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Molecular fusion of (Cgg)y Clusters in the gas phase after femtosecond laser irradiation
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We report observation of molecular fusion 6, clusters to form large fullerene molecules after
excitation by 800-nm femtosecond laser pulses. The fused species decay by undegdoaggn€ntation. 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 researeghkeV and entered a reflectron optimized for time resolution.
since their discovery in 1985 and have, e.g., become favorit€he ions were detected with a dual channel plate detector
model systems for studying the dynamical and statistical bebiased to 2.5 keV.
havior of highly excited moleculelsl—3]. Studies involving Figure 1 shows a comparison between the ions produced
both collisional and laser excitation have uncovered a wealtfrom the beam emerging from the aggregation source and
of interesting phenomena that have helped our understandirtgat from a normal “hot” effusive g, source where no clus-
of the behavior of molecules with many degrees of freedonters are present. The spectra were obtained with exactly the
and have contributed to the development of models and ideasame laser and mass spectrometer settings on the same day.
that are now being applied to more complex molecular sysThe laser fluence is estimated to be in the range 5-1021/cm
tems. Recently, gas phase studies have been concerned withe absolute intensities of the two spectra are not directly
probing the mechanisms and time scales for ionization andomparable but the relative distributions are. The spectra are
energy transfer within the fullerene moleculds-6]. In this  dominated by singly charged fragments from fullerenes,
paper we extend such studies to the interaction of clusters ahowing the typical bimodal mass distribution. Both spectra
fullerene molecule$7,8] with intense femtosecond laser ra- also contain doubly chargedsg;‘+ and fullerenelike doubly
diation. In contrast to collision experiments with highly
charged ions where the fullerene clusters are seen to evapo- Cold Source:
rate monomer fullerene unif®], femtosecond laser excita- 200 Clusters present
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 1004
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-

ntensity [arb. units)
o

induced modification of carbon-based nanomaterials. 0 50 100 150 200
The clusters of fullerene molecules are produced in a gas %0 Hot Source:

aggregation source, in which the fullerenes are sublimed =~ 400 | No clusters present

from an oven at approximately 500 °C and cooled via colli- Ceo

sions with He gas in contact with a liquid-nitrogen reservoir 300+

(77 K) [10]. The temperature measured at the exit nozzle, 2004

expected to be the highest temperature in the gas aggregation

source, was 106 K. The neutral fullerene cluster beam that 100+ c,”

expands sonically through this nozzle is expected to be o ,[ LL,,,,,“ - x 100

slightly colder. The cluster beam passes two differential 0 50 100 150 200

pump stages before entering the ionization chamber of a Time of Flight [us]

time-of-flight mass spectrometer. The clusters are ionized by
a femtosecond las€R00 fs, 800 nmy focused to produce a
laser fluence at the interaction region in the range of a fe
J/cnt. After ionization, the product ions were accelerated to

FIG. 1. Time-of-flight mass spectra obtained from femtosecond
V&SOO nm, 200 fsexcitation/ionization ofuppe) a molecular beam,
cooled to below 100 K, containing clusters of fullerene molecules,
(lower) 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 a8; however, the

*Author to whom correspondence should be addressed. Emaiihtensity of the small fragments from the fullerenes is still signifi-
address: eleanor.campbell@fy.chalmers.se cantly higher than in the lower spectrum.
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10000 pe— served fragmentation channel is the evaporation of monomer

"Trimers”  “Tetramers” v Cso molecules. This can be understood if one considers the

BOOO_M e mechanisms and time scales involved in the different experi-

- ments. In the collision experiments, electrons are extracted

E 6000 W I from the clusters in large impact parameter collisions where

g sheama il ; very little energy is transferred to internal degrees of free-

= 4000 dom of the clusters. The mass spectrum consists of singly

g l increasing and doubly charged clusters of fullerenes with the smallest
E M\Muﬁ] I‘ fluence I detected doubly charged cluster f9e5. In ns laser experi-

\WM I " - ments, where the photon energy is less than the ionization

0 Moot " I potential of the cluster, there is sufficient time between the

125 150 175 200 225 250 absorption of consecutive photons for the electronic excita-

Time of flight (1) tion energy to be transferred to vibrational degrees of free-

. . dom. The binding energy of the van der Waals bound clusters
FIG. 2. Laser fluence dependence of the high mass ions corresf fyllerenes is relatively low and one can easily absorb suf-
sponding to fragments from coalesced fullerenes from van deficient energy to evaporate monomer units before sufficient
Waals bound clusters. The fragment ion distributions correspondin@nergy is absorbed to cause thermal ionization of the clus-
to eaqh parent cluster ion mass do not change significantly withers |n the present experiments, a large amount of energy is
changing laser fluence. absorbed by the electrons on a very short time s@06 fs.

