogous to the CT bracketing method,

MH* + Cg (Cyo) — CeoH* (CoHY) + M (2)

the occurrence (exothermicity) of reaction 2 indicates
that PA(C,) > PA(M). The proton affinities of Cg, and
C,, were bracketed between ammonia and hexa-
methylbenzene, indicating that 204 kcal/mol < PA-
(Cgp,Crp) =< 207 kcal/mol. These values were confirmed
by studying the proton-transfer reactions of CeH*t and
C,oH* (i.e., the reverse of reaction 2). Also, proton
transfer was observed from CgH* to Cs, indicating that
PA(C;) > PA(Cqy).

The stability of the protonated fullerenes was probed
by CID.2" These studies revealed that both protonated
and unprotonated fullerenes are stable toward frag-
mentation in requiring relatively high-energy collisions
(Ep > 150 eV) with xenon. The protonated fullerenes
dissociate at these energies solely by the loss of the
hydrogen atom, in contrast to the underivatized full-
erenes, which fragment by loss of one or more C, units.
The H loss observed from C,H* suggests that following
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proton transfer the charge is delocalized throughout the
fullerene molecule.

High-pressure chemical ionization (CI) in a triple
quadrupole mass spectrometer (TQMS) has been used
as an alternative to electron ionization for the produc-
tion of fullerene ions in several studies.?® As expected,
positive-ion CI results in the production of protonated
fullerenes (n = 60, 70, 76, 78, and 84) with no frag-
mentation. Negative-ion CI has been shown to be an
extremely sensitive method for fullerene analysis be-
cause of the relatively high electron affinities of carbon
clusters. In contrast to observations with positive-ion
CI, fullerenes (even n) up to n = 124 are observed as
anions from thermal desorption of toluene extracts of
soot using negative-ion CI.27?8

In addition to protonated fullerenes, many other
fullerene derivatives have been generated by gas-phase
ion/molecule reactions. The high-pressure CI condi-
tions used to generate protonated fullerenes also result
in adduct formation of the fullerenes with the reagent
ions (e.g., C,-CoH;* with methane and C,-C,H,* with
isobutane). These species undergo fragmentation to
yield C,H* at low energies (E,;, = 50 eV) and C,* at
higher energies, consistent with the relative proton
affinities of the fragments and the C,H* results dis-
cussed above. Negative-ion CI with oxygen has also
been used to produce oxygen derivatives of buck-
minsterfullerene; products with up to six oxygen atoms
can be formed (C¢,0,7, n = 1-6).2° Low-energy CID
studies show that C;0O™ dissociates by loss of O, but that
Ce0y and CgO4 fragment by loss of CO and CO.,.
These results are consistent with other fullerene oxi-
dation studies.®®

Fragmentation of Fullerenes

Smalley and co-workers reported the first systematic
study of the fragmentation of Cg* in photodissocia-
tion/tandem TOF mass spectrometry experiments.®!
The primary fragmentation channel for Cg,* is the loss
of neutral C, units, and the activation energy for the
initial C, loss was estimated to be 18 eV. With the
availability of large quantities of fullerenes, it has been
possible to conduct a wider range of MS/MS experi-
ments. The low-energy collisional activation of Cgy* was
studied using both TQMS and a reverse-geometry hy-
brid mass spectrometer (BEQ).32 When Xe is used as
a collision gas (to increase the center-of-mass collision
energy, E ., over that of He or Ar) under multiple-
collision conditions (to improve energy transfer), C, loss
is initially observed at collision energies of roughly 150

(28) Cox, D. M.,; Behal, S.; Disko, M.; Gorun, S.; Greany, M.; Hsu, C.
S.; Kollin, E.; Millar, 4.; Robins, J.; Robins, W.; Sherwood, R.; Tindall,
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Dejarme, L.; Gunderson, J. C.; Hoke, S. H.; Kahr, B.; Payne, G. L.; Wood,
J. M. Chem. Phys. Lett. 1991, 183, 149.
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ceedings of the 39th ASMS Conference on Mass Spectrometry and
Allied Topics, Nashville, TN, May 19-24, 1991; p 420.
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Chibante, L. P. F.; Smalley, R. E. Chem. Phys. Lett. 1991, 181, 112-116.
Diederich, F. N.; Ettl, R.; Rubin, Y.; Whetten, R. L.; Beck, R.; Alvarez,
M. M.; Anz, S.; Sensharma, D.; Wudl, F.; Khemani, K. C.; Koch, A.
Science 1991, 252, 548.
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Phys. 1988, 88, 220.
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Figure 3. Collision-induced-dissociation spectra of (a) Cg*
collisions with Xe at 190 eV in the TQMS (multiple-collision
conditions); (b) Ceo* collisions with Xe at 450 eV in the collision
quadrupole of the BEQ instrument (multiple-collision conditions;
the parent ion is not shown); (c) C¢e®* collisions with He at 4 keV
in the collision cell between B and E on the BEQ instrument
(single collision, MIKE scans).

