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Abstract

Some of the most significant discoveries and achievements concerning the mass spectra and gas phase ion chemistry of
carbon clusters are reviewed. These include (1) nanosecond and femtosecond laser ionizations; (2) ion structures through
ion/molecule reactions, ion chromatography, and computational methods; (3) carbon cluster cooling through radiative decay,
dissociative decay, and thermionic emission; (4) mechanisms and energetics of fragmentation reactions; (5) endohedral
fullerenes including recent data on ion beam implantation, and (6) ion chemistry as a function of the fullerene charge state.
(Int J Mass Spectrom 200 (2000) 423–442) © 2000 Elsevier Science B.V.
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1. Introduction

The International Journal of Mass Spectrometry is
dedicated to fundamental aspects of mass spectro-
metry and ion processes and to the application of mass
spectrometry techniques to specific problems in
chemistry and physics. It is very appropriate that an
article on carbon clusters be included in the 200th
volume. Ionization and mass selection have allowed the
study of size-selected clusters in the gas phase. The
carbon clusters in general and the fullerenes in particular
owe their discovery to mass spectrometry [1,2].

This article does not attempt to give a comprehen-
sive review on carbon clusters and not even a com-

plete review of their mass spectrometry and gas phase
ion chemistry and physics. Rather a more personal
review is planned covering, out of necessity, a rather
limited range of topics that have interested our labo-
ratory in the past years. Within these topics an attempt
will be made to cover the most important work done
worldwide.

2. Mass spectra

Early mass spectra have shown a bimodal pattern
[3,4] that has since become the well-known finger-
print of carbon clusters, namely odd and even Cn

clusters for lown and only even clusters forn * 32.
Bimodal distributions of only singly charged ions are
observed in experiments using laser vaporization of
graphite or when C60 is ionized at low collision
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energies or by nanosecond pulsed lasers [5], see Fig.
1. In high-energy electron impact [6] or in sub-50 fs
pulsed laser ionization and fragmentation experiments
[7] the mass spectra are dominated by multiply
charged ions and their fragments, see Fig. 2. At low
collision energies or long time scales the excitation is
predominantly via vibrational degrees of freedom. In
experiments leading to multiply charged ions the
initial excitation is electronic and occurs on a time
scale that is fast compared to the electron–phonon
coupling time [7].

The even carbon clusters withn * 32 are now
known to be fullerenes, all of them undergoing
consecutive evaporations of C2 units [8]. Giant
fullerenes at least as large as C600

1 have been observed.
The ions withn 5 60 andn 5 70 are particularly
abundant (“magic numbers”) and of special stability
and their neutral counterparts have of course been
synthesized in macroscopic quantities [9] since their
early mass spectrometric discovery [1]. Among the
low-mass ions with odd numbers of carbon atoms
those withn 5 7, 11, 15, 19, and 23 are particularly
abundant (magic) [3–5,8,10].

3. Ion structures; ion chromatography

The synthesis of C60 and C70 [9] has opened the
way for a multitude of techniques for structure deter-
mination including nuclear magnetic resonance
(NMR), x-ray diffraction and IR spectroscopy and the
fullerene structures of these two species are well
established. Smaller carbon clusters have not been
isolated and the structures of the corresponding ionic
clusters have been indirectly determined. The spec-
troscopy, structure, and energetics of small carbon
clusters have been reviewed recently [11,12]. Density

Fig. 1. (a) Time-of-flight mass spectrum using nanosecond laser photoionization of C60 at 354.7 nm (5 ns pulse duration) and (b) expansion
of the central part of the spectrum in (a); reproduced with permission from [5].

Fig. 2. Time-of-flight mass spectrum using femtosecond laser
photoionization of C60 at 795 nm (35 fs pulse duration); reproduced
with permission from [7].
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functional theory (DFT) and coupled-cluster ab initio
calculations [13,14] have been crucial and were car-
ried out in concert with experiments.

Of special significance has been the first evidence,
obtained through ion/molecule reactions with D2, of
structural isomers for the C7

1 cluster system [10].
Ion/molecule reactivity patterns suggested the exis-
tence of a linear and a cyclic form of the C7

1 ion and
a structural change from linear to monocyclic rings in
the cluster ions betweenn 5 9 and 10 [15]. A real
breakthrough in the structure determination of gas
phase ions in general and carbon clusters in particular
came with the development of the technique of ion
chromatography [16–22]. The ion chromatography
device combines mass selection with ion mobility
measurements in a drift cell filled with helium. It
separates ions that have the same mass but differ in
isomeric structure according to their arrival time
distributions at the detector. Pioneering results ob-
tained by Bowers and co-workers [16], for ion mo-
bility versus Cn

1 cluster size, are presented in Fig. 3.

Ion chromatography has demonstrated unequivocally
that carbon clusters grow first in chains, transform to
monocyclic planar rings at about C10 and form new
families of planar bi-, tri-, and tetracyclic rings at C20,
C30, and C40, respectively. Fullerenes appear at C30

and dominate by C50. The isomeric distribution pat-
terns of positively charged and negatively charged
clusters are similar but not identical with the anions
demonstrating a relatively low abundance of
fullerenes [22]. The structural data when coupled with
annealing studies [19,23–27] indicate that fullerenes
are formed from isomerization of hot planar ring
systems. The monocyclic ring is a relatively stable
isomer for many of the carbon cluster ions including
C60

1 [27] and is the only stable isomer for Cn
1 (n 5

11–20) [22]. The cyclic isomer is the most stable form
for C7

1 [18] in agreement with results deduced by
ion/molecule reactions [10,15].

