Photophysics of buckminsterfullerene and other carbon cluster ions
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The laser-induced fragmentation behavior of positive carbon cluster ions has been investigated
by tandem time-of-flight techniques for the jet-cooled clusters up to 80 atoms in size. Two
distinct photophysical regimes were found. The first applies to clusters with 34 atoms or more,
all of which dissociate to produce even numbered fragments. Large even clusters fragment by
the loss of the high energy species C,, odd ones lose a C atom. The second regime applies to
clusters composed of 31 or less atoms, all of which fragment by the loss of C,. These two
regimes are sharply separated by C;5 which fragments to produce small cluster ions in the 10—
19 atom size range. Fragmentation of the large clusters occurs on a microsecond or faster time
scale only at very high levels of excitation (> 12.8 eV). These photophysical results are
interpreted as consequences of the large even clusters having edgeless, spheroidal cage
structures while the small ones have linear chain or ring structures.

I. INTRODUCTION

As a result of the recent flurry of experimental'™'* and
theoretical'*2® work on carbon clusters, there is great inter-
est in obtaining detailed knowledge of the structures these
clusters assume. In particular, it is clear that the 60th cluster
of carbon is something quite special. The fact that C,, can be
made to dominate the carbon cluster distribution led to the
suggestion that it may have the shape of a truncated icosahe-
dron. Analogy to the geodesic architectural inventions of
Buckminsterfuller prompted the name “buckminsterfuller-
ene” for this remarkable structure.*

While the experimental results and arguments for this
closed carbon shell model of Cg, are compelling, they are
indirect and rather involved. Unambiguous structural deter-
mination remains elusive, although recent spectroscopic in-
vestigations have shown Cy, to have a very special electronic
structure.?”?® In the interim, therefore, we have turned to
the question of the photophysics of these clusters as an inde-
pendent probe of the cluster structure, stability, and bond-
ing.

¢ As detailed below the carbon cluster system does have a
highly colorful and striking photophyics that shows quite
¢clearly that there are at least two distinct types of clusters.
The photophysics of large carbon clusters, including buck-
minsterfullerene, is fully consistent with the model of even
clusters having closed spheroidal shell strucutures.*®

Il. EXPERIMENTAL

Photofragmentation experiments were conducted on
the positive ions of carbon clusters. The apparatus and clus-
ter source was similar to that discussed in previous
work,%”?** but in contrast with the scheme used in previous
publications, the cluster target was located external to the
main vacuum chamber. This allowed much easier access to
the target and a much longer nozzle-to-skimmer spacing (70
cm) permitting the use of directional nozzles with a 15° in-
ternal angle cone to increase both cooling and on axis jet
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intensity. Helium densities of 0.2 atm above the target com-
bined with the nozzle flow geometry give an estimated
3% 10* collisions per Cg; ion during the expansion.

The cold positive ions were generated by the vaporiza-
tion of a graphite target inside the nozzle which produces the
supersonic jet.%%>!*2 Since no ionization laser was needed,
the possibility of fragmentation or ionization cross section
artifacts on the cluster intensity profile was eliminated, and
the internal temperature of the clusters should be low. Under
the clustering conditions used in most of the experiments
reported here, the positive cluster ion profile was measured
to be peaked around C4, with a strong C; peak relative to
its neighbor clusters (X 10) with almost nothing smaller
than about 40 atoms, and no odd clusters.

For certain experiments the small clusters were the spe-
cies to be investigated and the vaporization laser was fired
well before the maximum of the He carrier gas arrival above
the target. Under these conditions the average cluster profile
peaked around C,; with odd clusters smaller than C;{ hav-
ing similar intensities to the even ones. These conditions
were very unstable and the cluster profile showed large fluc-
tuations.

In the tandem time-of-flight mass spectrometer (Fig. 1)
ions were pulse extracted with 2000 eV from the molecular
beam and entered a 3 m flight tube. The molecular beam
velocity was removed by a static deflection field and the ion
beam was focused by two einzel lenses. The ions then entered
a vacuum chamber detailed in Fig. 2 where the photophysi-
cal experiments were performed.

The mass selection was accomplished by a two-stage
grid assembly placed perpendicular to the ion beam. The
outer two plates were grounded and the center plate was held
at a potential higher than the energy of the ions, thus all ions
were reflected by the first stage. At the time that the desired
cluster packet arrived, the center grid was pulsed to ground
allowing the ions to traverse the first region. The grid was
then pulsed back to its original voltage reflecting later arriv-
ing ions. In three of the data sets (Fig. 4) this mass gate was
improperly operated such that about 20% of the total cluster
signal was for an adjacent cluster; however, all other mass
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FIG. 1. Overview of tandem time-of-flight mass spectrometer. The molecular beam enters the extraction region of the primary mass spectrometer. 2000 V is
pulsed across the extraction grids, the molecular beam velocity is removed by one set of deflectors, and the beam is spatially focused by two einzel lenses. The
ions then enter another vacuum chamber (detailed in Fig. 2) where the fragmentation experiments are performed.

spectra have the parent ion isolated from the others with a
ratio of greater than 500:1.

