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Abstract

The behavior of CQQ in collisions with surfaces, with other gaseous species, and with

photons is discussed. The focus is on the processes leading to fragmentation of the molecule,

the identification of fragmentation products, and the mechanism of fragmentation. The nature

of the fragmentation process of Cgo is of considerable interest in itself and needs to be

understood in detail if C60 cluster ion beams are to be fully exploited technologically. In

addition, one may anticipate that an understanding of C(£ fragmentation will contribute mutatis

mutandis to an elucidation of the elementary steps leading to the assembly of C<io from smaller

carbon clusters.

1. Introduction

The availability of C^Q and other fullerenes in macroscopic quantities1^ opens up the

possibility for generating high-intensity carbon cluster ion beams useful for a variety of

fundamental studies and potentially useful for applications in the field of surface modification.

The properties of CGO are remarkable in many ways. The vapor pressure of the solid is

10"2 Torr at 800 K even though the C-C bond energy is ~ 4 eV, comparable to that of graphite

and diamond. Equally interesting is the thermodynamic instability of C<so with respect both to

diamond and graphite by ~ 0.37 eV under ambient conditions of temperature and pressure.3

Buckminsterfullerene and the other fullerenes appear to be unique among elemental clusters

studied up to now in maintaining their "cluster" characteristics in the condensed state. The

stability of the fulleienes as "kinetic" entities has led to an explosion of scientific inquiry into



the physical, physicochemical, and chemical properties of this fascinating new class of

molecules.

This paper concerns itself with the behavior of C60 in collisions with surfaces, with other

gaseous species, and with photons. The focus is on the processes leading to fragmentation of

the molecule, the identification of fragmentation products, and the mechanism of fragmenta-

tion. The nature of the fragmentation process of CQQ is of considerable interest in itself and,

as will become apparent, needs to be understood in detail if C60 cluster ion beams are to be

fully exploited technologically. In addition, one may anticipate that an understanding of Cgo

fragmentation will contribute mutatis mutandis to an elucidation of the elementary steps

leading to the assembly of CQQ from smaller carbon clusters.

2. Multiphoton Excitation, Dissociation, and Ionization

The first systematic study of Cgo fragmentation was done by Smalley and co-workers in

photodissociation/tandem time-of-flight (TOF) mass spectrometric experiments involving C60

produced by laser desorption from a graphite rod.4 They found the primary photodissociation

channel for C60 to be the loss of neutral C2 units with the activation energy for the initial C2

loss estimated to be 18 eV. With the availability of macroscopic amounts of C60» the low-

energy collisional fragmentation of C60 in MS/MS experiments was studied.^ When Xe was

used as a collision gas, C2 loss was observed to begin at center-of-mass collision energies of

~ 23 eV, representing the upper limit necessary to initiate this process.

With macroscopic amounts of pure C<50» it has also recently become possible to do quanti-

tative studies of multiphoton-induced dissociation whose interpretation is unencumbered by

problems associated with fragments originating from higher mass fullerene constituents.

The three major processes occurring after absorption of several photons by gas phase C60

are direct ionization, dissociation into ionic and neutral fragments, and delayed ionization. The

neutral channel distribution appears very similar to the ion fragments and is probably the

dominant channel. Only even-numbered fragments are observed in the range C60 to



The neutral low-mass fragments are assumed to be C2 molecules although this conjecture still

awaits experimental verification. ̂  Photoionization spectra are displayed in Fig. 1 where some

propensity is found for fragments with the "magic" numbers C^o and C^. The CQQ ion peak

shows a broadening towards longer flight times, an effect attributed to delayed ionization

resulting from thermionic emission.8-11

The distribution of fragments can be understood on the basis of the stepwise process

C<30— 5̂8 + C2—>C56 + 2C2—> . . . . Dissociating cluster ions have been treated by Klots as

evaporating species.12 This approach regards the evaporation of hot clusters as a statistical

unimolecular decay of a canonical ensemble. If

k(E) = K(Tb) (1)

where k(E) is a microcanonical rate coefficient and k(Tb) is a canonical rate coefficient which

defines an equivalent bath temperature Tb, then

In Eq. 2, ^ v a p is the vaporization (i.e., binding) energy of the cluster and 7 = 23.5 ± 1.5.