The special stability of C60 is due to its geometrical
structure—the truncated icosahedron with isolated
pentagons—and is reflected in all of its ions. The

Fig. 3. Plot of the mobility vs. cluster size for the positively charged carbon cluster ions Cn
1 from n53 to n560; reproduced with permission

from [16].
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“magic” nature, i.e. special stability of ions Cn
1 (n 5

7, 11, 15, 19, and 23) referred to earlier, is due to their
planar and cyclic characters and to the presence of (4k
1 2) p electrons (k 5 1–5 andn 5 4k 1 3); they
fulfill the Hückel rule of aromaticity. This stability of
the monocyclic aromatic ions is due to their electronic
properties and does not reflect a special stability of the
corresponding neutrals. The neutrals predicted to be
aromatic are rather C6, C10, C14, C18, and C22,
respectively. The existence of cyclic C6 has been
predicted theoretically [14] and observed experimen-
tally [28]. It has long ago been predicted [29] that Cn

rings with n 5 4k 1 2 become more stable than the
corresponding linear chains forn * 10. Ultraviolet
photoelectron spectra of the corresponding negative
ions have verified this in 1988 [30]. It has furthermore
been demonstrated for C10 that the cumulenic delo-
calized ring structure that is aromatic is more stable
than the one with alternating single–triple bonds [31].
This delocalized structure has ten pi bonds, five are
perpendicular to the ring and five are in the plane of
the ring. The former constitute a regular aromatic
system, the latter an in-plane aromatic system. As a
result, C10 (and presumably also C11

1 ) may be consid-
ered having “double” or “super” aromaticity. A very
nice example of the stability due to aromaticity has
been observed in the fragmentation pattern of C37

1

injected at a high energy into an ion chromatography
experiment [19(c)]. The products are C15

1 , C19
1 , and

C23
1 formed together with C22, C18, and C14, respec-

tively, indicating the double stability of the ring
products—ionic as well as neutral.

The cyclic ion C13
1 has 4k p electrons (k 5 3 and

n 5 4k 1 1 5 13) and is therefore antiaromatic. As a
result it is very unstable [32] and demonstrates high
reactivity in its ion/molecule reactions with various
neutrals [33–35]. The reactivity pattern demonstrates
the expected fourfold periodicity with C17

1 being quite
reactive as well [33–37].

Carbon cluster ions may be generated by electron
impact induced fragmentation of perchlorinated poly-
cyclic aromatic compounds (PPA) [32–35,38,39]. The
properties of the two groups of Cn

1 clusters—those
made by laser vaporization of graphite and the ones
made by dissociative electron ionization—were found

to be remarkably similar, suggesting similar struc-
tures, irrespective of the mode of production [32].
Hoffman [29] has already predicted that polycyclic
fragments of a graphite lattice are very unstable
relative to simple polygons with the same number of
atoms. Ion chromatography was able eventually to
demonstrate unequivocally [40] that polychlorinated
graphitic (PPA) precursors of carbon ion clusters,
when stripped of all of their chlorine atoms, form
monocyclic rings, certainly in the case of C12

1 . The
ions C20

1 and C24
1 formed by laser desorption of

graphite were demonstrated to be cyclic [41]. To the
best of our knowledge, the search for C20

1 and C24
1

graphitic ions using PPAs was unsuccessful. Calcula-
tions predict such structures with C20 being a coran-
nulenelike bowl [42] and C24 having either a coro-
nenelike planar sheet or a fullerene as the most stable
structure [43].

4. Cluster cooling

Hot carbon clusters can cool down by several
parallel processes including emission of photons (ra-
diative decay), evaporation of neutral fragments (dis-
sociative decay) and electron emission (delayed ion-
ization or “thermionic emission.” The understanding
of the intricate interplay between these various cool-
ing processes although being of great current interest
is still in its infancy. These processes have been
studied in some detail both experimentally and theo-
retically particularly for C60 but also for other carbon
clusters. The topic of “delayed ionization and frag-
mentation en route to thermionic emission” has been
reviewed thoroughly recently [44].

4.1. Radiative decay

The optical emission spectra of laser desorbed C60

have been determined by Mitzner and Campbell in a
pioneering study [45]. The spectra that were observed
were structureless, demonstrating close similarities to
blackbodylike radiation, and could be fitted with the
Planck blackbody formula. The derived temperatures
were of great interest since pulsed laser desorption of
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fullerenes has been used extensively as an ion source
for time-of-flight (TOF) mass spectrometry and to
produce beams of charged fullerenes in collision
experiments [45]. It was concluded that blackbody
radiation is the dominant cooling mechanism below
about 3000 K. At higher temperatures the molecules
will rapidly cool by emitting an electron and/or a C2

fragment.
Radiative cooling rates have been determined ex-

perimentally through their competition with C2 evap-
oration or electron emission. Some experimental re-
sults are summarized in Fig. 4. An estimate of the
cooling rate atT . 1800 K was obtained by Kolodney
and co-workers [46] from observation of the depletion
of thermal C60 beams by fragmentation. The dissoci-
ation kinetics of neutral C60 was used as a thermo-
metric probe and the result is included in Fig. 4.
Radiative cooling of C60

2 can be followed by thermi-
onic emission as a function of time after injection into
a heavy-ion storage ring. In this experiment the
electron emission is used as a calibrated thermometer
to measure the cooling rate [47]. The advantage of

this method is that the electron affinity of C60 is very
accurately known [48,49] and the radiative rate can be
determined over a range of temperatures (included in
Fig. 4). The radiative cooling rate of C60

