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Photoionization of C¢, by 15 ns laser pulses at 193 and 308 nm and by ca. 100 fs pulses at 310 and
620 nm has been studied with reflectron time-of-flight mass spectrometry. The initial fragmentation
process is seen to be the ejection of C,, n > 2, as opposed to successive C, evaporation. The fragment
ions produced in this initial fragmentation step have sufficient internal energy to cool, by the emission
of a C, molecule in the field-free region of the mass spectrometer. Pump-probe experiments with 90 fs
laser pulses at 620 nm give additional insights into the ionization mechanism.

PACS numbers: 36.90.+f, 33.80.Eh, 33.90.+h

One of the great puzzles in fullerene research is the
fragmentation mechanism that leads to the well known bi-
modal fragment-ion mass spectra. This distribution was
first observed in the photofragmentation experiments of
the Smalley group in 1987 [1]. In this pioneering pa-
per photofragmentation of mass-selected carbon-cluster
ions produced by laser desorption of graphite was stud-
ied at various laser wavelengths and fluences. The bi-
modal fragmentation pattern of Cg~ showed the large
fragment ions separated by C, ending abruptly at Cs,".
The small fragment distribution appeared predominantly
between C;* and Cpst with mass peaks separated by C*.
The authors discussed the sequential loss of C, but con-
cluded that the level of excitation that would be needed
to obtain the very high order fragmentations observed
were prohibitively large and instead suggested an “unzip-
ping” mechanism, in which neutral carbon chains could
be produced. These experiments were carried out with
laser pulse widths on the order of nanoseconds so that one
could not be sure whether the fragments observed were
produced directly from the parent fullerene or were aris-
ing from fragments after a second absorption process in
the later part of the laser pulse. In the meantime, similar
fragmentation patterns have also been observed in experi-
ments in which pure buckminsterfullerene samples have
been excited by collisions, either with atoms or molecules
[2—4], with electrons [S], or at surfaces [6]. In the col-
lision experiments the appearance of the large fragments
(from Csg* down to Csp* or further) can often be plaus-
ibly explained by a successive statistical “evaporation” of
C, molecules from the highly vibrationally excited Cg"
[3,4,7,8]; however, it is not possible to explain the pres-
ence of the smaller fragments using such a model.

In this Letter we report femtosecond photoionization
and fragmentation experiments of Cg, in the gas phase
and compare them with novel nanosecond laser studies,
combining both excitation schemes with a reflectron time-
of-flight (RETOF) mass spectrometer. This allows us
also to obtain information on the relative importance
of fast vs metastable fragmentation processes and thus
gives information on the content of internal energy of the

fragments. These results help to shed new light on the
ionization and fragmentation dynamics and on the time
scale for electronic to vibrational coupling within free
fullerenes.

A molecular beam of Cgq is produced by evaporating
pure (>99.5%) Cg4, powder in an oven at a temperature
of 420°C. The beam passes between two wire meshes
where it is ionized (and fragmented) by the laser pulse.
The ions are immediately extracted by a pulsed electric
field and detected by channel plates after passing through
the RETOF. The potentials on the reflectron are adjusted
so that fragment ions produced directly in the extraction
region (i.e., up to 2 us after the laser pulse) can be
distinguished from so-called metastable fragment ions
which are formed in the field-free flight region of the
mass spectrometer in a time window of 5 to 75 us,
after the laser interaction. For the experiments with
nanosecond laser pulses, standard ArF (193 nm) and
XeCl (308 nm) excimer lasers were used (pulse width
approximately 15 ns) focused to spot sizes of ca. 1 mm?2.
For the femtosecond experiments we used the output
from a colliding-pulse mode-locked (CPM) laser centered
around 620 nm, with a pulse width of 90 fs (FWHM),
or its second harmonic at 310 nm (pulse width 120 fs).
The femtosecond pulses were focused to a spot size of
= 0.2 mm diameter. A standard delay-line geometry was
used for single-color pump-probe experiments.

Figures 1(a)-1(d) show mass spectra obtained from
nanosecond 308 nm laser pulses with increasing laser
intensity. The fragments “grow in” in the laser energy
range between 0.3 and 3 mJ with the threshold energy
gradually increasing as the fragment ion mass decreases.
Beyond a laser energy of 1 mJ all fragments which can
have a fullerene structure, i.e., down to Cs,", are present
in the mass spectra. One remarkable fact is that after
the fragment ions become clearly distinguishable from
the noise in the mass spectra their intensity relative
to the other fragments does not change significantly over
a very large range of laser energies. In other words,
the maximum of the fragment distribution for fragments
C," with n = 32 does not shift significantly to smaller
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FIG. 1. Mass spectra obtained from ionization and fragmen-

tation of Cg with 308 nm excimer laser pulses (pulse dura-
tion ca. 15 ns). (a) 0.4 mJ, (b) 0.93 mJ, (c) 1.3 mJ, and (d)
3.6 mJ. The laser spot size was ca. | mm?2 Dark peaks arise
from metastable decay.

