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Stability of clusters of fullerenes
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Abstract. We have studied the formation and stability of the source is capable of, and indeed almost insists on, aggre-
pure and mixed clusters d@fso and Cgo/C7o produced in  gating these cold fullerenes into clusters of fullerenes. We
a gas aggregation source. The source yields very smoothave recently shown in a short note [2] that it is possible, by
abundance distributions indicating an efficient cooling. Theheating the clusters before ionisation, to obtain mass spectra
stability of the clusters was probed by varying the degree ofrom the source where only the monomer and i3 are
heating with a XeCl excimer laseh® < I.P.) followed by  present in significant amounts. This extreme behaviour was
single photon ionisation with &% excimer laser. The sta- related to an approximately 20% increase of the activation
bility patterns show features related to geometrical packingenergy for evapouration of a monomer frofisf)13 com-
structures but much stronger than previously seen in clustgpared to that from ({s0)14. In this paper we continue our
spectra. The fragmentation patterns for the mixed clusters ininvestigations on the stability of clusters of fullerenes. We
dicate thatCsp and C7o have similar binding energies in the derive the expression used to estimate the relative binding
clusters in contrast to what would be expected from vapouenergies of neighbouring clusters and extend our investiga-

pressure data of macroscopic samples. tions to mixed clusters of’sp and C7o. Our results indicate
that the binding energies of the two fullerenes in the mixed
PACS: 36.40.+d clusters are practically identical. This is rather surprising in

view of the significantly different vapour pressures of bulk
Cso and C70 [3]

] 2 Experimental

1 Introduction

The source has been constructed according to the general
With a few notable exceptions (see e.g. [1]), experimentddea behind a gas aggregation source, found in e.g. [4]. One
on free fullerenes have involved species that are highly exspecial feature is worth mentioning, namely the size of the
cited, typically produced by vapourising material in a effu- oven. The volume available for the vapourisation material is
sive source or by laser ablation. The large number of degreeabout 1 cm and the total volume of the oven is 11 &nor
of freedom in the fullerenes make it experimentally very ten times the active volume. The difference is taken up by
difficult to reach a vibrational temperature low enough tothree layers of stainless steel insulation on the side and the
enable investigations of the spectroscopical properties of thbottom of the crucible. This construction makes the source
free molecules in the gas phase to be carried out. The probrery efficient while still containing enough material to last
lem can be solved by vapourising the molecules in a gasnore than a typical experimental run (1-2 days). It is possible
aggregation source of the type which has previously beerio measure a strong, ionised signal downstream with an elec-
used by a number of groups to produce cold clusters. Théerical heating power of only 15W. Typically, 25W or less
main advantage of this type of source is the long thermalisais used for heating [5]. The small surface of the oven also
tion time and the well controlled source temperature whichfacilitates the subsequent thermalisation of the molecules.
makes it possible to produce clusters with temperatures verPn leaving the oven, the fullerene vapour is quenched in a
close to theL N, temperature of 77 K. At this low tempera- slowly streaming He or Ar gasy{ 1 torr), cooled by ther-
ture the vibrations of even such a large molecul&€gsare  mal contact with a liquid nitrogen chamber. The fullerene
almost all frozen out and it is therefore meaningful to attemptclusters condense out of the quenched vapour and are trans-
spectroscopic studies in the gas phase. This was the motivgorted by the gas stream through a conical nozzle (diame-
tion for building the source with which the results reported ter 2 mm) with a temperature of 80—-110K, measured by a
here were reached. However, in addition to the possibilitythermocouple mounted in the nozzle. After passing a skim-
of cooling fullerenes to desirable spectroscopic temperaturesner (diameter 3 mm) the beam is differentially pumped and



362

then flies freely for about 1 ms before reaching the extrac-
tion region of a Wiley-McLaren linear time-of-flight mass
spectrometer. Here the clusters can be optionally heated by
a XeCl excimer laser (308 nm, 4eV) and then softly one-r—
photon-ionized by &% excimer laser (157 nm, 7.9eV). The =
ionized fullerene clusters are accelerated to an energy of 5
kV and detected by a set of dual microchannel plates aftela
a flight path of 60 cm. ©
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3 Results

ion signa

In the upper part of Fig. 1 we show a mass spectrum of pure
(Ceo) N clusters, obtained by direct single photon ionisation
without previous heating. There is no evidence of magicg
cluster sizes in this very smooth mass spectrum. Since it i N=1
known [6] that spectra of fullerene clusters that have un-3
dergone evapouration develop strong abundance contrasts
(“magic numbers”), the smoothness indicates that only a®, N=13
small amount of fragmentation occurs between the sourceg
and the acceleration, i.e that the clusters are cold. The clusg,
ters are van der Waals bound with essentially pairwise addiwn
tive binding energies. Using this, the binding energy of thec
dimer can be estimated and used to set an upper limit on th& M,

