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We report observation of molecular fusion ofsC60dN
+ clusters to form large fullerene molecules after

excitation by 800-nm femtosecond laser pulses. The fused species decay by undergoing C2 fragmentation. Such
fragmentation behavior for excited clusters of fullerene molecules can be understood in terms of the energetics
of molecular fusion as determined previously from fullerene-fullerene collision experiments. Within a certain
excitation energy window, there is sufficient time for a substantial atomic rearrangement to take place within
the clusters before they dissociate. Below this energy window there is not sufficient internal energy for
molecular fusion to occur while above the energy window multiple ionization followed by breakup of the
clusters dominates.
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Fullerenes have been the subject of extensive research
since their discovery in 1985 and have, e.g., become favorite
model systems for studying the dynamical and statistical be-
havior of highly excited moleculesf1–3g. Studies involving
both collisional and laser excitation have uncovered a wealth
of interesting phenomena that have helped our understanding
of the behavior of molecules with many degrees of freedom
and have contributed to the development of models and ideas
that are now being applied to more complex molecular sys-
tems. Recently, gas phase studies have been concerned with
probing the mechanisms and time scales for ionization and
energy transfer within the fullerene moleculesf4–6g. In this
paper we extend such studies to the interaction of clusters of
fullerene moleculesf7,8g with intense femtosecond laser ra-
diation. In contrast to collision experiments with highly
charged ions where the fullerene clusters are seen to evapo-
rate monomer fullerene unitsf9g, femtosecond laser excita-
tion can induce an extreme, ultrafast rearrangement of the
atoms to form a more stable large fullerene molecule before
the parent cluster is completely dissociated. This, perhaps
intuitively unexpected, observation can be rationalized in
terms of our knowledge of the behavior of highly excited
fullerenes and could have consequences for controlled laser-
induced modification of carbon-based nanomaterials.

The clusters of fullerene molecules are produced in a gas
aggregation source, in which the fullerenes are sublimed
from an oven at approximately 500 °C and cooled via colli-
sions with He gas in contact with a liquid-nitrogen reservoir
s77 Kd f10g. The temperature measured at the exit nozzle,
expected to be the highest temperature in the gas aggregation
source, was 106 K. The neutral fullerene cluster beam that
expands sonically through this nozzle is expected to be
slightly colder. The cluster beam passes two differential
pump stages before entering the ionization chamber of a
time-of-flight mass spectrometer. The clusters are ionized by
a femtosecond lasers200 fs, 800 nmd, focused to produce a
laser fluence at the interaction region in the range of a few
J/cm2. After ionization, the product ions were accelerated to

4 keV and entered a reflectron optimized for time resolution.
The ions were detected with a dual channel plate detector
biased to 2.5 keV.

Figure 1 shows a comparison between the ions produced
from the beam emerging from the aggregation source and
that from a normal “hot” effusive C60 source where no clus-
ters are present. The spectra were obtained with exactly the
same laser and mass spectrometer settings on the same day.
The laser fluence is estimated to be in the range 5–10 J/cm2.
The absolute intensities of the two spectra are not directly
comparable but the relative distributions are. The spectra are
dominated by singly charged fragments from fullerenes,
showing the typical bimodal mass distribution. Both spectra
also contain doubly charged C60

2+ and fullerenelike doubly
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FIG. 1. Time-of-flight mass spectra obtained from femtosecond
s800 nm, 200 fsd excitation/ionization ofsupperd a molecular beam,
cooled to below 100 K, containing clusters of fullerene molecules,
slowerd a standard fullerene effusive source heated to a temperature
of 520 °C. Note that there is a significant contribution of pump oil
in the upper spectrum for arrival times below 50ms; however, the
intensity of the small fragments from the fullerenes is still signifi-
cantly higher than in the lower spectrum.
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charged fragments at a flight time of around 75ms, as is
expected for fullerene ionization under the laser conditions
used in this study. There are some differences in the spectra.
The upper spectrum, obtained in the presence of clusters of
fullerene molecules, shows a much higher proportion of
small, singly charged carbon fragments compared to the
spectrum from C60 monomers. There is an unresolved tail on
the C60

+ mass peak extending to longer flight times, and
clearly resolved mass peaks can be seen superimposed on
this. These heavy ions appear in well-separated groups where
the mass peaks within each group are separated by 24 units
sC2d. The highest mass observed in each case is slightly
lower than the correspondingsC60dN cluster mass. The unre-
solved tail has no connection to the well-known delayed ion-
ization behavior of C60. This is only observed for laser pulse
durations longer than the time scale for electron-phonon cou-
pling and is therefore not significant for excitation with
200-fs laser pulsesf4g. This is confirmed in the mass spec-
trum from the hot cluster sourcefFig. 1sbdg. Instead, the C60

+

tail is due to the fragmentation of cluster ions to produce
C60

+ ions while the parent cluster species are still in the
extraction region of the mass spectrometer.