masses with increasing laser intensity. As the laser energy
is increased further (3.6 mJ), small fragment ions with
n < 23 begin to dominate the spectra. Astonishingly,
even for such very high energies the large fragment
distribution does not change very much but decreases in
absolute intensity as the laser energy is increased and
the small fragments become increasingly important. We
have observed a similar dependence of relative fullerene
ion fragment intensities on laser energy for excitation
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with 193 nm excimer laser pulses, although the details
of the mass distribution were slightly different. Similar
photofragmentation mass spectra have been published for
excitation with 212.8 nm photons [9]. Unfortunately the
authors did not show the small mass range of the spectra
nor did they go to high enough laser intensities to show
the effect reported here. Our results are in contrast to the
spectra reported by O’Brien ef al. [1] at 353 nm with laser
fluences comparable to those used to obtain the spectra in
Fig. 1, however, for photofragmentation of Cg," produced
by laser ablation of graphite. Their results showed a
clear shift to smaller fullerene fragment masses with
increasing fluence. There are probably two main factors
contributing to the difference in the results: First, the Cg
in the experiments of O’Brien et al. produced by laser
ablation of graphite may have contained different isomers,
whereas we evaporated Cg, powder. Second, O’Brien
et al. fragmented positively charged ions, whereas we
ionized and fragmented the C¢, with the same laser pulse
so that the electron could carry away a substantial amount
of the excitation energy.

The insets in Fig. 1 clearly show a double peak
structure for the fullerene fragments C,*, the peaks
marked in dark arising from ions produced by metastable
loss of C, from C,.," occurring in the field-free region
of the mass spectrometer. The ions contributing to the
left-hand peaks are produced in the extraction region.
The structure superimposed on the peaks is due to the
isotope distribution of pure carbon (1% '3C). There
are some very surprising aspects to these results: We
only observe one metastable C, loss for each fullerene
fragment ion. Even at the highest laser energies used in
our experiments we could see no evidence for successive
C, evaporations or metastable C, or C¢ fragmentations in
our experimental time window of 5 to 75 us, although
these processes should easily be resolved by our mass
spectrometer. The relative intensity of the metastable
fragment to the direct fragment is a direct measure of the
fragment’s internal energy as it enters the field-free region
of the mass spectrometer. In contrast to intuition, it stays
constant as the laser energy is increased for all fullerene
fragments (with the one exception of Csg", which has
a larger metastable peak at very low laser energies).
From these intensity ratios and the knowledge of the time
the ions spend in each part of the mass spectrometer
it is possible to determine the rate constants for each
metastable fragmentation [10]. An estimate of the internal
energy of the fragments needed to produce such decay
rates can be obtained from the Rice-Ramsberger-Kassel-
Marcus (RRKM) theory by considering the statistical
evaporation of C, from excited fullerene ions [7]. We
use RRKM theory to relate our measured decay rates to
the internal energy of the fragments, making use of the
known experimentally determined dissociation energies
for the fullerene fragments [7]. This procedure will be
discussed in more detail in a forthcoming publication
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[11]. The internal energies which we obtain decrease only
very slightly with decreasing size of the fragment which
undergoes metastable fragmentation. For example, the
processes Cef ¥ — Css™ + C, Csg+ — Cs¢” + C,, and
Csé¢™ — Cs4” + C, require internal energies of ca. 49,
48, and 46 eV, respectively, to produce our measured
intensity ratio. (The symbol # means that the molecule
is internally excited.) This is very different from what
would be expected if the fragmentation of the laser excited
C o occurred by a successive statistical evaporation of C,.
In this case, the internal energies of the smaller fragments
would be much less than what we observe, since each C,
evaporation would lead to a loss of the activation energy
of approximately 7 eV [7]. These results combined with
the fact that the relative intensities of the fullerene
fragment ions do not change significantly over a large
laser energy range provide conclusive evidence against
a successive statistical evaporation of C, after laser
excitation of buckminsterfullerene.