The ions were decelerated in the region after the mass
selection to facilitate excitation and extraction. After leaving
this region the ion energy was about 20% of the initial energy
(400 eV). After deceleration, the ions entered a region
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FIG. 2. Detailed diagram of ion chamber optics and geometry showing
mass gate, excitation region, extraction optics, and field free flight tube.

where they were irradiated by the dissociation laser. The
lasers used were either the second, third, and fourth harmon-
ics of a DCR-2 Nd:YAG laser or a Lumonics excimer laser
operating on ArF (193 nm) or K1F (249 nm) with unstable
resonator optics. There was no difference in dissociation pat-
terns observed for any wavelength, and consequently the la-
ser was chosen for either photon energy or maximum
fluence. After laser excitation, the clusters continued to drift
for several cm into the extraction region of the first stage of
the perpendicular mass spectrometer.

The laser excitation region was separated from the cen-
ter axis of the second mass spectrometer to compensate for
the radius of curvature of the ions as they were pulsed into
the flight tube. The extraction pulse was varied in time to
allow the ions to exit the extraction stack due to heavy ions
having a larger turning radius than light ones. The first stage
of the mass spectrometer was floated at the deceleration vol-
tage to allow field free flight from the laser interrogation
region to the extraction region. The first stage stack was
pulsed with 800 V to extract the ions. The second region
voltage was about 6100 V with the exact voltages set for a
well focused ion packet at the detector according the stan-
dard TOF-MS procedures.*® The flight tube was 1 m long
and floated along its length at the final extraction potential
for field free flight throughout the tube. The perpendicular
ion beam velocity was removed by a static deflection field
and the ions are collimated inside the flight tube by another
einzel assembly. The detector was a pair of microchannel
plates with the front plate biased at the flight tube potential.
The signal was capacitively coupled into a preamplifier and
this produced a ringing to the higher time (mass) side of the
parent ion peaks. On several data sets this appeared to be
signal from higher mass ions but it was only an artifact.
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Two types of fragmentation experiments were per-
formed. In the first, after mass selection the clusters were
dissociated by a laser pulse, and the fragments were observed
in the second perpendicular mass spectrometer. In the sec-
ond type of experiment, metastable clusters were produced
before the initial extraction, and were then mass selected and
analyzed in the tandem mass spectrometer. The amount of
time the clusters were allowed to fragment before the final
analysis was the difference between the two experiments: 3
us in the first vs 120 us in the second.

The dependence of the daughter ions upon laser fluence
was obtained either by measuring the fragment intensity
while varying the laser fluence under conditions of constant
spatial profile or simply by observing the mass spectrum
changes with laser power. Artifacts having to do with poor
overlap and inhomogeneous laser beam profiles generally
reduce the apparent order of the curve of signal vs laser
fluence but do not increase it (if the laser spatial profile was
constant), thus any curvature observed in such a plot must
have resulted from a multiphoton process.

HL. RESULTS
A. Fragmentation paths of the small clusters (n<32)

Geusic et al.® have shown that the fragmentation of all
carbon clusters with 20 or less atoms proceeds by the same
primary dissociation channel: loss of C;. We have repro-
duced their results and extended them to larger clusters.
Fragmentation by successive loss of C; units was found to
apply to all clusters up to C;}. As will be clear later, this
32nd cluster serves as an amazingly sharp dividing line in the
carbon cluster photophysics.

B. Fragmentation paths of the large clusters (7> 32)

In contrast to the C, loss of the small clusters, all even
numbered clusters with n > 32 were found to fragment by the
loss of C, . This is shown in the particular case of Cg in Fig.
3, where a 15 mJ cm~? pulse of 193 nm light has produced
not only C.t, but also even numbered fragments down into
the 30 atom range. At lower fluences, Cg}; is the dominant
fragment. The smaller fragments grow in sequentially as the
laser fluence is increased. The Cg cluster therefore appears
to fragment either by successive C, losses:

C 4+ nhv—Cg*>Ch*=CE*rChi*---
or by single step elimination of even units:
Cé +niv-C*->Cd_, +C,,
ie.,
Coh +nhv—Cg*—~Cs +C,
-Cs +C,
-Ct +Cq

Neither the fragmentation patterns nor the fluence de-
pendencies can distinguish between these two mechanisms,
but it must be kept in mind that C, is a relatively high energy
species, and the repeated sequential process will remove a
great deal of energy. We shall see that the explanation of

35 40 45 50 55 60
ATOMS PER CLUSTER

FIG. 3. Cg; mass selected and fragmented with 15 mJ cm ~2 ArF (193 nm)
excimer light. Two data sets were taken on alternating experimental cycles
with the laser on and off. The two sets were then subtracted resulting in the
depletion of parent ions and enhancement of daughters. C,, is a slightly

preferred daughter ion.

some experiments demands the single step loss of a neutral
fragment with four, six, eight, or an even larger even number
of carbon atoms. In any event, an excited carbon cluster
fragments by ejecting a neutral cluster (C,) containing a
small even number of carbon atoms. The large fragment ion
produced may still have enough internal energy to fragment
again. This will be discussed in detail later in the paper.