eV (E,, ~ 23 eV).2" Therefore, this energy represents
the upper limit necessary to initiate C, loss, which is
consistent with the photodissociation estimate.’! Fur-
ther increases in collision energy (e.g., 190 eV in Figure
3a) have the expected effect of inducing loss of addi-
tional C, units (or larger, even C,, units) from the ion.
Higher collision energies (450 eV, Figure 3b) result in
fragmentation to give both high-mass products (C,*,
even-number n > 32) and low-mass products. The
latter consist of both even- and odd-numbered carbon
cluster ions. The spectrum shows that sequential C,
loss ends in the region around Cgy,*, consistent with the
photodissociation results.?! It should also be noted that
the fragmentation products exhibit “magic-number”
behavior in both the low- and high-mass C,* distribu-
tions similar to those in the laser vaporization mass
spectra (see Figure 1). The observation of these “magic
numbers” in both production and fragmentation reflects
the special stability of these clusters.

Several groups have investigated high-energy CID of
the fullerenes.®® OQur studies have utilized mass-ana-
lyzed ion kinetic energy (MIKE) scans in which Cg,*
is selected by a magnetic sector (B) and fragmented by
collisions with a target gas, and product ion kinetic
energies are analyzed with an electric sector (E).** Only

(33) Luffer, D. R.; Schram, K. H. Rapid Commun. Mass Spectrom.
1990, 4, 552. Young, A. B.; Cousins, L.; Harrison, A. G. Rapid Commun.
Mass Spectrom. 1991, 5, 226.

(34) Doyle, R. J.; Ross, M. M. J. Phys. Chem. 1991, 95, 4945.
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a few high-mass products (e.g., Ci;s7—Csst) are detected
when He is used as a collision gas, because of the rel-
atively small E_, (e.g., 44 eV in 8-keV collisions).
However, use of heavier target gases (O,, No) produces
small carbon fragment ions with “magic numbers” sim-
ilar to those in Figure 3b.3* In addition, processes such
as charge stripping (e.g., Cgo" — Cgo?* in O, collisions)
were observed and have been used by other groups to
estimate the second ionization energy of Cg, as dis-
cussed earlier.?>% Similar results are obtained in the
fragmentation of multiply-charged fullerenes.?* For
example, the high-energy fragmentation spectrum of
Cgo?t (Figure 3¢) is characterized by both singly- and
doubly-charged fragments, as well as charge reduction
(Cgo") and charge stripping (Cgo®t).

Inelastic ion/surface collisions have also been used
to fragment Cgt. This technique is referred to as
surface-induced dissociation (SID) and has been de-
veloped by Cooks and co-workers.?®* SID is charac-
terized by relatively efficient kinetic to internal energy
transfer, with approximately 13% of E),; taken up as
internal energy.?®% We have studied the surface col-
lisions of Cg,* with a stainless steel surface in two dif-
ferent tandem quadrupole instruments,® which are
limited to collision energies of less than 130 eV. Under
these conditions fragmentation of Cg,* is not detected,
consistent with the maximum estimated energy de-
position of approximately 17 eV. However, fragmen-
tation and charge reduction leading to Cs* and Css™ are
observed in 130-V (260-eV) surface collisions of Cgy?*.%"
The estimated amount of energy deposited in this case
(including that from charge reduction) is 43-46 eV; the
absence of more extensive fragmentation in this case
is puzzling. Whetten and co-workers®® have studied
collisions of Cg,* with various surfaces in a reflectron
TOF instrument and observed no detectable fragmen-
tation at collision energies as high as 250 eV (~33-eV
internal energy deposition at 13% conversion). This
suggests that the kinetic to internal energy conversion
in Cg* is not as efficient as expected. It has been
speculated that the unique structure of Cg results in
a special resilience in the surface collision experiment.?