From earlier experiments withgwe know that for an ex-
charged fragments at a flight time of around /%, as is citation time scale on the order of 200 fs the predominant
expected for fullerene ionization under the laser conditionsonization mechanism of the molecule is the thermal emis-
used in this study. There are some differences in the spectrgion of electrons from the equilibrated hot electron bath
The upper spectrum, obtained in the presence of clusters ¢4 5]. This occurs before a significant amount of energy is
fullerene molecules, shows a much higher proportion ofransferred to vibrational degrees of freedom. For excitation
small, singly charged carbon fragments compared to thenergies in the range of a few tens of &ypical for leading
spectrum from Gy monomers. There is an unresolved tail onto subsequent Lfragmentation on a microsecond time sgale
the G," mass peak extending to longer flight times, andthe rate constant for electron emission has been estimated to
clearly resolved mass peaks can be seen superimposed B8 on the order of 8 s [5]. We can assume that a similar
this. These heavy ions appear in well-separated groups whelgnization mechanism is dominating in the present cluster
the mass peaks within each group are separated by 24 uniggperiments. If so, the internal excitation energy needed to
(Cy). The highest mass observed in each case is slightlinduce fs thermal electron emission from the hot electron
lower than the correspondin@sg)y cluster mass. The unre- bath will be more than sufficient to cause dissociation of the
solved tail has no connection to the well-known delayed ion-cluster when subsequently transferred to nuclear degrees of
ization behavior of G, This is only observed for laser pulse freedom after the ionization has occurred. We also know
durations longer than the time scale for electron-phonon couirom the collision experimentd9] that small multiply
pling and is therefore not significant for excitation with charged cluster ions are unstable so that any multiply
200-fs laser pulseB4]. This is confirmed in the mass spec- charged clusters in our experiment are expected to dissociate
trum from the hot cluster sour¢€ig. 1(b)]. Instead, the g,  into singly charged species and monomers and will not be
tail is due to the fragmentation of cluster ions to producedetected. We are therefore only sensitive to any surviumg
Ceo ions while the parent cluster species are still in thea microsecond time scalemall singly charged clustetsur
extraction region of the mass spectrometer. detection efficiency discriminates against large mas3dw

Figure 2 shows a series of mass spectra, concentrating anass spectra in Figs. 1-3 clearly show thate@ission has
the region beyond &', that have been obtained for different occurred from singly charged van der Waals bound clusters
values of the laser fluence. Spectrum Il is identical with theof fullerenes. This implies that a fast rearrangement of the
spectrum in Fig. 1. It is interesting to note that the distribu-atoms in the cluster to form a more stable fullerenelike coa-
tion of masses associated with each cluster “parent” does né¢sced or fused structure has to happen before the monomer
change significantly as the laser fluence is increased. There isits of the cluster ion can evaporate. Fullerene coalescence
a very slight shift in the distribution towards smaller massesor molecular fusion has been observed previously, e.g., when
as the fluence increases but the range of masses stays basihigh density of excited fullerenes is present during laser
cally the same. A more detailed look at the mass distributiorvaporization from a substrafd 1] or in single collision ex-
for each cluster size is given in Fig. 3. The data were obperiments between fullereng$2]. From the latter we know
tained for a laser fluence close to but slightly lower than thathat a high energetic barrier to fullerene fusion exists. For the
used for spectrum Il in Fig. 2. This is the condition where wefusion of two Gy molecules to form a g, the threshold
have obtained the maximum intensity of the cluster signalsenergy is approximately 80—85 €¥,13]. Therefore in order

The mass spectra in Figs. 2 and 3 are quite different fronto detect such a fused species in the present experiments, the
those obtained in collision experiments between highlyparent singly charged fullerene dimer must have at least this
charged ions and neutral clusters of fullerene moleci8#és amount of internal excitation energy. In addition to the
In this case, as for the situation where the clusters ofhreshold energy, there will also be the energy released in the
fullerenes are excited with ns laser pul$&6], the only ob-  molecular fusion process. This can be up to 20 eV for the
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dimer[14]. We cannot expect an intact fused dimer moleculecan estimate the expected fragment size for a given internal
with an internal energy of 85-105 eV to survive theud- energy. For the fused dimer this givesNs 108—114 for an
time window of the extraction stage of the mass spectrominternal energy range of 85-105 eV. This range is shown by
eter. Instead it will fragment by emitting,@nolecules, as we the horizontal arrow in Fig. @) and is in excellent agree-
observe in the mass spectra. One would perhaps intuitivelgnent with the experimental observations. We can extend this
expect that such a high internal energy will lead to a veryargument to the larger clusters by simply scaling the thresh-
rapid evaporation of the monomer species before extensiveld energy for fusion by the size of the clusi®N/2 eV)
atomic rearrangement can take place. However, rough estand considering the potentially larger release of energy when
mates indicate that even for such high internal energies ithe fused molecule is formed. The results are shown by the
would take a time scale on the order of ps for the fullereneéhorizontal arrows in Figs. (8)-3(d) and again are in good
molecules to leave the cluster. Molecular-dynamic simula-agreement with the observations.