As different choices are made of the large even cluster to
be mass selected and studied, we found that not only C, but
all even numbered clusters larger than 32 fragmented by the
loss of C,. For example, Fig. 4 shows the photofragmenta-
tion pattern for clusters in the range of 80, 74, and 68 atoms,
respectively. All of these large even clusters fragment by the
same C, loss process. Note that the daughter fragments at
Ci, Cq, and C are a bit more favored than the others.
Furthermore, note that Cg, (for example) appears in higher
contrast to its neighboring clusters when it is a high order
daughter from Cg} than it appears when made as a low order
daughter from Cg .

When one of the large odd numbered cluster ions is ex-
amined in this photolysis apparatus, a very similar fragmen-
tation pattern is seen. As shown in Fig. 5 for the case of C,
such an odd cluster fragments to produce even numbered
cluster ions with the same distribution as if C¢, had been the
parent ion. In particular, notice in this figure that thereis a
slight but definite local preference for the C cluster. This is
about the same preference as that seen in Fig. 3 where the
fragments did come from Cg,.

C. The dividing cluster: C;,

While Figs. 3-5 seem to suggest that higher laser
fluences would only produce further C, loss, this is not the
case. As shown in Fig. 6, increasing the laser fluence ulti-
mately reveals a very dramatic and abrupt end to the loss
process at C;;. Although a very small amount of C;} is
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FIG. 4. ArF (15 mJ cm~?) fragmented large even carbon clusters. The top
is C¢; with a small amount of Csf (10%). The middle is C;; with a little
C;; (10%). The bottom is C¢, with about 20% C;} and 10% Cg} . Thereis
no difference in the fragmentation behavior amongst the large even clusters,
the primary photophysical process is the loss of two atoms with Cs,, Ceo,
and C,, favored daughters,

ATOMS PER CLUSTER

FIG. 5. Mass spectra of C55 fragmented by 25 mJ cm ™2 at 266 nm. The
fragments are even cluster ions of size 58,56,... with C,}; a favored product
similar to Fig. 3.
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FIG. 6. Mass spectra of CJ, fragments obtained with variable amounts of
353 nm light. The fluences (in mJ cm ~2) are 29 for the top, 41 for the mid-
dle, and 59 for the bottom. The detection of fragments is optimized near 30
atoms. The slower growth of the smaller fragments indicates that they re-
quire more excitation to form than the larger ones. The drastic change in the
fragment pattern at 32 indicates this is the last stable cage structure,

sometimes seen, most experiments we have tried in this
fluence range showed a very abrupt termination at the 32nd
cluster. Figure 7 is a particularly vivid demonstration of this
effect. After C,; there is a gap in fragment cluster ions ob-
served down to about C;% . Figure 6 also illustrates the higher
photon order of the small fragments vs the larger ones, the
distribution of fragments peaks at lower and lower masses as
the laser fluence increases.

Figure 8 shows that this same photophysics applies to
cluster ions in the size range 30-34. The top trace here shows
that C;}; fragments by the loss of C; . The bottom trace shows
C;; fragmenting primarily by loss of C,. But C;} in the
center trace clearly does neither. Instead its positively
charged fragments are concentrated in the 10-19 atom size
range. This extensive fragmentation was found at the lowest
usable laser fluences.

D. Valence isomers of the carbon cluster ions

It is not only possible but likely that many of these car-
bon clusters will initially exist in more than one valence iso-
mer. Although these other isomers are interesting in them-
selves, the primary intent of this work is to determine the
photophysical behavior of the most stable possible form of
each cluster ion. In the case of the large even clusters such as
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FIG. 7. Enlarged region of fragments from Cg, near 32 made with 55
mJ cm ~? at 353 nm. The large ratio of 32 to 30 or 29 shows that 32 does not
lose 2 or 3 atoms.
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FIG. 8. Photofragmentation done with high fourth harmonic fluence (25
mJ em ) on Cy, Cs,, and C,, ions showing the change in fragmentation
pattern between large and small even clusters. C; always loses three atoms;
however, the dissociation of the next few even clusters is critically depen-
dent on clustering conditions. C; usually loses a large number of atoms but
can lose C;. C;; usually loses two atoms but can lose three as shown. The
signal to higher mass of the parent ions is due to inductive ringing of the
detection circuit.