1 can be
determined through its competition with C2 evapora-
tion [50]. The method employs two-electron dissocia-
tive ionization of C60 at electron energies where the
single electron dissociative ionization process does
not occur. In the internal energy range (196 3.5) eV
(;1800 K) the mean radiative rate iskrad 5 (3.36 1)
3 102 s21 [50]. Since the photon energy emitted is of
the order of 1 eV this result is in quite good agreement
with that of Kolodney et al. [46]. Experimental results
are lacking at higher temperatures at which competi-
tion with C2 evaporation from C60

1 takes place. Com-
putations were carried out in this energy range by
Chupka and Klots, albeit for neutral C60 [51]. Two
models were employed: (1) calculations based on
measured oscillator strengths and (2) a modified
blackbody model. Whether a blackbody model is
applicable for the emission of radiation from C60 or its
ions is controversial [51]. The authors concluded that
the oscillator treatment is superior to the blackbody
model and their results are included in Fig. 4. The
conversion between the internal energy,E, and the
temperature,T, necessary to deduce the data of Fig. 4
from the computations is based on the isokinetic
relationship of finite heat bath theory (FHBT) [51,52].

The radiative decay rates deduced between;3000
and 4000 K (in the range of energiesE . 40–50 eV)
are much higher than originally anticipated [53] since
emission is in the visible due to electronic transitions
and not in the infrared due to vibrational transitions.
This causes the very large kinetic shift observed for
the appearance energy of C58

1 from C60 [54–56].
Radiative cooling has been demonstrated to suppress
the fraction of metastable fullerene ions undergoing
C2 evaporation in the field free region of a TOF mass
spectrometer (the so-called “metastable fraction”)
[57]. Time resolved metastable fractions (MFs) for C2

evaporations from Cn
1 ions measured on an ion

trap/reflectron mass spectrometer were modeled using
microcanonical dissociative as well as radiative decay
rate constants [58,59]. Dissociative decay is important
for C60

1 at short times but radiative decay is already a

Fig. 4. C60 radiative decay rates as a function of temperature;
adapted by [166] from various sources as indicated: Kolodney and
co-workers ([46]); Andersen and co-workers ([47]; Chupka and
Klots ([51]).
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strongly contributing factor on the microsecond time
scale and becomes the dominant channel at 30ms as
judged from theoretical modeling of time resolved
kinetic energy releases [60]. As a result, in two-sector
field instruments fullerene ions will decay predomi-
nantly via dissociation at the entrance to the first field
free region and predominantly by radiative decay at
the exit from the second field free region. This is a
direct outcome from the crossing between the corre-
sponding rate energy,k(E), dependences (Fig. 5).

4.2. Delayed ionization; thermionic emission

One of the fascinating properties of carbon clusters
is the phenomenon of delayed ionization termed
thermionic emission, a property known for bulk mat-
ter. The phenomenon has been first observed for
positive singly charged giant fullerenes in the size
range from 100 to 600 atoms, whose second ioniza-
tion energies are relatively low [61]. Intense laser
excitation of the magnetically levitated trapped
fullerene ions at 4.0 eV was found to result in
production of multiply charged ions. Details of the

time scale of this process suggested it was due to
thermionic emission from the superheated gas phase
clusters. Clear-cut delayed ionization with average
lifetimes on the order of severalmsec was first
observed for C60 and C70 by Campbell and co-
workers [62] followed by Wurz and Lykke [63]. This
showed up in the by now well-known long “tails” to
the high mass sides of the C60

1 and C70
1 peaks in TOF

mass spectra (see also Fig. 1). This delayed ionization
has been termed thermionic emission signifying the
coupling of rovibronic and electronic states in the
molecule [62]. No tailing on the peaks is observed
upon ionization by femtosecond lasers [64]. Direct
ionization of C60 by multiphoton absorption is in
competition with delayed ionization and fragmenta-
tion [65]. This phenomenon has been studied recently
[64] in greater detail by measuring the laser pulse
duration dependence of C60 photoelectron spectra.
Direct multiphoton ionization was observed for short
25 fs pulses whereas delayed ionization sets in for
pulse durations on the order of a picosecond that are
long enough to allow coupling to the vibrational
degrees of freedom. High internal energies ('50 eV)
are achieved by absorption of 10–20 photons in the
visible or in the UV and conversion from electronic to
vibrational excitation [65]. Infrared multiphoton ex-
citation, dissociation and ionization of C60 have also
been observed [66]. Thermionic emission is also well
known for negative fullerenes, particularly C60

2

[47,67,68], see Fig. 6. Thermal emission of electrons
from C60

2 is enhanced after absorption of photons.
This process has been utilized to measure the photo-
absorption cross sections of hot C60 anions in the
visible and near-infrared [68].

Several questions have been raised recently [69]
concerning the statistical nature of delayed ionization,
i.e. its “thermionic” character. The possibility has
been raised that the internal energy is not equiparti-
tioned amongst all the modes, and only a subset of the
electronic states are coupled to the vibrations. Sin-
glet–triplet intersystem crossing in C60 and intramo-
lecular interaction of many triplet states have already
been pointed out earlier to be important for thermionic
emission [70].