Additional evidence comes from experiments with
100 fs laser pulses at 310 nm. Three mass spectra, ob-
tained with increasing laser energy, are shown in Fig. 2.
The laser fluences were chosen so that approximately
the same Cg' /(total ion intensity) ratio was observed
as in the spectra shown in Fig. 1 for excitation with
ns pulses. The most striking difference between the spec-
tra in Figs. 1 and 2 is the relatively large intensity of
Ceo' ~ and doubly charged fragments in the femtosecond
experiments. The most striking, and unexpected, simi-
larity is that the ratio of metastable to direct fragment
peaks for C,* and C,** is the same as in the nanosecond
case, although one would expect the excitation mecha-
nism to be different with fs pulses. Experiments which
show the lack of delayed ionization after excitation of Cg,
with 1 ps 248 nm laser pulses support a different excita-
tion mechanism for ultrashort laser pulses [12]. It should
also be noted that the minimum fullerene ion fragment
size observed at a given laser energy is the same for the
singly charged fragments as for the doubly charged frag-
ments. These results would tend to confirm the unzipping
mechanism suggested by O’Brien et al. [1] and further
developed in a model proposed by DeMuro et al. [13] in
which they considered the most energetically favorable
way of removing carbon chains from the fullerene. We
thus suggest that at low laser energies [Figs. 1(a)—1(c)
and Fig. 2] the excited fullerene predominantly fragments
a chain of carbon atoms—the size of the chain increas-
ing with increasing internal energy of Cg,. The power-
law dependence of the fragment intensities as a function
of laser energy for the femtosecond laser- pulses tells us
that fragmentation and ionization for the larger fragments
need at least 6 photons (the ionization step itself requires
2 photons). This fragmentation could occur “directly” or
be a statistical process similar to the C, evaporation dis-
cussed above. However, the fact that we do not observe
metastable fragmentation of species larger than C, be-
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FIG. 2. Mass spectra obtained from ionization and fragmen-
tation of Cg with 310 nm CPM laser pulses (pulse duration
120 fs). (a) 7.3 uJ, (b) 10.5 wJ, and (c) 15 uJ. The laser spot
size was = 0.1 X 0.2 mm.

tween 5 and 75 us argues against a statistical mecha-
nism. The fullerene fragments produced by this fast
process have considerable internal energy (over 40 eV if
the RRKM estimates are to be believed—i.e., 10 photons
of 310 nm or 20 photons of 620 nm in addition to the ion-
ization and primary fragmentation energy) and are then
able to evaporate one C, molecule during their flight path
through our mass spectrometer. At higher laser energies
[Fig. 1(d)] the highly excited Cg, does not produce frag-
ments with much higher internal energies, as is evidenced
by the lack of successive C, evaporation which would
be observed in our experiment [11], but can undergo a
fast multiple fragmentation into three or, at the highest
laser energies investigated, many more fragments, none of
which are large enough to rearrange into a fullerene struc-
ture. The fragment with the smallest ionization potential
is likely to carry the positive charge and thus be the one
which we detect in our experiment, leading to the struc-
ture observed, e.g., in the lower mass range of the spec-
trum in Fig. 1(d). The ionization potentials of the small
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carbon species are all higher than those of the fullerenes
with the possible exception of the “magic number” frag-
ments with n = 11, 15, 19, and 23 [14,15].

Insight into the ionization-fragmentation mechanism is
obtained from 90 fs one-color pump-probe experiments at
620 nm. The fragmentation spectra for excitation with
620 nm do not differ significantly from those obtained
with the second harmonic (Fig. 2). The intensity of the
Ceo ion signal from a pump-probe delay scan is shown
in Fig. 3. Four 620 nm photons are required to ionize
Ceo; however, we find that the signal depends on the third
power of the laser energy. There is an orbitally forbidden
'T),-'A, transition at 620 nm which can be Herzberg-
Teller induced and for which the upper electronic state
will be subject to Jahn-Teller dynamic distortions [16]. It
would thus appear that we are saturating this transition
with 1 photon at very low laser energies and require
3 additional photons to ionize from this state. The
latter process occurs on an ultrashort time scale below
90 fs, possibly being a genuine 3 photon process. This
hypothesis is borne out by the pump-probe delay curve,
which at zero delay is approximately a factor of 10
higher than the average intensity at long delay times.
This enhancement is the theoretical average for coherent
superposition of the 2 photons of the same wavelength
at zero delay, if 3 photons are absorbed on a time
scale shorter than the laser pulse width. The oscillatory
structure on the pump-probe curve has a period of
around 110 fs and is most likely due to vibrational
excitation of the intermediate 'T, state. The averaged
observed oscillatory period corresponds to a vibrational
frequency of 311 = 24 cm ™! which is in reasonably good
agreement with the frequency of the 4,(8) mode in the
ground electronic state (273 cm ') and thus confirms the
excitation of a Jahn-Teller active 4, mode in the forbidden
1T1,-'A, transition for which some evidence was found in
solution spectra [16].
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FIG. 3. Single-color pump-probe delay scan at 620 nm.
Pump pulse 30 uJ, probe pulse 20 wJ.
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In conclusion, we have shown that C4, predominantly
fragments via ring or chain ejection after photoexcitation.
First fs pump-probe photoionization experiments on Cg,
in the gas phase indicate that this could be a very powerful
method to obtain information on the dynamics occurring
in such a complicated molecular system.
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