Cso, the most stable form is taken to be that which survives
the most intense clustering conditions in the nozzle, i.e.,
when the vaporization laser is fired near the center of the
helium pulse. With this timing, the carbon plasma is rapidly
thermalized, diffusional loss to the nozzle walls is mini-
mized, and the maximum possible number of reactive colli-
sions will take place between the various carbon species. For
the large even clusters the less stable (more reactive) valence
isomers should then be removed from the cluster beam sim-
ply by running at these extreme nozzle conditions.

However, in order to study the more reactive clusters
such as the large odd numbered species or those in the C,5—
C,o range, it is necessary to operate the nozzle with milder
conditions by firing the vaporization laser early in the heli-
um pulse where there are fewer collisions between the clus-
ters, and consequently less opportunity for alternative va-
lence isomers of the clusters to react. Unfortunately, these
operating conditions are somewhat unstable in that the na-
ture of the clusters produced appears to vary unreproduci-
bly. This was particularly clear in experiments of the sort
shown in Fig. 8. The C,} cluster here shows negligible inten-
sity in the nearby daughter channels, but the same cluster
prepared under roughly the same nozzle conditions at a dif-
ferent time was found to have a small proportion which did
fragment by the loss of C;. This change in fragmentation
pattern suggests the existence of another isomer of C;}. In
the C;; fragmentation picture at bottom of Fig. 8, the C;}
daughter signal is thought to arise from a less favored va-
lence isomer, the C;5 daughter arising from the more stable
isomer. The relative intensity of these two signals appear to
be sensitively dependent upon the clustering conditions.

Figure 9 provides further evidence of multiple valence
isomers in the cluster beam. Here C;; is seen to fragment
extensively at only 1 mJ cm ™2 to produce daughters in the
18-22 size range. Only at much higher fluences does C;}
appear as a daughter ion. We interpret this as good evidence
for the presence of two distinct C;; species in the cluster
beam: (1) a strongly absorbing, but poorly formed cluster
which fragments extensively at low fluence, and (2) a much
more tightly bound species which absorbs weakly and frag-
ments only at high laser fluences in a primary process which
involves C, loss. Upon varying the nozzle timing, the type
(2) cluster was found to be strongly favored when the vapor-
ization laser fired nearer the center of the helium pulse. We
interpret this as indicating that the type (2) cluster is much
more stable.

Even in the case of Cg, there is evidence for other va-
lence isomers in the supersonic beam when the vaporization
laser is fired sufficiently early in the helium pulse. Figure 10
shows one such example. Here with low fluence 3.6 eV laser
radiation, there is a wide distribution of fragments. In partic-
ular, a substantial jon signal much larger than seen at low
fluence in Fig. 6 is observed in the region of 10-30 atoms.
The independence of this low mass ion signal on the laser
fluence indicates that production of these small fragments
has saturated.

The valence isomer responsible for this low fluence frag-
mentation, let us label it Cg;, can be readily removed by
operating under more intense clustering conditions. Since it
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FIG. 9. Mass spectra of the fragments of C;} at two fluences of 266 nm light.
The products present at 1 mJ are probably from a different isomer than the
34 atom daughter in the 20 mJ picture.

is so readily fragmented at mild laser fluence, one might
expect that it could be removed from the molecular beam by
laser photolysis. In fact such an experiment was successful.
A 10 mJ cm ™2 pulse from a KrF laser was found to be suffi-
cient to eliminate these readily fragmented Cg,; clusters.

One can obtain a rough idea of the one-photon absorp-
tion properties of a cluster just by observing the extent of
fragmentation at different laser wavelengths. Many struc-
tures for a cluster composed of 60 carbon atoms would be
expected to be effectively black, having strong absorptions
throughout the visible spectrum. In fact the unstable valence
isomer Cg, did behave in this way. It was easily fragmented
with low fluences of all harmonics of the Nd:YAG laser,
including the green second harmonic. The stable, dominant
C¢; cluster, on the other hand, required over 60 mJ cm 2
irradiation at 532 nm before any fragmentation could be seen
at all. The initial indication is, therefore, that Cg; is nearly
transparent in the visible. Recent spectral experiments with
C¢, van der Waals clusters®’ have shown similarly weak ab-
sorption in the visible for neutral C¢,—strong evidence that
it is a cluster without dangling bonds or long unsaturated
chains.