Quasiequilibrium rate constant calculations for

Fig. 5. Microcanonical rate constant,k(E) in seconds21, as a
function of energy,E in electron volts, for dissociative decay
(dot-dashed line) and radiative decay (short dashed line) of C60

1 .
Dissociation involves elimination of C2; radiative decay is in the
visible and has been modeled following [51,59]; reproduced with
permission from [60].
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thermionic emission [71] implicitly assume statistical
behavior. If the newly activated molecule is in a state
that does not interconvert rapidly with the full phase
space available, rate constants will be unpredictable
[72]. Most calculations have assumed complete en-
ergy randomization but other models are also being
developed [44]. Early calculations of the thermionic
emission rates as a function of internal energy or as a
function of temperature yielded results that were
nearly parallel or even overlapping with the corre-
sponding dissociative rates for C60 [45,65,66,72,73].
However in more recent calculations [74] the rate
energy curves,k(E), for dissociation (C2 evaporation)
and thermionic emission of neutral C60 cross one
another (Fig. 7) and diverge at high energies. Accord-
ing to the recent model, dissociation is dominant at
high energies, although it has a high activation en-
ergy, since it has a very loose transition state. The
activation parameters used for

C603 C58 1 C2 (1a)

C603 C60
1 1 e2 (2)

Fig. 6. Rate of decay by thermionic emission of a stored C60
2 beam. Negative fullerene ions are produced in a plasma ion source and injected

into the ion storage ring ASTRID. The signal measured is the number of neutral molecules hitting the detector at one corner of ASTRID.
During the 100 ms storage period, the anions emit electrons spontaneously, with a rapidly decreasing rate; reproduced by permission from ref.
[68].

Fig. 7. Microcanonical rate constant,k(E) in seconds21, as a
function of energy,E in electron volts, for dissociative decay,
thermionic emission and radiative decay of neutral C60, reactions
(1a), (2), and (3a), respectively. The activation parameters for
reactions (1a) and (2) are given in the text. The radiative decay rate
can be cast in the form: logk(E) 5 0.082E 1 0.744; reproduced by
permission from [74].
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in Fig. 7 are: Arrhenius pre-exponential A factors,
A(1a) 5 8 3 1020 s21; A(2) 5 2 3 1016 s21;
activation energy for reaction (1a) (5vaporization
energy) DEvap(1a) 5 10 eV; activation energy for
reaction (2) (5ionization energy) IE(C60)57.6 eV.

Reactions (1a) and (2), dissociative decay and
thermionic emission, respectively, and

C*603 C60 1 hn (3a)

radiative decay, are important for neutral C60.
However, thermionic emission has been neglected
in the case of C60

1 (Fig. 5) since the second
ionization energy—the ionization energy of C60

1 —is
very high, IE(C60

1 ) 5 11.36 6 0.05 eV [75,76].
Further, due to the high C2 binding energy (10 eV
or higher [74]) dissociative decay can be neglected
in the case of C60

2 — only thermionic emission and
radiative decay need to be considered as competi-
tive processes in a statistically behaving C60

2 system
[47]. It has been demonstrated [77] that higher
fullerenes, Cn for at least up ton 5 96, can be
efficiently transformed into delayed positive ions
but aggregates of fullerenes (Cn)m do not undergo
thermionic emission because they fragment rapidly
without ever reaching the temperature of 3000 –
4000 K required for delayed ionization. As a result,
delayed ionization may be utilized to distinguish
between higher fullerenes and other, more loosely
bound, carbon aggregates [77].

Whether dissociation is the dominant decay
process of C60 at high energies remains an open
question. The efficiency of thermionic emission has
been determined [78] over the time interval 0.1– 80
ms to have a lower limit of 2.66 1.1%. The rate of
thermionic emission has a power-law dependence.
The value of the exponent provides information
about the competition between dissociation and
thermionic emission and is equal to the ratio of the
ionization energy that is accurately known and the
activation energy for fragmentation. This has led to
a determination of the C2 binding energy that is
independent of assumptions concerning the loose-
ness of the transition state [79].

5. Mechanisms and energetics of fragmentation
reactions

5.1. Short background

Unimolecular, collision induced and surface in-
duced decompositions of selected carbon cluster ions
were reviewed by us some years ago [80].

Bowers and co-workers studied [81–85] in pio-
neering work the unimolecular reactions, metastable
fractions and kinetic energy releases (KERs) in car-
bon ion clusters. They used tandem mass spectro-
metry techniques on ions generated by laser vaporiza-
tion of graphite. The first electron ionization mass
spectrometry study of synthetic C60 [86] has included
high energy collision activated dissociation (CAD) of
C60

1 and C60
21. It demonstrated the successive loss of

C2 units. Under high-energy multiple-collision condi-
tions [87] and in laser photodissociation experiments
[88] the end point for C2 loss from C60

1 is C32
1 .

5.2. Elimination of C2n or n consecutive C2
eliminations

One interesting question addressed since our early
review [80] has been whether there is emission of C4

or sequential emission of C2 upon unimolecular decay
of singly and multiply charged fullerenes [89] and
whether large neutral moieties are liberated upon
CAD of C60

z1 [90]. Tandem mass spectrometry has
provided direct experimental evidence [89] that C60

z1

(z 5 1, 2, or 3) and C58
z1 (z 5 1 or 2) undergo

unimolecular dissociation by sequential emission of
two C2 units, on a time scale of 1025 s. This was done
by selecting product ions from C2 loss in the first
field-free region of a reverse geometry magnetic
sector instrument and using the electric sector to
identify further loss of C2 from fragment ions in the
second field-free region. It was concluded further-
more that C4 elimination is an unimportant unimo-
lecular reaction channel [89]. On the other hand
neutral fragment reionization [90] has demonstrated
unequivocally that CAD of C60

z1 (z 5 1–4) liberates
large C2n fragments (up to C28 for z 5 1). These are
high-energy processes that do not compete with the

430 C. Lifshitz/International Journal of Mass Spectrometry 200 (2000) 423–442



unimolecular elimination of C2 on the microsecond
time scale.