Fullerene Endohedral Complexes: Formation
by Gas-Phase Collisions

Another manifestation of the special structure of Cg
is observed in high-energy collisions of Cg* with small
target gases. Schwarz and co-workers® noted that al-
though Cg*/He collisions yielded a few relatively
high-mass products (e.g., C4st—Css*), the product ions
appeared as multiple peaks. They used a four-sector
instrument (B{E;B;E,) to obtain higher resolution
product ion scans (in which B,E; was used to select Cg,*
and a linked scan of B,E, was used to analyze collision
products). Their results showed that the region around
each fragment consisted of the expected product ion

(35) Cooks, R. G.; Ast, T.; Mabud, Md. A. Int. J. Mass Spectrom. Ion
Processes 1990, 100, 209.

(36) Wysocki, V. H,; Ding, J.-M.; Jones, J. L.; Callahan, J. H.; King,
F. L. J. Am. Soc. Mass Spectrom. 1992, 3, 27.

(37) Callahan, J. H.; Ross, M. M.; Wysocki, V. H.; Jones, J. L.; Ding,
J.-M. Proceedings of the 39th ASMS Conference on Mass Spectrometry
and Allied Topics, Nashville, TN, May 19-24, 1991; p 829.

(38) Beck, R. D.; St. John, P.; Alvarez, M. M.; Diederich, F.; Whetten,
R. L. J. Phys. Chem. 1991, 95, 8402. Beck, R. D.; Yeretzian, C.; St. John,
P.; Whetten, R. L. J. Phys. Chem., submitted.

(39) Weiske, T.; B6hme, D. K.; Hrusik, J.; Kriatschmer, W.; Schwarz,
H. Angew. Chem., Int. Ed. Engl. 1991, 30, 884.
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Figure 4. The 5-keV Cg*/He CID/MIKE spectrum showing
ions that are transmitted through the electrostatic analyzer (a)
over a narrow energy range that includes Cg* and (b) over the
same energy range but with additional mass selection of m/z 720
ions by the analyzer quadrupole. The peak identified as [CgHe]*
in part was confirmed by setting the quadrupole to m/z 724, as
indicated by the overlapping scan marked ESA SCAN, Q = 724,
in part a.

(e.g., Csg*, Cs¢?) and an additional peak 4 mass units
higher (e.g., Css™ + 4, C5s* + 4). When the collision gas
was changed to *He, the difference between the peaks
decreased to 3 mass units. The conclusion drawn from
this unprecedented result was that Cg* takes up He in
the collision and subsequently fragments to yield C,He*
products. Schwarz and co-workers initially did not
report observation of the [CsHe]* complex, but noted
similar results in collisions with Ne.

Schwarz’s initial difficulty in detecting the [CqHe]*
product was the result of the energetics of the collision
process. If He is taken up by the collision partner in
a perfectly inelastic collision, all of E,_, is taken up as
internal energy (e.g., 44 eV in an 8-keV collision), and
the [CgoHe]* product has a reduced kinetic energy (by
44 eV). Thus, the product has a lower kinetic energy
but higher mass than the original projectile, making it
difficult to observe [CgHel™ in certain product ion
scans. However, using the hybrid instrument (BEQ),
we were able to show unambiguously that a [C¢,He]*
product was formed.*®*! Figure 4a shows the MIKE
scan around the parent-ion region for 5-keV collisions
of Cg* with He (single-collision conditions). The
spectrum is characterized by a distinct peak at 4925 eV
which appears as a shoulder on the transmitted Cqo*
beam (off-scale). Figure 4b shows the scan obtained
when the magnet (B) is used to select Cg*, the analyzer
quadrupole (Q) is set to pass m/z 720 (Cg,*), and the

(40) Ross, M. M,; Callahan, J. H. J. Phys. Chem. 1991, 95, 5720.
(41) Mowrey, R. C.; Ross, M. M,; Callahan, J. H. J. Phys. Chem.,
submitted.



Characterization of Fullerenes by Mass Spectrometry

electric sector (E) is scanned (MIKE scan with fixed Q).
This scan shows the kinetic energy spectrum of the Cg*
ions only, which clearly does not include the feature of
4925 eV in Figure 4a. However, superimposed on Fig-
ure 4a is the MIKE scan obtained when the quadrupole
is set to pass m/z 724 ([CgoHe]*). This scan confirms
that the feature at 4925 eV arises from [CqHel™, which
appears at a kinetic energy shifted lower from that of
the Cgyt beam by 26 eV; this is consistent with an E_
of 27.3 eV at 5 keV. Similar analyses for the C,*
fragment regions confirmed Schwarz’s observation of
[C,He]* fragments.