E. The fluence dependence of Cg, fragmentation

We have measured the intensity of the various photo-
fragment daughter ions as a function of laser fluence for a
variety of excitation lasers. Figure 11(a), e.g., shows the low
fluence dependence of the C;t daughter ion produced by
photolysis of C; with a KrF laser at 4.9 eV. A rough fit to
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FIG. 10. Cg; fragmentation mass spectra optimized near 15 atoms for in-

creasing fluences (mJ cm™?2) of 353 nm light. The top is at 8, second at 22,
third at 37, and bottom at 55. All size fragments appear at 8 mJ in equal
amounts. The saturation of the small fragments plus their appearance for
small fluence indicates that they are primary fragments and not multipho-
ton granddaughters. This is evidence for a second isomer of Cg,. Similar
data resulted for all other large even clusters.

the C,; curve show this photoprocess requires three photons
of the KrF laser. In Figs. 11(b) and 11(c) are shown the
fluence dependence of the first two daughter ions taken si-
multaneously. Note that both curves show a substantial in-
duction fluence and that C,; is clearly formed in a higher
order process than C.f. Similar results were obtained with
the ArF laser at 6.4 eV. Although these measurements are
difficult to make accurately, the effect of imperfections in the
measurement in such experiments is generally to reduce the
apparent order of any photofragmentation.”® Our conclu-
sion is that the first fragments of Cg; are detected only after
absorption of at least three photons of ArF radiation (and
possibly more).

As with most time-of-flight measurements of photofrag-
menting systems, the apparatus used in these studies can
detect fragmentation only if it occurs prior to the accelera-
tion of the ions down the flight tube. In our apparatus this
critical time is roughly 3 us. While for small clusters even
mild excitation above the dissociation threshold will result in
fragmentation on a submicrosecond time scale, these large
carbon clusters are quite different. In the case of Cg, e.g.,
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FIG. 11. KrF (249 nm) power dependence for C;, and C,, daughterions of
C4 proving muitiphoton dependence for C,; with higher order for Cy,.
The top data set was taken on the C} ion for a low fluence range while the
bottom two data sets were taken simultaneously with identical y axes. No
linear power scan was ever seen for ArF on C¢f orany other cluster between
50 and 70.

Al s

3

there are 174 vibrational modes. If the laser energy is ran-
domly distributed among these modes, RRKM estimates of
the dissociation rate for a process with a 3 eV activation

barrier show that excitations of at least 20 eV will be re-
quired. Obviously the normal methods for photophysically

bracketing the binding energy cannot work for large mole-
cules.

F. Long time scale metastable decay

Although the data discussed thus far are sensitive only
to fragmentations occurring within the first 3 us after the
laser pulse, there is a way of looking at much longer time
scale dynamics. Referring back to the overall apparatus de-
sign sketched in Fig. 1, it is possible to direct the photolysis
laser down the original supersonic cluster beam and hit the
clusters long before the final analysis in the second flight
tube. The laser is fired and after an initial evolution period
(time 1) metastable clusters (clusters which have not yet
dissociated) are accelerated out of the molecular beam,
along with all other ions, down the first flight tube and “mass
gated” before they arrive at the second extraction region.
Any fragmentation occurring along the first flight tube while
the clusters drift (for time 2) will not significantly affect
their velocity. They will still be accepted by the mass gate
and enter the second extraction region along with their par-
ent ions even though their mass is now changed. The pres-
ence of these long time scale daughter ions is then revealed
by the second time-of-flight mass analysis.

Figure 12 shows the result of long time fragmentation
spectra obtained with four different choices of the mass-gat-
ed “parent” cluster ions. In all four cases, the initial delay to
the first extraction (time 1) was 1 us. All fragments ob-
served in these mass spectra resulted from dissociations oc-
curring in the subsequent flight during time 2, which was on
the order of 120 us. We can be sure that all fragments were
laser induced, since none of the daughter ions were observed

FIG. 12. Metastable TOF mass spectra for
60, 66, 70, and 74 atom clusters. The clus-
ters were irradiated 1 us before the first ex-
traction pulse with 15 mJcm™2 ArF.
After the 120 us travel in the first flight
tube, they were mass gated and analyzed
in the second mass spec. Daughter ions re-
tain the parent velocity, thus they are
transmitted by the mass gate. The largest
intensity fragment is the C, _ , ion (about
twice the other fragment heights). Cg
(and slightly C;}, and CJ} ) is a bottleneck
in the unimolecular fragmentation path.
This special nature of CJ, was less evident
in the short time experiments of Fig. 4 be-
cause in order to show fragmentation on
the short time scale the parent ion has
higher internal energy and the fragmenta-
tion rate should vary much more slowly
Jj’\ with binding energy.
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without the initial fragmentation laser pulse fired down the
supersonic beam.

The mass spectra in Fig. 12 have two things in common:
(1) the C_, fragment is the dominant daughter (off-scale)
and (2) each displays a strongly preferred fragment, which
is either C;5, Cg;, or C.f, among the higher-order grand-
daughters. While some indication of this preference for C;};,
Cd, and C5 granddaughters was seen in the short time
scale fragmentation results of Figs. 3, 4, and 5, there is clear-
ly a far more pronounced preference for these special clus-
ters in the long time results. This large fragmentation ratio
only occurs when the clusters are allowed to evolve for long
times after laser excitation before analysis.