5.3. Electron ionization and breakdown curves

Electron ionization has been crucial in providing
us with breakdown curves for the consecutive elimi-
nations of C2 from C60

1 in pioneering work of Ma¨rk
and co-workers [91]. No other experimental source is
currently available for this very basic attribute of
fullerene mass spectra. Attempts at coincidence mea-
surements using synchrotron radiation failed since no
threshold electrons were detected upon photoioniza-
tion of C60 [92]. Experimental breakdown curves
were obtained by taking second derivatives of the
electron ionization efficiency curves of the fragment
ions [91,93]. The statistical nature of the unimolecular
fragmentation of C60

1 became immediately apparent.
There is a large kinetic shift for the formation of C58

1

however consecutive fragmentations already benefit
from the high internal energy content with which C58

1

is formed and there is a relatively small, nearly
constant, energy increment (;5–6 eV) required for
them. The breakdown curves were calculated theoret-
ically [91,93] using FHBT and Rice-Ramsperger-
Kassel-Marcus (RRKM) theory. These models were
used to deduce the C2 binding energy in C60

1 and a
self-consistent set of binding energies for the lower
fullerenes using experimental appearance energies.

5.3. C2 binding energy and C60 dissociation
mechanism

The original model calculations of the electron
ionization breakdown curves assumed a fairly tight
transition state for

C60
1 3 C58

1 1 C2 (1b)

and led to an upper limit for the binding energy
C58

1™C2 of approximately 7.6 eV. The calculations
were redone recently [59] leading to a re-evaluation of
the C2 binding energy in favor of a value in excess of
9.5 eV. The recent calculations used a very loose

transition state for reaction (1b) with an activation
entropy,DS# 5 18.8 eu and included radiative decay,

C*60
13 C60

1 1 hn (3b)

in the modeling.
The current status of the C2 binding energy in C60

(ionic and neutral) has been reviewed by us recently
[74]. All of the recent experiments favor a high C2

binding energy, in excess of 10 eV in the neutral and
in excess of 9.5 eV in the cation, in agreement with
DFT and second order Møller-Plesset calculations
[94]. The experiments include kinetic energy release
distributions (KERDs) [95–97], time-resolved KERs
[60], time-resolved metastable fractions [59], and
thermionic emission [79]. In spite of this agreement
between experiment and theory there is still an ongo-
ing controversy concerning this binding energy (see
Fig. 1 of [74]).

The dissociation mechanism of C60 has been stud-
ied through ab initio calculations [98–100]. C2 elim-
ination is a multiple step process. The last step
involves formation of a C58 isomer containing a
seven-membered ring to which a C2 “stick” is loosely
bound. The C2 molecule that leaves the surface is due
to a bond shared by a hexagon and a pentagon (5–6
bond).

5.4. Magic shells

The dissociation energies of small carbon cluster
ions (C2–19

1) were determined from collision induced
dissociation thresholds [101,102]. Clusters in the
range C10–19

1 demonstrate the expected fourfold
periodicity. Relative dissociation energies of the
fullerenes were determined from metastable fractions
[57,59,74,103–105], electron ionization appearance
energies [6,91,93,106], theoretical calculations [107],
and endothermic charge transfer [108]. Whethern 5
60 is a magic number for Cn

1 clusters or part of a
“magic shell” [103,104] remains an open question.
There is general agreement that C58

1 is less stable than
C60

1 and that C62
1 is considerably less stable. However,

some results demonstrate a dramatic drop in dissoci-
ation energy in going fromn & 60 to n . 60
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interpreted in terms of magic shells [103] whereas
other results find the relative dissociation energies for
large fullerenes, withn . 60, to be at about the same
level as those forn , 60 [105].

5.5. Fission reactions

Multiply charged positive fullerene ions undergo
superasymmetric fission reactions [109–112],

C60-2m
z1 3 C60-2m-2

~ z21)1 1 C2
1 (4)

With m ranging from 0 to 7 andz from 3 to 7. These
reactions were demonstrated to take place in three
stages. They are initiated by neutral C2 evaporation
followed by an electron (charge) transfer process from
the receding neutral fragment to the remaining highly
charged fullerene ion cage leading finally to coulomb
repulsion between the two charged reaction products.
The mechanism is similar to the avoided crossing
model of Gill and Radom [113]. It is shown schemat-
ically in Fig. 8. The intercharge distance at the point
of charge transfer was calculated from the KER to be
about 7 Å [110].

5.6. Fragmentation by surface impact

Scattering experiments of C60
1 and C60

2 ions from
surfaces were among the first to demonstrate the
exceptional stability of fullerenes [114] and to pro-
pose the very high C58™C2 binding energy in excess of
10 eV [115]. Thermionic emission discussed above is
also an important result of surface impact [115–117].
Neutralization and delayed ionization in fullerene
surface collisions have been studied with the aim of
deducing activation energies from fragmentation and
ionization rates [118]. Since a tight transition state
was assumed in the RRKM calculation the result
deduced for the C58

1™C2 binding energy from the
surface collision experiments was 6.66 0.5 eV in
agreement with experimental values acceptable at the
time the data were obtained. The surface-induced-
dissociation (SID) of C60

1 and higher fullerenes on
impact with highly oriented pyrolitic graphite
(HOPG) was observed to lead to consecutive C2

elimination in the energy range 150–650 eV [119]. At
higher impact energies fragmentation leads to “shat-
tering.” Smaller even and odd numbered Cn

1 clusters

Fig. 8. Schematic representation of the spontaneous decay of C60
41 using the curve crossing model; reproduced by permission from [110].
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appear having the well-known characteristic distribu-
tion (see Fig. 1) observed also for nanosecond mul-
tiphoton fragmentation [120] and high-energy gas
phase collisions [121,122]. Since the pattern observed
was independent of the excitation method it was
concluded [119] that the fragmentation mechanism is
statistical and characterized by rapid energy conver-
sion into vibrational degrees of freedom.