Experiments utilizing other capabilities of the hybrid
instrument have given further insight into the nature
of the Cg*/He product. Selecting Cgy* with the magnet
and setting the electric sector voltage for the maximum
transmission of [C¢He]™" allows these ions (and some
overlapping Cg") to be transmitted into the quadru-
poles. Scanning the analyzer quadrupole yields a mass
spectrum that includes both Cgyt and [CgHel, as well
as some [CsgHe]* formed by unimolecular decomposi-
tion of the internally excited [CgHe]™ complex. When
Xe is admitted to the collision quadrupole and [CgHe]*
undergoes 200-eV collisions, [C;He]* and [C;cHe]*
fragments are observed in addition to [Cs;sHe]™ and
[CeoHel*. Under these multiple-collision conditions, it
is unlikely that [CgHe]™ would survive if He were
bound to the exterior of C¢y* by van der Waals or ion-
induced-dipole interactions. These results strongly
suggest that He is in the interior of Cg*, indicating an
endohedral complex ((He@Cgy)* using the Smalley
nomenclature??), as Schwarz hypothesized.

The production of endohedral fullerene complexes by
gas-phase collisions continues to be an active area of
research in several laboratories.?643* Schwarz and
co-workers have shown that similar phenomena occur
with multiply-charged fullerenes.** Gross and co-
workers have observed adducts of C,* with Dy, Ar, and
Ne*? and have shown that two He atoms can be taken
up by C;,™ when it undergoes multiple collisions with
He.?® They also provided evidence for an inelastic
scattering tail in the Cq,t kinetic energy spectrum. Both
groups have demonstrated that the intact CgHe*
fragment can be detected with a four-sector mass
spectrometer.?643%% Two other groups have recently
repoﬁed measurements of the energetics of this pro-
cess.

In order to obtain further insight into the formation
of endohedral complexes in high-energy collisions, we
are collaborating with the theoretical chemistry group
at the NRL to model the He/Cg, collision process by
molecular dynamics simulations.**¢ The simulations
predict that a maximum trapping efficiency of 15%
should occur with 8-keV collisions, while the experiment

(42) Chai, Y.; Guo, T.; din, C.; Haufler, R. E.; Chibante, L. P. F.,; Fure,
J.; Wang, L.; Alford, J. M.; Smalley, R. E. J. Phys. Chem. 1991, 95, 7564.

(43) Caldwell, K. A.; Giblin, D. E.; Hsu, C. S.; Cox, D.; Gross, M. L.
J. Am. Chem. Soc. 1991, 113, 8519.

(44) Weiske, T.; Hrusak, J.; Bohme, D. K.; Schwarz, H. J. Phys. Chem.
1991, 95, 8451. Weiske, T.; Hrusak, J.; Bohme, D. K.; Schwarz, H. Chem.
Phys. Lett. 1991, 186, 459. Weiske, T.; Hrusak, J.; Bohme, D. K.;
Schwarz, H. Helv. Chim. Acta, in press.

(45) Wan, Z.; Christian, J. F.; Anderson, S. A. J. Phys. Chem., sub-
mitted. Campbell, E. E. B.; Ehlich, R.; Hielscher, A.; Frazao, J. M. A.;
Hall, I. V. Z. Phys. D, in press.

(46) For details of the simulations, see: Mowrey, R. C.; Brenner, D.
W.; Dunlap, B. 1.; Mintmire, J. W.; White, C. T. J. Phys. Chem. 1991, 95,
7138,
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Figure 5. Mass spectrum resulting from direct laser vaporization
of a sample containing a mixture of graphite, yttrium oxide (Y,0y),
and bulk fullerenes. In addition to the production of carbon
cluster cations, C,*, yttrium-containing fullerenes ((Y@C,)* and
(Y;@C,)*) are also observed.

shows that a maximum trapping efficiency of 6% is
observed in 5-keV collisions. The difference between
theory and experiment can be explained mainly by the
unimolecular decomposition of internally excited
(He@Cq)*, since all of E,, is converted to internal
energy in the complex. The rate of unimolecular de-
composition will increase with increasing collision en-
ergy, resulting in lower abundances than predicted,
particularly at higher energy. The simulations also
suggest that the inelastic scattering “foot” observed in
Ceot/He collision spectra (see Figure 4b) can be ex-
plained in terms of an impulsive collision and momen-
tum transfer between He and, effectively, one or two
carbon atoms in Cg,*.