Figure 2 shows a series of mass spectra, concentrating on
the region beyond C60

+, that have been obtained for different
values of the laser fluence. Spectrum III is identical with the
spectrum in Fig. 1. It is interesting to note that the distribu-
tion of masses associated with each cluster “parent” does not
change significantly as the laser fluence is increased. There is
a very slight shift in the distribution towards smaller masses
as the fluence increases but the range of masses stays basi-
cally the same. A more detailed look at the mass distribution
for each cluster size is given in Fig. 3. The data were ob-
tained for a laser fluence close to but slightly lower than that
used for spectrum II in Fig. 2. This is the condition where we
have obtained the maximum intensity of the cluster signals.

The mass spectra in Figs. 2 and 3 are quite different from
those obtained in collision experiments between highly
charged ions and neutral clusters of fullerene moleculesf9g.
In this case, as for the situation where the clusters of
fullerenes are excited with ns laser pulsesf10g, the only ob-

served fragmentation channel is the evaporation of monomer
C60 molecules. This can be understood if one considers the
mechanisms and time scales involved in the different experi-
ments. In the collision experiments, electrons are extracted
from the clusters in large impact parameter collisions where
very little energy is transferred to internal degrees of free-
dom of the clusters. The mass spectrum consists of singly
and doubly charged clusters of fullerenes with the smallest
detected doubly charged cluster forN=5. In ns laser experi-
ments, where the photon energy is less than the ionization
potential of the cluster, there is sufficient time between the
absorption of consecutive photons for the electronic excita-
tion energy to be transferred to vibrational degrees of free-
dom. The binding energy of the van der Waals bound clusters
of fullerenes is relatively low and one can easily absorb suf-
ficient energy to evaporate monomer units before sufficient
energy is absorbed to cause thermal ionization of the clus-
ters. In the present experiments, a large amount of energy is
absorbed by the electrons on a very short time scales200 fsd.
From earlier experiments with C60 we know that for an ex-
citation time scale on the order of 200 fs the predominant
ionization mechanism of the molecule is the thermal emis-
sion of electrons from the equilibrated hot electron bath
f4,5g. This occurs before a significant amount of energy is
transferred to vibrational degrees of freedom. For excitation
energies in the range of a few tens of eVstypical for leading
to subsequent C2 fragmentation on a microsecond time scaled
the rate constant for electron emission has been estimated to
be on the order of 1015 s−1 f5g. We can assume that a similar
ionization mechanism is dominating in the present cluster
experiments. If so, the internal excitation energy needed to
induce fs thermal electron emission from the hot electron
bath will be more than sufficient to cause dissociation of the
cluster when subsequently transferred to nuclear degrees of
freedom after the ionization has occurred. We also know
from the collision experimentsf9g that small multiply
charged cluster ions are unstable so that any multiply
charged clusters in our experiment are expected to dissociate
into singly charged species and monomers and will not be
detected. We are therefore only sensitive to any survivingson
a microsecond time scaled small singly charged clusterssour
detection efficiency discriminates against large massesd. The
mass spectra in Figs. 1–3 clearly show that C2 emission has
occurred from singly charged van der Waals bound clusters
of fullerenes. This implies that a fast rearrangement of the
atoms in the cluster to form a more stable fullerenelike coa-
lesced or fused structure has to happen before the monomer
units of the cluster ion can evaporate. Fullerene coalescence
or molecular fusion has been observed previously, e.g., when
a high density of excited fullerenes is present during laser
vaporization from a substratef11g or in single collision ex-
periments between fullerenesf12g. From the latter we know
that a high energetic barrier to fullerene fusion exists. For the
fusion of two C60 molecules to form a C120 the threshold
energy is approximately 80–85 eVf1,13g. Therefore in order
to detect such a fused species in the present experiments, the
parent singly charged fullerene dimer must have at least this
amount of internal excitation energy. In addition to the
threshold energy, there will also be the energy released in the
molecular fusion process. This can be up to 20 eV for the

FIG. 2. Laser fluence dependence of the high mass ions corre-
sponding to fragments from coalesced fullerenes from van der
Waals bound clusters. The fragment ion distributions corresponding
to each parent cluster ion mass do not change significantly with
changing laser fluence.
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dimer f14g. We cannot expect an intact fused dimer molecule
with an internal energy of 85–105 eV to survive the 4-ms
time window of the extraction stage of the mass spectrom-
eter. Instead it will fragment by emitting C2 molecules, as we
observe in the mass spectra. One would perhaps intuitively
expect that such a high internal energy will lead to a very
rapid evaporation of the monomer species before extensive
atomic rearrangement can take place. However, rough esti-
mates indicate that even for such high internal energies it
would take a time scale on the order of ps for the fullerene
molecules to leave the cluster. Molecular-dynamic simula-
tions f15g indicate that the necessary atomic rearrangement
to induce molecular fusion can occur on a time scale of a few
hundred fs. The threshold energy for fusion plus the energy
released in the fusion reaction can give us an upper bound
for the size of fragments that can be detected. The C2 disso-
ciation energy for large fullerene cations seems to saturate at
a value of around 8.5 eVf16,17g with the value of the pre-
exponential term in the Arrhenius fragmentation expression
estimated to be 231019 s−1 f18g. If we assume that the last
step in the fragmentation chain takes the longest time and is
related to the time window of our extraction stage, then we