A rough indication of the rate of fragmentation is seen in
Fig. 13 which shows the C,}_, daughter ion signal observed
from Cg and C;; fragmenting in the first time of flight as a
function of the time delay of excitation before extraction.
The daughter ion signal can come only from metastable par-
ents, thus, this is a plot of the unimolecular decay rate of
metastable carbon cluster ions. These signals represent ions
which had a mass during acceleration of 60 and 74 carbon
atoms, respectively, and had sufficient energy to undergo
unimolecular decay during the 120 us flight down the first
drift tube. Because of the possibility of fragmentation before
and during the initial acceleration, the identity of the true
parent ions is slightly ambiguous, but the difference in the
lifetimes suggests a difference between the behavior of Cg;

O~ + — + + + +
80 100 120

0 20 40 60

ol 1" Whliminpsanin

20 40 60 80 100
DELAY TIME (usec)

O4

FIG. 13. Apparent lifetime for unimolecular decay of C¢, and C} excited
with 15 mJ cm ™2 at 193 nm a variable amount of time before the primary
extraction pulse. The y axis is the intensity of the C;}_ , daughter with the x
axis the delay between the excitation laser and the extraction pulse in us.
The curve represents the decay of the parent ion before the first mass spec.
extraction. Cg, is more stable than C;}; as shown by the longer lifetime.

and C. . Similar curves were obtained for all clusters studied
in the range of 50-80 atoms with shorter lifetimes for clus-
ters other than Cg;. As seen in Fig. 13 the difference is not
small; the daughter ion of C;% decays to zero signal in 40 us,
but the C¢ product remains measurable even after 125 us.

IV. DISCUSSION
7

Previous experiments from this group*” have provided
extensive evidence that Cg, and the other large even num-
bered clusters are remarkably unreactive, this lack of reacti-
vity being specially pronounced for Cg,. As we have dis-
cussed in detail,'>>¢ we believe there is only one consistent
explanation which accounts for all known observations: the
large even numbered clusters are closed cages consisting of
12 pentagons and (n — 20)/2 hexagons. The special inert-
ness of the 60th cluster then arises from symmetry. In the
form of a truncated icosahedron, Cy, achieves a perfectly
even distribution of the strains, and a highly aromatic, closed
shell electronic structure. Consideration of strain distribu-
tion and adjacency of pentagons then predicts that C,
should be the next most stable cluster,>? in agreement with
experiment.

As discussed below, the new photophysical results on
the large clusters are amazingly consistent with this closed
spheroidal cage model. This model was developed without
consideration of carbon cluster photophysics and yet it fully
explains the body of this work. In fact, we have been unable
to find any other model for the structure of these clusters
which is equally capable of predicting these observations.
We begin discussion by summarizing these new experimen-
tal facts.

(1) Even numbered carbon cluster ions from 34 atoms
to the highest studied (Cgy ) photofragment to produce only
even numbered daughter ions (Figs. 3 and 4). The lowest
order observed photoprocess is the loss of C,. The odd clus-
ters in this size range also fragment to produce only the even-
numbered daughters (Fig. 5).

(2) There is an abrupt change in the fragmentation pat-
tern when the parent ion is reduced in size. Below C;} no
fragments are seen of size n — 2. Instead, all such smaller
clusters fragment by the loss of C,.

(3) Higher-order photoprocesses produce successively
smaller even clusters until, at C;} , a gap appears in the high-
order granddaughter distribution. Further fragments are
seen primarily in the range of 7-25 atoms (Figs. 6 and 7).
Fluence dependence studies (Fig. 11) suggest that the frag-
mentation involves more photons as more atoms are lost.

(4) Daughter ions with 50, 60, and 70 atoms are some-
what prominent for short time scale (4 us) fragmentation
(Fig. 4), but are markedly more prominent for long time
scale fragmentation (Fig. 12).

(5) Less stable, more reactive valence isomers of the
large carbon clusters can be produced in the beam. Fragmen-
tation patterns are found which depend strongly upon noz-
zle conditions for C;; and C;}. All large clusters, including
C;t (Fig.9) and Cg (Fig. 10), can be made to exhibit non-
standard fragmentation patterns at low fluence when the va-
porization laser is fired early in the helium pulse.

J. Chem. Phys., Vol. 88, No. 1, 1 January 1988

Downloaded 19 May 2006 to 131.215.225.175. Redistribution subject to AIP license or copyright, see http:/jcp.aip.org/jcp/copyright.jsp



228 O'Brien et al.: Photophysics of buckminsterfullersne

As originally observed by Rohlfing, Cox, and Kaldor,?
there is a remarkably distinct gap in the observed carbon
cluster distribution between about 28 and 40 atoms when
these clusters are prepared in a supersonic laser—vaporiza-
tion source. The lower group exhibits both even and odd
clusters and lose C, upon photolysis, the higher group con-
sists primarily of only even clusters which we now find lose
C, when they fragment. These two abundance patterns to-
gether with their associated distinct photophysics strongly
suggests that there are two distinct types of structures in-
volved. Both theory'*'>*” and experiment”>* agree that the
small clusters are largely one or two dimensional: linear
chains for the smaller ones and monocyclic rings for the
larger. As Geusic et al. demonstrated® the smaller of these
species fragment by the loss of C;, and the new results above
show this behavior continues up to the 31st cluster. Frag-
mentation by loss of C, in these clusters may result from C,
being the most stable possible small fragment, and the lack of
any strong preference for one particular large cluster frag-
ment over another.