Wurz and Lykke find rate constants (Fig. 2) for thermionic emission of electrons (dashed line)

and fragmentation (full line) of excited C60- Since delayed electron emission and fragmenta-

tion are strongly correlated, their measured delayed electron emission rate constants (open

circles) serve to "fix" the vaporization or binding or activation energy for cluster fragmenta-

tion. Thus, AEvap = 5.7 eV is required to give a fit to the measured data. A "temperature"

characteristic of the internal energy distribution of the molecule for 4000 K is also given in

Fig. 2 (righthand scale).

Interestingly, evaporation of C2 from Q50 has recently been studied by kinetic energy

release distribution measurements.13 Again, the Klots model was used to interpret the data.

For C60->C58 + C2, ̂ v a p was found to be 6.05 eV with Tb = 3000 K. The kinetic tempera-

ture,Tb, is not directly comparable to the internal energy "temperature" of the molecule.



3. Gas Phase Collisionally Induced Fragmentation and Endohedral
Complex Formation

A number of studies had in fact shown14 that highly accelerated C* and C* ions lose C2

unimolecularly and presumably sequentially upon collisional activation (CA).15 More

recently, Weiske et al.16>17 have shown that 8 keV C* and C*, when allowed to react with

H2, D2, Ar, or SF6 in a collision cell produce exclusively fragments in which Cn (n = 2,4, 6, 8)

has been split off.

A fundamentally different result was obtained when He was used as the collision gas.

New signals appear at higher masses than the corresponding Cn loss. The mass difference is

4 and 3 when 4He or 3He is used as the collision gas. It is thought that He is incorporated

inside the cage forming the endohedral C^/He complex. Ross and Callahan18 were also able

to identify the complex and to show that fragmentation does not necessarily accompany adduct

formation. Furthermore, it was shown the He is retained in the cage even after Xe collision-

induced fragmentation of C60 He+ resulting in loss of C2 units.

Wan, Christian, and Anderson2^ collided atomic beams of Ne+ with neutral Cgo vapor in

an experiment where collision energies could be varied from ~0 to -200 eV. The primary

products were again fragments with variable Cn loss. However, C60-2n Ne+ endohedral

complexes were seen at about the 1% abundance level. The activation energy of at least 20 eV

required for complex formation was found to increase with the number of C2 fragments lost

The dominant mechanism would appear to be insertion to give C60 Ne+ which then "boils off

variable numbers of C2 units, depending on the collision energy.

Wan et al.21 went on to study collisions of Li+ and Na+ with neutral C<5o. With Li+, the

main product is C60 Li+ which appears at 6 eV collision energy. At energies above 20 eV, the

C60 Li+ signal decreases and a series of C60-2n Li+ fragment ions appear. At collision energies

above 30 eV, C* is observed with a cross section about 0.25 that of C60 Li+- As collision

energy is increased above 40 eV, the C ^ signal decreases and is replaced by a series of C2 loss

fragments. Similar results were found with Na+ and the formation of Li and Na endohedral

complexes is a reasonable explanation of the phenomena encountered.



For the high energy collisions (ECE - 30 eV) where a large increase in C* signal is

observed, it is assumed that the alkali ion simply undergoes an elastic collision with a single

carbon atom. In this limit, the C60 internal energy after collision can be shown to be formally

equivalent to a temperature of -4200 K. This is the temperature range where thermionic

emission can lead to the efficient production of C*7"9-11

Christian et al., in a revealing study of CA, showed fragmentation patterns resulting from

collisions of energetic C+ with a gas phase neutral C60-

Figure 3 gives the cross sections as a function of collision energy for the major product

ions observed. The dominant product channel at all collision energies is C^. which can result

from two mechanisms, both of which are 3.65 eV exoergic [IP(C6o) = 7.61 eV]:

C+ + C60 -> C^Q + C (charge transfer) or

C+ + C60 -> (C^)* -^C* + C (adduct formation/decay).

At low collision energies,,: significant fraction of the C* adduct survives the long flight time

to the detector (~3 msec at 3 eV) and can be observed directly. The C* "cross section"

appears to peak at low collision energies and decreases rapidly as increasing energy reduces the

complex lifetime. The energy dependence suggests that there is no activation energy for the C+

+ C60 —> C*. process. The appearance energies of approximately 16, 24, 33, 37, 39, and 44 eV

for C,g through C,8, respectively, give the energy required to cause measurable fragmentation

on the experimental timescale. Dissociation may also be competing with radiative or other

relaxation processes. In addition to the even-numbered fullerene fragment ions, one also

observes a small amount of CJ1, presumably resulting from C2 elimination from C* The

cross section for C5g increases with collision energy but is approximately two orders of

magnitude smaller than the even-numbered fragment channels.