One of the controversial aspects of SID experi-
ments with fullerene ions has been the conversion
efficiency of translational into internal energy that
may be surface dependent. A recently determined
value for Cn

1 ions in the range 50& n & 60 colliding
with a hydrocarbon-covered stainless steel surface is
6.8 6 0.5% [123]. A similar conversion efficiency
adopted previously by Beck et al. [119] led to the
conclusion that the transition from sequential C2

fragmentation of C60
1 to the high energy shattering

takes place at around 70 eV internal energy. At an
energy of 70–80 eV a so-called phase transition
occurs according to molecular dynamics simulations
and according to a simple statistical model [124,125],
in which the fullerene cage is transformed to a
disordered assembly of carbon rings and chains [119].

The elimination of large neutral C2n fragments under
high energy CID [90] alluded to earlier is most
probably related to this “catastrophic” event.

6. Endohedral fullerenes

6.1. Short background

One of the fascinating properties of fullerenes is
their ability to trap atoms and small molecules inside
the cage. The first evidence for endohedral metal-
lofullerenes was reported soon after the discovery of
C60 in 1985 [126]. However, only in 1991 could
endohedral metallofullerenes be isolated in macro-
scopic amounts. This was achieved by using laser- or
arc-vaporization [127] of graphite-metal composites
in helium. We have recently prepared by arc-vapor-
ization an yttrium sample whose mass spectrum is
presented in Fig. 9.

Schwarz and co-workers in high-energy ion beam
collision experiments [128,129] have first observed
endohedral fullerenes with a noble gas atom inside the
fullerene cage. Saunders and co-workers have shown

Fig. 9. Time-of-flight mass spectrum of an yttrium containing fullerene sample prepared by the arc discharge technique. The sample is
desorbed by a 1064 nm Nd-YAG laser and ionized with a second laser at 352 nm. Note that the lower fullerenes are singly occupied whereas
the higher ones are mostly doubly occupied. Results given in [167].
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that neutral noble gas compounds can be prepared by
heating fullerenes under high pressure of a noble gas
[130,131]. Endohedral fullerenes of all the noble
gases were prepared using this method. Typical yields
of incorporation are around 0.2% for helium, neon,
argon and krypton and around 0.04% for xenon. Recent
experiments have been more successful and a spectrum
of the xenon compound we have obtained (Fig. 10)
shows a considerably higher degree of incorporation.

A recent exciting finding, using laser desorption
and noble gas mass spectrometry on the fullerenes
from the Allende and Murchison meteorites, has been
that fullerenes are an extraterrestrial carbon carrier
phase for noble gases [132]. The fullerenes in these
meteorites were demonstrated to contain endohedral
helium. A very high3He/4He ratio was observed for
them,;150 times greater than the ratio in the earth’s
atmosphere, and similar to the value estimated for the
early solar system.

6.2. Rice “shrink wrap” mechanism [8]

Most ionic endohedral species studied, including
lanthanide containing and noble gas atom containing

ones are known to withstand the shrink-wrap test until
they reach a critical radius [133]. In other words, they
do not lose the endohedral atom but rather evaporate
C2 units consecutively leading in each step to the
lower fullerene. For example, He@C60

1 does not
undergo

He@C60
1 —x3 C60

1 1 He (5)

loss of a helium atom but rather C2 elimination,

He@C60
1 3 He@C58

1 1 C2 (6)

even under high-energy collision experiments [128].
If endohedral fullerenes are assumed to behave statis-
tically, this observation might indicate a lower acti-
vation energy for reaction (6) and/or a higher activa-
tion entropy. Perhaps in spite of favorable energetics,
reaction (5) does not take place and the unimolecular
reaction system is not statistical (i.e. one is dealing
with “non-RRKM-like behavior”). The energetics of
these reactions is still controversial.

The effect of a series of endohedral atoms on the
fullerene C2 binding energy has been studied indi-
rectly [134,135] through the measurements of
KERs. Kinetic energy release distributions were
measured for the emission of C2 units from the
positive ions of C60, Ne@C60, Ar@C60, Kr@C60,
C82, La@C82, Tb@C82, C84, and Sc2@C84. These
distributions were analyzed using both a model free
approach [103,136], and a formalism developed by
Klots, based on decomposition in a spherically
symmetric potential [72,137]. The C2 binding en-
ergies were deduced from the models. Noble gas
atoms were shown to stabilize the fullerene cage.
The C2 binding energies increase in the order:
DEvap(C60

1 ) , DEvap(Ne@C60
1 ) , DEvap(Ar@C60

1 )
, DEvap(Kr@C60

1 ). Endohedral metal atoms have a
strong effect on the cage binding. The C2 binding
energy in La@C82

1 is about 2 eV higher than that in
C82

1 (note added in proof [135]). The Tb atom has
an even stronger effect with a binding energy of
about 4 eV higher than for C82

1 . The emission of a
C2 unit from the dimetallofullerenes Sc2@C84

1 and
Tb2@C84

1 was studied as well. Two Sc atoms have

Fig. 10. Mass spectrum of an endohedral Xe@C60 containing
fullerene sample. The xenon was 75% enriched129Xe. The sample
was prepared by the high-pressure high-temperature incorporation
technique [130,131]. The mass spectrum was obtained by electron
impact ionization on a ZAB-2F reverse geometry magnetic sector
instrument. A 0.25% degree of incorporation of129Xe is observed.
Unpublished results given in [168].
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a slight destabilizing effect on C84, whereas two Tb
atoms stabilize the cage.