In comparison with C, and the higher clusters of car-
bon, C, is quite a weakly bound, high energy species.®” It is,
therefore, quite remarkable to find C, suddenly becoming
the preferred fragment as the cluster size increases. The ejec-
tion of this high energy neutral implies that (1) then — 2ion
fragment must be particularly stable, (2) this stability must
be sensed at the transition state in the fragmentation process,
and (3) the corresponding transition state for C; loss must
lie at considerably higher energy. In the spheroidal shell
model it is fairly easy to see how such a combination of cir-
cumstances could come about. For such shells, only the even
numbered clusters can close. Shells containing an odd num-
ber of atoms are possible, but all such structures must have
several dangling bonds. This nicely explains why the even
clusters would be so much more stable.

A. A concerted C; loss mechanism

Figure 14(a) shows how a C, spheroidal shell with a
fused five-membered ring system could lose C, and rear-
range into a C, _, spheroidal shell. The resulting structure
has two pentagons and one less hexagon as required to main-
tain the closed spheroid. The four-center transition state in-
volved in this process is forbidden in the Woodward—Hoff-
man sense, and such a concerted C, loss mechanism would
ordinarily not be expected to be important. Nevertheless, it
may be the lowest available fragmentation channel from the
closed spheroidal cage. The laser fluence dependence mea-
surements indicate the first C, loss occurs on a microsecond
time scale only at extremely high levels of excitation: more
than 12.8 eV (and possibly much more). Even a “forbidden”
unimolecular decay mechanism would be quite accessible at
these energies.

Critical to this mechanism is the existence of a process
for rapid surface geometry reorganization. Clusters like Cq,
and C,, (and probably all even clusters larger than C,; ) can
form spheroidal shells where no two pentagons share an
edge; however, there are also other isomers of these clusters
which do have this local geometry. In order to get to the
adjacent pentagon transition state discussed above for C,

O=0-0=0-=0

FIG.14. Possible mechanisms for fragmentation of spheroidal carbon
shells. Shown are loss of (a) C,, (b) C,, and (c) C4. Loss may be in a
nonsequential “unzipping” of the fragment, while the individual bond
centers may undergo concerted processes.

loss, there must be an efficient, low energy path to moving
the pentagons around on the surface of the shell. One plausi-
ble rearrangement mechanism has been suggested by Stone
and Wales.?® Like the concerted C, loss mechanism, this
pentagon rearrangement process is forbidden by orbital
symmetry considerations. Nonetheless, it may be quite facile
at the high excitation energies found necessary to fragment
these clusters.

B. Long time scale metastable fragmentation

If fragmentation were to be by sequential loss of C,,
each such loss must remove the energy binding the C, unit
into the cage:

6X1/2X D — Dy(C,),

where six half-bonds are broken, the C, bond is formed, and
D is the average carbon—carbon bond energy. In this cal-
culation we assume the cage recloses after loss of C,. Rough
estimates of this energy give 4 eV lost per event. For C/, 28
eV would be lost to produce Cg. While this level of excita-
tion is reasonable, the change in unimolecular dissociation
rate over a 28 eV range is enormous. One then has doubts as
to whether such a sequential loss is reasonable for the very
high order fragmentations. Single event C, loss where e is an
even number > 2 deserves consideration as well.

The long time scale fragmentation results shown in Fig.
12 are particularly interesting and informative on this point.
The interpretation of this experiment involves the creation
of a highly excited species which begins to fragment immedi-
ately after excitation. Some metastable species survive the
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delay to acceleration as well as the acceleration process itself,
but then dissociate during the subsequent 120 us spent in the
flight tube. In these experiments there is no substantial
change of the fragment patterns observed when the delay
between excitation and extraction (time 1) is changed, even
when the delay is as large as 15 us. This seems incompatible
with sequential C, loss: in the 15 us before acceleration, any
molecular system—no matter how highly excited—would
have already fragmented extensively, and would no longer
have sufficient energy to then fragment 7 successive times in
the subsequent 120 us, losing 4 eV per fragmentation.

