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Abstract. The endohedral fullerenes La@Cgy and Li@QCgo have been studied in the gas phase with fem-
tosecond laser excitation. The two molecules show qualitatively the same behaviour with respect to ion
yield vs. pulse energy, but markedly different fragmentation patterns, with La@QCgs fragmenting via the
shrink-wrap mechanism and Li@Cgg predominantly losing the metal atom in the first fragmentation step.
The ion yields and electron energy distributions of La@Cgy agree well with a recently developed model

for fs laser ionisation of Cgp.

PACS. 61.48.4+c Fullerenes and fullerene-related materials — 36.40.Qv Stability and fragmentation of
clusters — 31.15.Bs Statistical model calculations (including Thomas-Fermi and Thomas-Fermi-Dirac

models)

1 Introduction

Endohedral fullerenes are among the most fascinating
fullerene-based derivates with a wide range of atom and
molecule containing fullerenes having been produced and
studied [1,2]. Even although many different endohedral
fullerenes have been available in macroscopic amounts for
at least a decade, little is known about their behavior
when excited to high internal energies in the gas phase.
The processes that occur (ionisation, fragmentation) are
normally studied in mass spectrometry experiments. A
large number of experiments of this type have been per-
formed on Cgg, and, as more information about the pro-
cesses of this molecule at high internal energies becomes
available, it is increasingly interesting to test hypotheses
and theories by studying other similar systems. Many en-
dohedral fullerenes, such as the well-studied metal con-
taining Cgy based species, are suited for this purpose as
they are as stable as Cgp under the conditions and time
scales of the mass spectrometry experiments. We have for
example recently shown that it is possible to model the
delayed ionisation of laser desorbed excited La@Cgo, ap-
plying unimolecular decay theories previously applied to
excited Cgo [3]. Similarly the fragmentation of highly ex-
cited La@Cgs on microsecond timescales resembles that of
Cgo which experiences loss of the fullerene structure above
approximately 80 eV [4].
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In comparison with the nanosecond lasers primarily
used for these earlier studies, femtosecond lasers are capa-
ble of creating multiply charged cluster ions on time scales
comparable to and lower than the coupling time between
the excited electronic subsystem and the vibrational de-
grees of freedom. They are thus useful for studies of very
fast interactions, such as energy redistributions, in excited
fullerenes and have previously been used for investigations
of CGO [5*8]

In this letter we present results from a femtosecond
laser investigation of the molecules La@Cgy and Li@QCgg
and analyse the results using theories recently developed
for C6O [9]

2 Experimental

The endohedral fullerenes were prepared with two dif-
ferent methods. The LiQCgy material was produced us-
ing low energy Lit ion bombardment of thin fullerene
films under high vacuum conditions [10]. The result-
ing thin films contained 10% endohedral Li@QCgy. The
arc-discharge production method was wused for the
preparation of La@Cgy [1]. Both fullerene species were
purified to above 95% purity using High-Pressure-Liquid-
Chromatography (HPLC).

The vacuum apparatus used for the ionisation and
fragmentation experiments has been described previ-
ously [7,8]. Briefly, the main excitation source is a
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Fig. 1. Mass spectra produced by excitation of LiQCgo with
a 180 fs laser at 800 nm.

regeneratively amplified Ti:Sapphire laser system provid-
ing a 180 femtosecond pulse, centered at 800 nm.

Quartz crucibles, filled with approximately 0.1 mg of
endohedral fullerene material, were inserted into a resis-
tively heated oven, which could be heated to 500-550 °C
to generate a sufficiently dense vapour target. The molec-
ular beam propagated perpendicular to both the laser and
the TOF axes.

Tons created by the laser could be measured with a
Reflectron TOF mass spectrometer while electrons were
measured using a linear TOF spectrometer. The time-of-
flight of the electrons is then converted into kinetic energy.