tions [15] indicate that the necessary atomic rearrangement Similarly, we can estimate the internal energy of the
to induce molecular fusion can occur on a time scale of a fewdimer ion that leads to the maximum of the fragment distri-
hundred fs. The threshold energy for fusion plus the energypution. For the spectrum in Fig. 3 this amounts to 136.5 eV.
released in the fusion reaction can give us an upper bountihe absorbed photon energy was therefore approximately
for the size of fragments that can be detected. Theli€so- 136.5+7.6—10=134.1 eV. For this estimate we have as-
ciation energy for large fullerene cations seems to saturate aumed that half of the additional binding ener@ssuming

a value of around 8.5 eY16,17] with the value of the pre- the most stable dimer configuratiowas released during the
exponential term in the Arrhenius fragmentation expressiomeaction and have accounted for the energy needed to remove
estimated to be & 10'°s™* [18]. If we assume that the last an electron from one &. This amounts to roughly 67 eV
step in the fragmentation chain takes the longest time and iabsorbed per §g monomer and is in surprisingly good agree-
related to the time window of our extraction stage, then wement with estimates based on averagg &bsorption cross
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sections extracted from photoemission experimésisAs- 40
suming that the absorption cross section per monomer does 35 Mtiple ionization
not significantly change as the cluster size is increased, we dominates
can estimate the most probable internal energy of the larger %01
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 51 Intemal Energy insufficient
multiple ionization of the clusters as the amount of absorbed 0 : | formoleoviarfvson
energy is increased, leading to increased decay into excited 2 N3precursor (04) 5
monomers. The lower mass limit is therefore expected to be ' s
determined by the probability for double ionization of the £ 4. Number of G units lost as a function of precursor

parent species. More detailed experiments and modeling agjerene cluster size. Squares and full line: mean number of lpst C
underway to test this hypothesis. units obtained from fitting the experimental data with Poisson dis-
The experimental fragment ion distributions for each pre+ributions. The shaded area indicates +2 standard deviations ob-
cursor cluster of fullerene molecules can be rather well fittedained from the experimental data. Circles: Calculated maxima in
by Poisson distributions. We summarize our findings in Fig.the fragment distributions assuming that the photoabsorption cross
4 by plotting the mean number of,@inits lost(squaresand  sections scale linearly with the number of fullerene monomers in
from our model considerations discussed above, assumirnge precursor, normalized fod=2. Lower dashed line: Minimum
that the photoabsorption cross section scales linearly with thexpected number of Lunits lost considering the molecular fusion
number of fullerene monomers in the precursor clustemechanism. Upper dashed line indicates the transition to where
(circles, also indicated by the asterisks in Fiyj. Bhe agree- multiple ionization dominates, leading to the disappearance of the
ment is very good, with a linear dependence on precursc#ingly charged, large fragment ions in the mass spectrum.
size in each case, although the model considerations predict

a slightly smaller slope. The shaded area is given by +2yq| with the high fragment size cutoff in the experimental
standard deviations, obtained from the experimental fragyistributions and provides strong support for our model. The
ment ion distributions. The lower dashed line gives our prejqy fragment size cutoff is more difficult to model quantita-
dictions of the lowest observable number of logtu@its (or  jvely but can be qualitatively understood in terms of the
highest observable fragment ion mpeensidering the ener-  competition with multiple ionization of the precursor cluster.
getic barrier to molecular fusion, and assuming, as abovezrther extensive modeling and experiment are needed to

that half of the additional binding energy was released during|arify the details of this competition and studies are under-
the reaction. This corresponds to the center of the horizonta,{,ay_

arrows in Fig. 3. Below this line, the precursor cluster does

not have sufficient internal energy to induce molecular fusion Financial support from Swedish National Research Coun-
on the hundred-femtosecond time scale and the cluster disil (VR) and the K. & A. Wallenberg Foundatioffs laser
sociates before fusion can take place. This correlates rathsysten is gratefully acknowledged.
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