Figures 14(b) and 14(c) illustrate a mechanism by
which four and six carbon atoms, respectively, might be lost
from a spheroidal shell with the resulting edges rejoining to
form a new shell with the same number of pentagons and two
and three fewer hexagons, respectively. In these losses, one
can imagine the neutral carbon chain coming loose from the
shell at one end with edges rejoining behind it somewhat like
azipper. We have not looked for mechanisms by which eight
or more carbon atoms are lost in a single step, but guess that
such mechanisms probably exist.

In the closed shell model for carbon clusters, the special
numbers 70, 60, and 50 arise because these are locally good
solutions to the problem of distributing the strain of closure.
Photofragmentation of a closed carbon cage will require ex-
tensive excitation in order to open the cage. This will be
easier for less symmetric structures where strain has concen-
trated at a few atoms and more difficult for symmetric, un-
strained structures. The fragmentation rate will, therefore,
be sensitive to the same special numbers 70, 60, and 50. In-
deed, these clusters appear to be local bottlenecks in the dis-
sociation process {see point (4) above]. The initial CZ; frag-
ment need not be in the buckminsterfullerene structure, yet
it is clear that this geometry must be sampled by the product
distribution on the same time scale as fragmentation. It ap-
pears the carbon shells reclose and rapidly rearrange to the
most stable structure as each C, unit is ejected.

C¢, is a somewhat stronger fragment ion for the short
time scale fragmentation process (Fig. 4) and becomes
dominant in the long time scale fragmentation process (Fig.
12). The dominance of Cg}, in Fig. 12 can be rationalized by
the activation energy for its fragmentation being higher than
that of any other cluster. In the long time scale experiments,
a fragment which survives to acceleration must have a rela-
tively low level of excitation, and for low level excitation the
activation energy will have a drastic effect on the unimolecu-
lar decay rates. Thus, the most stable fragment (Cg}, ) should
have a low activation barrier to formation and be most resis-
tant to further fragmentation, i.e., it is a bottleneck.

The large odd numbered clusters fragment to produce
an even numbered shell. Note in particular in Fig. 5, that the
special shell 50 is being sensed in the fragments of C,}, frag-
mentation. These observations suggest that the the large odd
numbered clusters are also hollow shells which have closed
as well as they can. Loss of an odd number of carbon atoms is
followed by closure of the shell, and subsequent surface iso-
merization.

Perhaps, the most amazing aspect of these results is the
great facility with which closure must occur. The fact that

the C, loss process breaks off so abruptly at C,}, is another
indication that closure is generally achieved before further
fragmentation. The result of this closure is that successively
smaller closed cages are produced, a process that will ulti-
mately end with a highly strained unstable structure.

Schmalz et al. have shown®®® that the total strain of
closure of these carbon shells is nearly a constant, indepen-
dent of cluster size. As smaller and smaller closed shells are
formed, the strain energy per carbon atom must increase.
Independent of any other effects, at some point in this pro-
cess the strain energy liberated as the transition state is
formed will be sufficient to break adjacent bonds, producing
even more strain release, causing the breaking of yet more
bonds, etc. As a result, one expects there will be a cluster
where the fragmentation process produces a complete de-
struction of the cage and perhaps rearrangement into rather
unrelated structures. It is reasonable to expect this critical
cluster will be encountered somewhere in the 3040 atom
size range since calculations show it is in this region where
the open graphitic sheet structure becomes more stable.

After these experiments were completed, an indepen-
dent work on fragmentation of metastable carbon clusters
came to our attention.*® These clusters were generated by
laser vaporization of graphite in a vacuum, without a carrier
gas and consequently are not necessarily similar in internal
energies and isomer distribution. However, with few excep-
tions, the fragmentation patterns observed were virtually
identical with those reported here.

V. SUMMARY

These photofragmentation studies can be readily inter-
preted in terms of these cage structures for large carbon clus-
ters. All large even clusters appear to be closed, with the
consequence that the primary photophysical fragmentation
path is the loss of C,, rather than C, which otherwise is the
preferred fragment from a carbon cluster. The odd num-
bered clusters appear to be almost closed, readily losing C,
or C,; tobecome an even cluster which is closed. The smallest
such spheroidal cluster formed in the beam experiments ap-
pears to be C;} . The large even clusters, and particularly Cg,
are highly resistant to fragmentation, requiring very high
levels of internal excitation before dissociation can occur on
a microsecond time scale. If these cluster species are closed
cages, then it is clear they reform and isomerize after frag-
mentation with amazing ease.

Although the spheroidal shell model for the large clus-
ters of carbon is as yet unproven, it remains the only model
yet advanced which is fully consistent with all known re-
sults. Its ability to explain the new, highly structured photo-
physical data is particularly impressive when one considers
that it was originally proposed to explain only the observed
abundance of the neutral clusters in a supersonic beam. Even
in the absence of the original data, these new photophysics
results taken by themselves would have been sufficient to
force consideration of spheroidal cages in general, and the
icosahedral “soccer ball” structure of Cg, in particular.
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