6.3. Artificial noble gas molecules inside fullerenes

Mass spectrometry was instrumental in demon-
strating the existence of endohedral noble gas
fullerenes. We have recently demonstrated using mass
spectrometric techniques, the existence of artificial
noble gas molecules inside neutral fullerenes, first for
Ne2 [138] and later for He2 [139]. The species are
ionized by electron impact. A wide dynamic range is
required in order to observe them mass spectrometri-
cally. The He2 “molecule” can also be observed by
3He NMR [139]. High-temperature and high-pressure
labeling of C70 with 22Ne or 3He led to a ratio of
empty C70 to mono-occupied to di-occupied of 1000:
1:0.02, for Ne and 37:1:0.05, for He, respectively. If
the incorporation of each atom into the fullerene
molecule were an independent event, one would
predict a much lower degree of di-occupation. A
mechanism where a small fraction of the fullerene
breaks open and reaches equilibrium with the noble
gas and then closes was suggested to explain the result
[138]. A so-called promoter (free radical?) is respon-
sible for the window-opening process in the fullerene,
a model that has also gained some theoretical support
[140].

Putting a pair of noble gas atoms inside a fullerene
cage effectively creates an artificial molecule. The
atoms are forced into contact by the cage and vibrate
and rotate within the cage in the same manner as a
diatomic molecule. Schwarz and co-worker [141] had
observed earlier in pioneering work the sequential
insertion of 3He and 4He into C60

1 . However these
doubly occupied species were observed at the time
only on the short time scale (microseconds) of an ion
beam/collision chamber experiment. The neutral spe-
cies observed more recently [138,139] have long shelf
lives. If they will eventually be produced in larger
quantities then this will allow other spectroscopic
techniques besides mass spectrometry and NMR to be
applied.

6.4. Ion implantation; Li@C60; N@C60 and N@C70

Endohedral metallofullerenes are prepared by the
arc discharge method by adding the appropriate ma-
terials during the formation of the fullerenes. High
temperatures and high pressures are employed for the
encapsulation of noble gas atoms into C60. Endohe-
dral compounds can also be prepared by ion implan-
tation. This technique has been applied to lithium and
other alkali atom fullerenes [142], to noble gas
fullerenes [143] and to noble gas containing dodeca-
hedrane [144]. We have ionized a mixture of the
lithium compound7Li@C60 in C60 by electron impact
and a characteristic mass spectrum with its13C
isotope pattern is clearly observed (Fig. 11).

A particularly interesting endohedral compound
that has been produced by the ion implantation
technique is N@C60 [145]. The most distinct feature
of N@C60 is that an extremely reactive atom (atomic
nitrogen) is stabilized in its electronic ground-state
configuration by the protective shielding of C60 [146].
The fullerenes are protective cages, for the atomic
nitrogen, that have been termed “chemical Faraday
cages” [147]. Since the encapsulated atom keeps its

Fig. 11. Mass spectrum of an endohedral7Li@C60 containing
sample. The sample was prepared by ion implantation [142]. The
mass spectrum was obtained by electron impact ionization on a
ZAB-2F reverse geometry magnetic sector instrument. Results
given in [169].
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atomic structure, the electron paramagnetic resonance
(EPR) technique was found to be extremely useful in
the investigation of this system [147–149]. We have
recently studied N @ C60 and N @ C70 mass
spectrometrically [150]. We are certain that we have
ionized the endohedral compounds in these experi-
ments because we obtained their characteristic EPR
spectra. Prior to this there has been no serious mass
spectrometric study of these compounds. The earliest
experiments yielded a concentration of only 1027

paramagnetic centers per C60 molecule and mass
spectrometric identification of the complex was diffi-
cult [145]. In addition to reporting on the electron
impact induced mass spectra we concentrated on their
gas phase ion chemistry—specifically, the unimolecu-
lar fragmentations obtained through mass analyzed
ion kinetic energy spectrometry. Unlike metal con-
taining and noble gas containing endohedral
fullerenes studied earlier, the ions N @ C60

1 and N @
C70

1 do not lose C2 groups unimolecularly but lose the
nitrogen atom instead. This indicates that the activa-
tion energy for the nitrogen atom loss

N@C60
1 3 C60

1 1 N (7)

is lower than for the C2 elimination from the cage

N@C60
1 —x3 N@C58

1 1 C2 (8)

This was verified through the analysis of KERD
measurements. The results were discussed in light of
the thermal instability of nitrogen atom endohedral
compounds compared to noble gas containing ana-
logues. An autocatalytic bond breakage mechanism
has been proposed for the ionic species, by analogy to
the neutral, that requires less energy than the consid-
erable cage distortion needed for penetration by a
helium atom [reaction (5)].