Fullerene Endohedral Complexes: Formation
by Laser Vaporization

The potential unique properties of endohedral me-
tallofullerenes have been postulated since the initial
reports on the production of these species in the gas
phase.>*” The recent synthesis of macroscopic quan-
tities of these materials will facilitate their complete
characterization.>*® We have recently been interested
in generating these species by DLV and characterizing
their gas-phase properties. Direct laser vaporization
(i.e., no molecular beam expansion) of mixed gra-
phite/yttrium oxide (Y,0;) samples (~9:1 wt %) pro-
duces abundant Y* and YO* but no carbon cluster ions,
presumably due to the relatively low IEs of Y and YO
(6.2 and 5.85 eV, respectively). Similar samples have
been used with molecular beam sources to generate
endohedral M@C,)*, where M is an alkali metal*” or
an early transition metal (e.g., lanthanum®%). However,
YC,* species are generated by DLV if the sample is
“seeded” with a small amount of bulk fullerenes (Cg
and C,y). Figure 5 shows the positive-ion mass spec-
trum resulting from DLV of a graphite/Y,0;/fullerene
mixture (~7:2:1 wt %). In addition to the presence of
fullerene cations (Cgs—Cips*), there are peaks corre-
sponding to YC,* (n = 56-96) with an enhanced
abundance of YCg* (m/z 809). At higher m/z, addi-
tional peaks are observed which correspond to Y,C,*

(47) Weiss, F. D.; Elkind, J. L.; O'Brien, S. C.; Curl, R. F.; Smalley,
R. E. J. Am. Chem. Soc. 1988, 110, 4464.

(48) Alvarez, M. M,; Gillan, E. G.; Holczer, K.; Kaner, R. B.; Min, K.

S.; Whetten, R. L. J. Phys. Chem. 1991, 95, 10561. Johnson, R. D.; de
Vries, M. S.; Salem, J.; Bethune, D. S.; Yannoni, C. S. Nature, submitted.
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and are maximum for n = 68-90. The Y,C,* species
become more abundant than the corresponding YC,*
species for n > 82.

The origin and structure of the Y,C,* species gen-
erated by DLV are unclear. The presence of bulk
fullerenes in the sample may be expected to result in
gas-phase recombination of Y*/° and C,%* to produce
an externally-bound species, e.g., Y(Cg)™. However, the
dependence of the Y,C,* signal on laser conditions
(irradiation time and fluence) indicates that these
species may form in the bulk through coalescence re-
actions, as has recently been postulated for La,O/
graphite samples in a molecular-beam source.*? This
would suggest that the Y,C," species have endohedral
structures. This surprising result was confirmed by
their oxidative stability in reactions with N,O. The
Y.C,* in Figure 5 are unreactive with N,O,

Y,.C,* + NyO — no reaction

consistent with the metal atom(s) residing within the
carbon cage, because the bare metal ion, Y*, oxidizes
readily under similar conditions to form YO*. In ad-
dition, the isomeric externally-bound Y(Cg)* species
generated by the gas-phase association reaction

N,
Y+ + CSO hd Y(Cgo)+ _+—0’ YO+ + [CBO + NZ]

is also unstable toward oxidation, providing conclusive
evidence that the DLV-generated species are endohe-
dral complexes, (Y,@C,)*. We are currently charac-
terizing these gas-phase species by their ion/molecule
reactions (e.g., IE determination by CT bracketing) in
addition to attempting to obtain a better understanding
of their formation mechanism.

Summary and Prospective

Mass spectrometric studies of the fundamental as-
pects of the production and properties of gas-phase
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carbon clusters led to the discovery of a new form of
carbon. In particular, the early experiments yielded
insights into the cluster formation process and cluster
properties, such as stability and reactivity, which pro-
vided evidence for the proposed fullerene cage struc-
tures. The availability of macroscopic quantities of
fullerenes has allowed further mass spectrometry ex-
periments, with different ionization and dissociation
techniques, revealing some physical and chemical
properties.

Several mass spectrometric methods are being em-
ployed to characterize fullerene derivatives. A major
challenge for mass spectrometrists is to develop im-
proved techniques for analysis of high-mass, intractable
species, such as fullerene-based polymers and pure or
derivatized “giant” fullerenes. The recent development
of ionization techniques such as matrix-assisted laser
desorption and electrospray, which have produced ions
from molecules with molecular weights in excess of
100000 amu, may be useful in addressing these chal-
lenges. Fullerenes derivatized with encapsulated
species, endohedral complexes, represent a unique op-
portunity, and initial work has shown that mass spec-
trometry is important in both their synthesis and
characterization. As work proceeds on large-scale pro-
duction and isolation of internally-doped fullerenes,
research on the gas-phase chemistry of these novel
species will guide condensed-phase, synthetic chemistry.
As with the pure (undoped) fullerenes, mass spectrom-
etry studies of the fullerene endohedral complexes will
likely lead to another unique class of materials.
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