can estimate the expected fragment size for a given internal
energy. For the fused dimer this gives usN=108–114 for an
internal energy range of 85–105 eV. This range is shown by
the horizontal arrow in Fig. 3sad and is in excellent agree-
ment with the experimental observations. We can extend this
argument to the larger clusters by simply scaling the thresh-
old energy for fusion by the size of the clusters85N/2 eVd
and considering the potentially larger release of energy when
the fused molecule is formed. The results are shown by the
horizontal arrows in Figs. 3sbd–3sdd and again are in good
agreement with the observations.

Similarly, we can estimate the internal energy of the
dimer ion that leads to the maximum of the fragment distri-
bution. For the spectrum in Fig. 3 this amounts to 136.5 eV.
The absorbed photon energy was therefore approximately
136.5+7.6–10=134.1 eV. For this estimate we have as-
sumed that half of the additional binding energysassuming
the most stable dimer configurationd was released during the
reaction and have accounted for the energy needed to remove
an electron from one C60. This amounts to roughly 67 eV
absorbed per C60 monomer and is in surprisingly good agree-
ment with estimates based on average C60 absorption cross

FIG. 3. Expanded regions of
the mass spectrum around the
fragment groups coming from the
sad dimer, sbd trimer, scd tetramer,
and sdd pentamer cluster parent.
The spectrum was obtained for a
laser fluence close to that used to
obtain spectrum II in Fig. 2. The
horizontal arrows indicate the
maximum fragment ion size that
can be expected in the mass spec-
trum considering the energetics of
the fullerene fusion mechanism.
The asterisk marks the expected
maximum in the fragment ion dis-
tributions assuming that the inter-
nal energies of the higher clusters
scale with the number of
fullerenesssee text for detailsd.
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sections extracted from photoemission experimentsf5g. As-
suming that the absorption cross section per monomer does
not significantly change as the cluster size is increased, we
can estimate the most probable internal energy of the larger
clusters and therefore the maxima of the fragment distribu-
tions. This is indicated by the asterisks in Fig. 3.

All that remains is to explain the cutoff in the fragment
distribution on the low mass side. As can be seen in Fig. 2,
this does not change significantly as the laser fluence is in-
creased. We believe that this is due to the competition with
multiple ionization of the clusters as the amount of absorbed
energy is increased, leading to increased decay into excited
monomers. The lower mass limit is therefore expected to be
determined by the probability for double ionization of the
parent species. More detailed experiments and modeling are
underway to test this hypothesis.

The experimental fragment ion distributions for each pre-
cursor cluster of fullerene molecules can be rather well fitted
by Poisson distributions. We summarize our findings in Fig.
4 by plotting the mean number of C2 units lostssquaresd and
from our model considerations discussed above, assuming
that the photoabsorption cross section scales linearly with the
number of fullerene monomers in the precursor cluster
scircles, also indicated by the asterisks in Fig. 3d. The agree-
ment is very good, with a linear dependence on precursor
size in each case, although the model considerations predict
a slightly smaller slope. The shaded area is given by ±2
standard deviations, obtained from the experimental frag-
ment ion distributions. The lower dashed line gives our pre-
dictions of the lowest observable number of lost C2 units sor
highest observable fragment ion massd considering the ener-
getic barrier to molecular fusion, and assuming, as above,
that half of the additional binding energy was released during
the reaction. This corresponds to the center of the horizontal
arrows in Fig. 3. Below this line, the precursor cluster does
not have sufficient internal energy to induce molecular fusion
on the hundred-femtosecond time scale and the cluster dis-
sociates before fusion can take place. This correlates rather

well with the high fragment size cutoff in the experimental
distributions and provides strong support for our model. The
low fragment size cutoff is more difficult to model quantita-
tively but can be qualitatively understood in terms of the
competition with multiple ionization of the precursor cluster.
Further extensive modeling and experiment are needed to
clarify the details of this competition and studies are under-
way.
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FIG. 4. Number of C2 units lost as a function of precursor
fullerene cluster size. Squares and full line: mean number of lost C2

units obtained from fitting the experimental data with Poisson dis-
tributions. The shaded area indicates ±2 standard deviations ob-
tained from the experimental data. Circles: Calculated maxima in
the fragment distributions assuming that the photoabsorption cross
sections scale linearly with the number of fullerene monomers in
the precursor, normalized forN=2. Lower dashed line: Minimum
expected number of C2 units lost considering the molecular fusion
mechanism. Upper dashed line indicates the transition to where
multiple ionization dominates, leading to the disappearance of the
singly charged, large fragment ions in the mass spectrum.
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