3 Results and discussion

Three mass spectra from Li@Cgy vapour at varying laser
fluences are shown in Figure 1. At low fluence (see bot-
tom figure) only the two ions Cf, and LiQCZ, can be
seen. As the laser fluence increases so do the ion signals
and at a fluence of around 1.1 J/cm? both doubly ionised
species and fragments created by Ca-loss from Cf, ap-
pear in the mass spectra. The doubly ionised Cg('f species
usually appears at similar laser fluences as the singly
charged fragments CJ, in similar experiments on Cgq [7].
The LiQC2] ions are detected at similar laser fluences as
the Cgar even although no fragments from Cs-loss, e.g.
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Li@CJ, can be distinguished with the resolution of our
mass spectrometer. Fragmentation with Cs-loss without
loss of the guest atom (shrink-wrapping) is usually con-
sidered to be strong evidence for an endohedral position
of the guest atom. The endohedral fullerene NQCgy has
however been shown to fragment predominantly via loss
of the nitrogen atom [11] and the absence of LiQC{, ,,,,
n = 1, 2..., in our mass spectra may have the same rea-
son. In contrast, shrink-wrapping of Li@QCgy has been de-
tected in ns-laser experiments using an ArF-laser with a
photon energy of 6.4 eV [12]. The ionisation potential of
Li@QCgp has been calculated to be around 6 eV, reduced
from the 7.6 eV of Cgg, due to doping of the cage by
the Li valence electron [13]. The ionisation efficiency of
Li@Cgq is hence expected to be higher than that of Cgp.
The low Li@CgO signal relative to Cg‘o in our mass spec-
tra is, considering the high purity of the material inserted
into the oven, thus rather unexpected. This could be due
to thermal destruction combined with polymerisation of
the endohedral fullerene material in the oven. A recent
IR and Raman study [2] of purified Li@Cgq material sug-
gests that it exists as a combination of dimer and trimer
structures. These are structures that may be precursors
to polymers. Destruction or polymerisation in the oven
is supported by the observation that the Li@CgO ion sig-
nal decreased relative to the Cg, signal over time with an
approximate half-life of 40 minutes at a temperature of
500 °C. An additional process resulting in low Li@CgO ion
intensity is, as already mentioned, fragmentation of the
gaseous molecules by loss of the internal atom. The energy
needed for insertion of a Lit ion into Cgg is not more than
5-6 eV [14] and emission of the Li will therefore compete
strongly with the emission of Cy, which can be expected to
require a significantly higher activation energy [12]. This
is supported by the observation that Li@Cg(T are signif-
icantly lower in intensity compared to Cii than Li@C{,
is to Cgo suggesting a stronger branching to the Li-loss
channel rather than double ionisation. One can expect a
higher loss of Li from the doubly charged species due to
the higher excitation energy. We note that a higher aver-
age energy is required to ionise the molecule twice if the
ionisation mechanism is the one described in [9]. Unfortu-
nately a strong background of singly and doubly charged
hydrocarbon ions is present at lower masses and makes
the identification of any Lit ion difficult. The origin of
the hydrocarbon ions is most probably the solvents, e.g.
dichlorobenzene, used in the preparation of the samples
and they were present at all laser fluences used.

At the mass spectrometer settings used, the flight
times of the metastable ions created in the first field free
region are shorter than for the prompt fragments, see Fig-
ure 1. The metastable ions seem to be solely from frag-
mentation of Cgo with no discernible contribution from
endohedral fragments.

The mass spectra shown in Figure 2, from La@Cgs
vapour, show a strong presence of La-containing fullerenes
with no or little empty fullerene ions present. At low
laser fluences the only ions detected are the LaQCY, with
small traces of La@CgyO%. The latter is from reactions
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Fig. 2. Mass spectra produced by excitation of La@Cgy with
a 180 fs laser at 800 nm. The metastable fragment ions appear,

as for Cgo in Figure 1, on lower nominal masses than the ions
fragmented in the acceleration region.

with molecular oxygen during transport of the sample in
air into the vacuum chamber as earlier observed on thin
films of La@Cgy [15]. When the laser fluence increases
above 1.1 J/ecm? we see doubly ionised La@QC3] as well
as singly charged fragments LaQCy,_,,, from Ca-loss and
appearing at even higher laser intensities are triply ionised
La-fullerenes. As is normally the case for Cgp in similar
experiments (compare to Fig. 1) the fragment distribu-
tions show a higher intensity for the multiply charged than
for the singly charged species. Generally we also observe
higher intensities of La-fullerene fragments compared to
the parent ion than for Cgp as parent molecule. For the
triply charged endohedral fullerenes there is very little
LaL@Cg;r compared with triply charged La@Cg;_Qn frag-
ments. The fragment distribution for the singly charged
species is qualitatively similar to that observed from frag-
mentation of Cgg after ns excitation. This has been under-
stood quantitatively as a consequence of the distribution
of absorbed energy in the molecular ensemble [16]. If we
apply this logic here, the increase in the degree of frag-
mentation with charge state is evidence for an increased
amount of excitation energy. This is also the expected
trend if the ionisation proceeds via the mechanism sug-
gested in [9], as already mentioned for the LiQCgy case
above. Note that the laser pulse duration is 180 fs, sim-
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ilar to that of [9]. While the fragment distribution for
the singly charged ions is rather flat without any “magic
numbers”, the doubly charged fragments are highest in
intensity around Lau@C?ir while the most abundant triply
charged fragment is the La@C%F . We note that the latter
is isoelectronic to neutral Crg.