4. Energetic C,n Ion Beam Interactions with Surfaces

In a prescient series of molecular dynamics simulations, Mowrey et al. studied collisions

of C60 with a hydrogen-terminated diamond(l 11) surface. The positions and velocities of the



atoms in C60 and the surface were determined as a function of time. The potential energy

function used permitted bond breaking and formation between C60 and the surface. Analysis

of the trajectories gave detailed information about the dynamics of the collision process

enabling energy thresholds for chemical reactions with the surface and the distribution of

products as a function of impact energy to be calculated.

The efficiency of conversion of the center-of-mass translational energy of the incident

molecule to internal energy (heating) was of interest since a high conversion efficiency would

result in highly vibrationally excited molecules that could dissociate. The average increases in

the internal energy of molecules that have undergone an unreactive collision are 43.4,51.5, and

60.7 eV for incident energies of 150, 200, and 250 eV, respectively, mostly in vibrational

degrees of freedom corresponding to temperatures in the range 3000-4000 K. It seems likely

that such molecules will dissociate at time scales longer than the propagation times used in the

simulations in view of the results of Wurz and Lykke,7-9 for example, where multiphoton laser

absorption processes lead to fragmentation of C60 molecules excited to similar levels of

internal energy.

For 150 eV normal collisions, only nonreactive trajectories were seen in the simulations

while at 200 eV 14% and at 250 eV, 72% of the trajectories were reactive. Figure 4 shows the

atomic positions at various times for a typical 250 eV nonreactive trajectory. The lower half of

the molecule (4b) and the upper half (4c) flattens while the surface compresses. As the top

layers of surface atoms return to their equilibrium positions, they exert forces on C^o causing

desorption (4d,e). The rebounding molecule is in a vibrationally excited state (4f)-

Experimental observations bear out the ability of CQO to experience severe structural

distortions during collisions up to ~ 200 eV and to return to its original shape. McElvany

et al.24 collided C* and C, t with a stainless steel surface at 60 and 120 eV, respectively, and

observed only inelastic nonreactive scattering. Beck et al.25 studied collisions of C* and C"

at energies up to 200 eV with Si(100) and graphite(OOOl) surfaces. Again, the collisions



appeared to be highly inelastic and fragmentation was not observed, at least on the jis time

scale allowed by the TOF spectrometer used in this study.

As already discussed, at collision energies of 250 eV, the MD simulations of Mowrey

et al.25 showed the majority of the trajectories to be reactive. Figure 5, taken from their paper,

shows the atomic positions at several times beginning near the midpoint of one such reaction of

C(so with the hydrogen terminated diamond(l 11) surface in which C58 H was the product. In

Fig. 5a, a hydrogen atom has been abstracted from the surface by the buckminsterfullerene, a

process that created a radical carbon atom at the surface. Figure 5b shows that this surface

carbon atom reacted with a carbon atom in the molecule. In Fig. 5c-e, the molecule rebounded

from the surface while the atoms in the neighborhood of the bond started to "unravel" forming

a chain. The bond linking the molecule to the surface stretched as the molecule continued

moving away from the surface and eventually broke allowing the molecule to desorb (Fig. 5f).

Collisions occurring via this mechanism created molecules with relatively low center-of-mass

translational energies but high internal energies. Note that the C2 fragment eliminated from the

C60 as a result of the collision has remained attached to the surface.

Experimental results in the reactive collision regime have now been obtained by Busmann

et al.26 who collided C60 with HOPG graphite surfaces at energies between 138 eV and

412 eV. While Beck et al. cooled their C60 beams in a supersonic He beam expansion,

Busmann et al. used uncooled and therefore "hotter" cluster beams with a consequent reduction

in charge exchange probability and therefore larger secondary ion fractions.

Busmann et al. find that the intensity of the unfragmented scattered C60 clusters decreases

with increasing energy between 250 and 450 eV. In fact, the intensity of the fragmented

cluster ions when all masses between C58 and C44 are summed and normalized to the primary

beam surpasses that of the unfragmented C^o at collision energies of about 400 eV. The

predictions of the Mowrey et al. simulations are thus strikingly confirmed.