An experiment was done by accurately dividing a
sample in half; one half was heated at 230 °C for 4 h
whereas the other half was used as a control. Fig. 12
represents the corresponding mass spectra showing
clearly the loss of N@C60 signal upon heating dem-
onstrating that the nitrogen atom escapes the cage of
the neutral fullerene. Fig. 13 represents a characteris-
tic KERD for reaction (7) of the ion from which the

activation energy limits for the nitrogen atom escape
from the ionic fullerene were deduced by using the
model-free approach [103,136,150]: 6.7& DEvap(7)
& 11.0 eV. The lower limit corresponds to an Arrhe-
nius pre-exponential A factor for reaction (7),A 5
1013 s21; the upper limit corresponds toA 5
3.531017 s21, which is unrealistically high. Restrict-
ing the range of values of the pre-exponentialA factor
would restrict the range of activation energies de-
duced [150].

7. Some aspects of ion/molecule reactivity

D. K. Böhme has carried out a tour de force study
of the bimolecular gas phase ion chemistry of singly
and multiply charged fullerene ions with various
neutral reagents at room temperature using the select-
ed-ion flow tube technique. A brief review of the
work has appeared recently [151]. Both the nature of
the product channel and the rate of reaction were
observed to be a function of the charge state of C60

z1

with C60
1 being the least reactive. Fullerene cations

containing adjacent pentagons such as C58
z1 and C56

z1

demonstrate enhanced reactivity [152].
C60

21 is much more reactive than C60
1 in electron

transfer reactions due its higher recombination

Fig. 12. Mass spectra of endohedral N@C60 containing samples.
The sample was prepared by ion implantation [150]. One half was
heated whereas the other was used as a control (see the text).
Results given in [170].
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energy. It is also more reactive in chemical bonding
due to the stronger electrostatic interaction with
neutral molecules [151]. Of special interest are its
ionic polymerization reactions that proceed via a
“ball-and-chain”’ propagation. The sequential ad-
dition of allene to C60

21 exhibits a striking periodic-
ity, with the even numbered adducts reacting about
10 times faster than the odd numbered adducts, Fig.
14. The bond connectivity of these adducts was
successfully probed [151] using multicollision in-
duced dissociation.

8. Some final remarks

The discovery of carbon clusters and of fullerenes
would not have taken place when it did without mass
spectrometry. The mass spectrometric discovery led
in turn to the synthesis and to the current enormous

successes in basic as well as applied research. Some
of the recent efforts concern carbon nanotube tech-
nology, a topic that is predicted to have important
industrial applications but is outside our present
scope.

A point that is usually raised in cluster research is
that clusters bridge the gap between isolated gas phase
molecules and condensed matter. The properties we
have discussed here like thermionic emission and
blackbody radiation are well known for bulk matter.
The question can be raised “how large is large?” Are
the carbon clusters demonstrating delayed ionization
really undergoing thermionic emission; is the contin-
uous emission in the visible really blackbody radia-
tion? These questions are still under debate. There are
several other properties of C60 and other fullerenes
that are characteristic of bulk matter. Hertel and
co-workers [153] found one very important attribute
through vacuum–ultraviolet (VUV) photoionization,
namely the “giant” resonance at about 20 eV due to
collective plasmon excitation. This had originally
been predicted for C60 clusters by Bertsch et al. [154]
and we have already alluded to this phenomenon in an
earlier review [155]. We have since then observed
giant plasmon excitations in the VUV photoionization
of a series of polycyclic aromatic hydrocarbons [156]
that are definitely smaller than C60. So on the one
hand, C60 is large enough to demonstrate bulk prop-
erties yet it is capable of wave behavior—the obser-
vation of de Broglie wave interference of C60 mole-
cules by diffraction has been reported [157].

Carbon clusters, fullerenes and especially C60 have
been a testing ground for statistical theories. The
evaporative ensemble model (EEM) and FHBT
[52,71,72,93,103,137,158–161] were particularly
useful. Nevertheless, carbon clusters demonstrate
some unique features, which set them apart from other
clusters. For example, the EEM does not take into
account cooling processes other than dissociative
decay. As a result of radiative decay discussed above,
the original dependence of the metastable fractions on
reaction time deduced by EEM had to be revised
[57–59]. The Gspann parameter,g 5 ln A 2 ln k(Tb)
(whereA is the Arrhenius pre-exponential factor and
k(Tb) is the most probable rate constant at the isoki-

Fig. 13. Center of mass kinetic energy release distribution for the
escape of the endohedral nitrogen atom from N @ C60

1 . Results
given in [171].
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netic bath temperatureTb) was given a “best-value”
[159,162] g 5 23.5 6 1.5. In other words,g was
considered to be a universal constant for all clusters of
all sizes. However, it was eventually realized that C60

is unique and its Gspann parameter,g may be as high
as 37.6 [163],g is time dependent [60] and is at least

equal to 33 on the microsecond time scale of most
mass spectrometers [59,60,74].

So much has happened that was unforeseeable that
predictions for the future seem dangerous. The ion
chromatography method originally developed for the
study of carbon clusters is now a most powerful

Fig. 14. Data for the sequential addition of allene to C60
21 observed at a room temperature of 2946 2 K and a helium pressure of 0.356 0.01

Torr; reproduced by permission from [151].

438 C. Lifshitz/International Journal of Mass Spectrometry 200 (2000) 423–442



method in the study of conformations of gas phase
biomolecules [164,165]. Other experimental methods
such as photoionization by femtosecond lasers have
just begun to give exciting new results for carbon
clusters [7]. New experimental results concerning car-
bon clusters have forced the development of new theo-
retical approaches both for structure calculations and for
the dynamics of evaporation and cooling. More ad-
vances along these lines are to be expected. It has
become clear that experiments by themselves do not
suffice. This has been most obvious in the elaborate
analysis required for deducing the C58™C2 binding en-
ergy from appearance energy measurements [74,93].
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