The metastable fragmentation probability is higher
for La@QC{, fragments than for Cf, fragments. The
metastable fragment probability is even higher for the
doubly charged La species. These two observations can
be understood in the framework of the evaporative en-
semble model and radiative cooling [17]. In the absence
of radiative cooling the amount of metastable fragmenta-
tion increases with the heat capacity of the species. Ra-
diative cooling will suppress the fragmentation, and for
the smaller fullerene fragments it is known that the sup-
pression is quite strong, on the order of a factor 3-4 for
experimental conditions similar to those used here. In this
light, the difference between the smaller, empty fullerenes
and the larger, endohedral, species is rather small. This
indicates that the radiative cooling is similar in these two
cases. This suggestion is indeed confirmed in dedicated
experiments [18] to be published.

At lower masses (not shown) small lanthanum-carbide
ions La™, LaCJ and LaC] can be discerned from a back-
ground of hydrocarbons. These La-carbide ions were also
seen in the earlier experiments in our groups using a
337 nm ns-laser to excite a vapour of La@Cs, [4] and are
due to loss of fullerene structure at high internal energies.

To explore the possibility that the data can be ex-
plained by a transient hot electron mechanism, as previ-
ously described in [9], the electron distributions and the
ion yields have been simulated with the same formalism.
The idea is, briefly, that the laser heats the electronic sys-
tem of the molecule leading to the emission of one or more
charges in a boil-off process before the energy is coupled
to the vibrational degrees of freedom. The emission rate
constant in the model is given by detailed balance and
numerical evaluations require the ionisation energies and
the electronic level densities of neutral and charged species
as input. Ideally the electron-phonon vibrational coupling
time can be fitted from the data but we here assume the
value of 240 fs, derived from the data on Cgg [9]. For the
ionisation energies we use ¢ = 6.2 eV + (z — 1) x 3.5 eV
(z is the final charge) [19]. The electronic level density was
calculated with the LDA single particle levels of Cgp, in
the manner described in [9]. The levels were scaled lin-
early to give the same Fermi energy as for Cgp, and the
small correction introduced in [9] was not used here. The
addition of the 91 extra electrons for the neutral La@QCgy
relative to Cgo prevents the large gap present in the spec-
trum of the latter from having an undue influence on
the calculation. The energy dependent electron absorp-
tion cross-section, which is needed to calculate the emis-
sion rate constant, was chosen to be identical to the Cgg
value. The numerical details of the results will depend on
these choices, but the general picture is insensitive to the
precise values of the parameters.
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Fig. 3. The abundance of singly, doubly and triply ionised

fragments taken from a mass spectrum produced with a laser

fluence of 5.3 J/cm?. The experimental data (full symbols and

lines) are compared to the simulation (open symbols) for the

different charge states.

The fragment distribution was compared with the
model predictions. Assuming that the amount of frag-
mentation reflects the internal energy transferred to the
molecules, the molecules are expected to fragment to lower
sizes for higher charge states. For a quantitative compari-
son, the number of lost Cy units was assumed to be given
by the relation ANg, = [(nhv — 65 eV — > &(z))/8 V],
this quantity is set to 0 if it is less than 1. The square
brackets indicate the integer part. The term involving the
photon energy is the absorbed energy, the 65 eV is the ap-
pearance energy, which is estimated as the value for Cgg
scaled by the number of atoms, 83/60. The ionisation po-
tential, @(z), takes the values above, and 8 eV represents
the average activation energy for Cs loss. These numbers
can be discussed and the results do not represent fits, but
mainly serve as an illustration of the difference between
the charge states. For the purpose of this calculation, an
equal weight was given to the absorption of different num-
bers of photons. This simplification eliminates the need
to introduce the cross section as an extra parameter. For
each photon number, the yield of singly, doubly and triply
charged fragments was calculated from the simulation and
binned according to the fragment size assignment, ANc,,
above. The result is shown in Figure 3. The agreement
between experiment and simulation is generally good, and
one notes that the increase in degree of fragmentation with
charge state is reproduced. In the simulations the abun-
dance of singly charged species peak around 40 absorbed
photons, the doubly charged at 70 photons, and the triply
charged at 100. This corresponds to a downward shift in
the fragment distribution of 30 x 1.55 eV /8 eV = 5—6 Cy
losses for each additional charge. The experimental shift
is slightly less but of the same order. Note that the model
abundances are averaged over all numbers of absorbed
photons that lead to a certain fullerene size. The only ad-
justable parameter in this plot is an overall factor for the
simulated intensities. The main difference between exper-
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Fig. 4. The laser fluence dependence of the EnLa@ng_Qn,
z = 1-3, ion yields. An average photo-absorption cross-section
of 0.04 A? gave the best fit between model and experiment.

iments and simulation is the somewhat suppressed signal
for the unfragmented species in the simulations, in partic-
ular for the singly charged species.