In a final observation in their paper, Mowrey et al. go on to state that, at 250 eV, chemi-

sorption is the most likely outcome because colliding CQO molecules retain insufficient center-



of-mass translational energy to break the bonds linking them to the surface. In the event, the

nature of such "chemisorbed" layers would be of considerable interest.

Very recently. Hiss et al.27 have impacted Q50 ion beams accelerated to 1 keV onto NaCl

and Si. Under these conditions, the scattered ion yield has vanished. Instead, carbon films

were deposited which contain partly sp3-bonded amorphous carbon and graphite nanostructures

which are preferentially oriented with the hexagonal sheets perpendicular to the substrate

surface.

5. Concluding Remarks

Unimolecular rate constants for the fragmentation of Cn clusters for 5 < n < 104 have been

determined14 and certain general features for the decomposition of carbon clusters is beginning

to emerge. For the fullerenes, cage structures ranging from C32 and C60 and larger clusters, the

rate constants are 5-10 times higher than for clusters smaller than C32. For the fullerenes, the

evaporative ensemble model12 appears to offer reasonable agreement with experiment. Above

C32, metastable fragmentation proceeds almost exclusively by neutral C2 loss, even though the

C2 fragment is energetically unfavorable compared to the particularly stable C3 fragment.2**.^

Since radiative cooling of large clusters is negligible,30-31 evaporation of C2 provides the main

cooling channel. While entropy favors the loss of single carbon atoms, energetic considera-

tions promote loss of the trimer. Thus, the ratios between Ci, C2, C3, C4, and C5 in the

equilibrium vapor of carbon at the sublimation point (4100 K) is 1, 2.8, 4.5, 0.35, and 0.5,

respectively.32 The observed evaporation of C2 for Cn with n > 32 can be rationalized on the

basis of free energy maximization leading to a compromise between thermodynamic stabilities

and entropy considerations.

Between C& and C32, C3 is the dominant fragmentation channel while between C20 and

C32, the fragments C5, C7, C10, and C14 are also observed.

It must be remembered that Cgo is thermodynamically unstable so that once its special

kinetic stability has been breached by loss of a single C2, further fragmentation appears to

proceed quite readily.



Finally, von Helden et al.33 have been able, in an ingenious experiment, to obtain

information on the structure of the C60 fragments and by inference from these observations to

gain insight into the mechanism resulting in the synthesis of C<50. The experiment involved

measuring mobilities of carbon clusters on a drift cell from arrival time distributions (ATDs)

at a mass spectrometer. The results are displayed in Fig. 6.

The ATDs for C* - C* showed only a single peak due to linear chains. Two peaks are

seen between C_ - C* most likely due to two isomeric (linear and cyclic) forms of the

clusters. (Calibration mobility measurements were made using cyclic alkanes and linear

alkanes.) For C.. - C2f), a single peak is observed which correlates to the mobilities of the

cyclic C* - C* clusters since, for structurally related clusters, the mobility is expected to be a

smoothly varying function of cluster size. A second, probably planar, ring appears at C21 and

persists to C* (Ring II) The various families of rings are attributed by the authors33 to

isomeric forms with mono-, bi-, and tricyclic planar structures as well as to three-dimensional

structures. The mobility of pure C.ftcorrelates to the very high mobility structures which first

appear at C* Therefore, the highest mobility fragments between C_o and C ^ are assigned

cage or fullerene structures.
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Fig. 1 - Time-of-flight spectra of photoionization of C50
provided from an effusive source. The mass peaks
are the parent molecule C^Q (on the right) and
the even-numbered fragment clusters C$Q, 655, ...
down to C32. Spectra have been selected for laser
fluences that give approximately the same signal
for the parent molecule at the detector.
(From Ref. 9)
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Fig. 2 - Rate constants for thermionic emission (dashed
line) and fragmentation (full line) of C60-
(From Ref. 9)
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Fig. 4 - Atomic positions for a trajectory resulting in
nonreactive scattering at various times: (a) 14,
(b) 54, (c) 114, (d) 174, (e) 215, and (f) 294 fs.
The initial collision energy is 250 eV.
(From Ref. 23)



Fig. 5 - Atomic positions for a reactive trajectory resulting
in formation of C58H at various times: (a) 114,
(b) 174, (c) 241, (d) 299, (e) 354} 5 and (f) 381 fs.
The initial collision energy is 250 eV. (From Ref. 23)
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Fig. 6 - Inverse of cluster mobilities versus cluster size, C ,
(From Ref. 33)