The fluence dependence of the La@CjTJ{, z=1, 2,3,
ion signals is plotted in Figure 4. As seen in earlier stud-
ies [9], the intensity decreases with increasing charge num-
ber. Also shown are the simulated ion yields, assuming a
photon absorption cross-section of 0.04 A%. The agree-
ment between experiment and simulation is reasonably
good, considering the fact that only the photon absorp-
tion cross-section and an arbitrary ordinate scale has been
optimised. As in [9] we see a powerlaw behaviour for the
low fluence ion yields for all charge states (not shown on
the figure), in spite of the fact that the processes are man-
ifestly not simulated as multiphoton absorption. Specifi-
cally, the low fluence fits yielded powers of 6.65, 14.1, 23.3
and 34.4 for z =1, 2, 3 and 4, respectively.

The Li@CgS’, z = 1, 2, ion yield (not shown) was
not simulated using the model. It shows a quite differ-
ent behaviour if compared to that of Cgg and La@Cgo,
with a relative increase of ion signal with laser fluence
much smaller than that of the other two fullerenes. This
is again understood as due to the loss of the endohedral
atom. With increasing average excitation energy we ex-
pect a stronger fragmentation of the LiQCg into empty
fullerenes. A modeling of the ion yield would therefore
not only have to consider the ionisation, but also the
fragmentation into empty fullerenes and would have to
include much more assumption about activation energies
and branching ratios than is the case for La@Cgs where
we expect almost all molecules to survive as endohedral
fullerenes.

The photoelectron spectrum of La@Cgs [20], measured
at a laser fluence where there is almost only singly ionised
La@C{, detected, is illustrated in Figure 5 and shows a
similar thermal distribution as measured for Cgo [9]. The
electron energy spectra were also calculated in the simula-
tion. As for Cgg, they show an almost perfect Boltzmann
distribution. Apart from the lowest energy electrons this
agrees with the experimental spectrum shown in Figure 5.
If only energies above 2 eV are used, the reciprocal slope
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fluence of 1.6 J/cm? and compared to a model calculation with
an average of 80 absorbed photons in the center of the laser fo-
cus. The comparison model-experiment gave an average photo-
absorption cross-section of 0.06 AZ.

corresponds to an electron emission temperature of 1.8 eV
(21000 K). Also this number is similar to the pseudo
temperatures fitted for Cgp. Due to the somewhat higher
heat capacity, this high temperature is only achieved af-
ter absorption of about 80 photons, which is at the end
of the simulated range. A comparison of this number with
the experimental laser fluence gives a second value of the
photon absorption cross section of 0.06 A2. The agree-
ment between the two independent values is quite satis-
factory, considering the number of quantitative assump-
tions made. This cross-section should be compared with
the value for Cgo, which was determined in [9] to an aver-
age value of 0.04 A2,

In the photoelectron spectra from Cgy one observes
a series of well-defined peaks that can be attributed to
excited Rydberg states of the molecule [20]. We do not
observe discrete peaks in the photoelectron spectra from
La@Cgsy, however, some of the signal contributing to the
structure below 1.55 eV may be due to unresolved molec-
ular Rydberg states. More experiments are needed to re-
solve this issue.

4 Conclusions

In conclusion, we have measured the ion yield of the en-
dohedral fullerenes LiQCgy and La@QCgs upon exposure
to 180 fs laser pulses with photon energy 1.55 eV. For the
La@Cgy data, a simple model, previously applied to Cgp,
is able to account semi-quantitatively for the differences
in the fragmentation pattern with charge state, the yield
of singly, doubly and triply charged species, and the elec-
tron energy spectrum. The only fit parameter used was
the photo-absorption cross-section which was found to be
on the order of 0.05 A2,
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From the Li@QCgg ion yields we see a much lower in-
crease of signal than for both La@Cgs and Cgg. This can
be explained in terms of competing fragmentation chan-
nels, such as loss of the Li ion or atom, already at low laser
intensities, which will result in a lower rate of increase of
the ion signal.
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