L L 1 L ] L -
temperature of that species when it leaves the source [2]. 20 40 60 80 100 120 140
The result is an upper limit of approximately 130K, slightly
higher than the nozzle temperature. The special stability of
certain fullerene clusters is then developed from the smootlfig. 1. Abundance spectra of pur€so clusters after single-photon ion-
spectrum by laser heating the beam. The photon energy dsation with aF, excimer laserUpper part without additional heating,

flight time [us]

estimated temperature 130 Kower part distribution obtained on heating

the heating XeCl excimer laser is well below the the ionisa-=> . , ‘ e
with a XeCl excimer laser prior to single-photon ionisation

tion potential of theC'sp monomer (7.6 eV) and provides an
ionisation-free heating for low laser fluences. As we have

shown previously [2], it was possible to enhance the rela=14 and the one for the magic cluster 13 are approximately
tive abundance of the closed shell clust€gd)i13 to @ mag-  (gjated by

nitude not seen before in such large clusters by increasing

the fluence of the heating laser. Apart from the monomer k13 ~ kisexp(—(D13 — D14)/T14)

this closed shell cluster, composed of 780 atoms, appears = kyexp(A1D/Tha), )
almost alone in the spectrum (lower part of Fig. 1). The rea- . . .

son for this is of course the enhanced stability of the closedVhere we have approximateths by Ti4, consistent with
shell, i.e. the higher binding energy and thus the higher thah€ arge heat capacity limit and we have parametrised all
average energy needed for fragmentation. It is possible tgnagic’ effects into the single numbeb . With the two
evaluate quantitatively how much this energy is higher tharfélations above we can now find the abundance(@b)s

the average value, represented by the preceeding cluster wiffy intégrating over the temporal development

N=14. To see how this is possible, note that the strong peak t

at N=13 is preceeded by a series of almost equally weak1s = / dt' Iak1a(t")exp(—kaa(t')(t — 1)) ©)
peaks, from N=14 to at least N=18 (lower part of Fig.1). 0

The flatness of the abundance spectra in this region indift can be argued thak, is almost time-independent [8] on
cates that the evapourative rates and thus the evapouratifairly general grounds, and it seems also quite unsurprising
activation energie® y for these cluster sizes are similar in since the abundances for the highiérare so similar. Com-
magnitude. Therefore and because the heat capacity for the®éning the above relations and treating the ratig/k14 as
cluster sizes is fairly large((c,,),, ~ 130%), we can ap- time independent, the abundance for thgfis is

ply the results concerning the evapourative rate constants of C C

large clusters that were derived in [7]. A single cluster sizel;3 = I4 " 6xp( Y AlD/T“)

e
(here N=14) can be described with a single, time dependent th G?
evapouration rate, simply given by y dt/t/—lexp( & eAlD/TMt/t/) (4)
G? '
k14 = Cha/(tG?) ) °

The integral can be performed and yields a result in terms of
wheret is the cooling time elapsed after the heating laserthe exponential integral, £;. In the limit where
pulse and the Gspann parameter G is about 25 (see [7] and,exp(A1D/T14)/G? is small, i.e. for large contrasts, this
earlier references given there). The evapourative rate foreduces to the approximate result:
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ﬂlght time [|JS] Fig. 3. Expanded section of Fig. 2. The distributions@§y and C7q for a
. . . given cluster size are compared with the binomial distribution expected for
Fig. 2. Abundance spectra of mixedso/ C7o clusters as a function of the < " .0 — 0,775 : 0225. The distributions do not change as the amount

fluence of the pre-ionisation heating laser of fragmentation is increased showing that the binding energies of the two
fullerenes within the clusters are very similar
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where v is Euler’'s constant .B7... and log is the natural

logarithm. Using the relatioff14 = D14/G and inserting the
experimentally observed ratifis/ ;4 = 8 yields for the rel-

I13=1I14 ( — v —log(C,,/G?) — AlD/TM), (5)

ined as will be shown below (see Fig. 3). On heating, one
again sees a clear fragmentation into the monomer species
and the “magic number” cluster containing 13 fullerenes.
The two molecules(Cgo and C7o may have different bind-

ative difference in dissociation energie&: — Dis)/Dia, ing energies in a given cluster. Such a difference in binding
the value 0.2. This value is noteworthy, because on the on&Nergy can also be revealed by the experimental procedure

hand it gives rise to the very strong abundance contrast, bLHsed to explore the sze—dependent bmdmg energies of the
on the other hand it is of realistic magnitude when consig-Pure clusters. Somewhat surprisingly, the mixed clusters did

ering the structure and binding patterns of the clusters iff10t Show any relative enrichment of eitheo or Co, even
question. after extensive fragmentation (see the lower panels of Fig. 2).

Aggregaton of th vapour fom a misure s and |1 ATOUN O FRATenator s easly cocumented oy ot
C7o Yields mixed clusters of the typ€éo) v — x (C70) i - This g y larg P

makes it possible to compare the aggregation and stabilit ifferent numbers of molecules, quite similar to the case
of these mixed clusters, not only as a functiomdbut also o PX'e Cho clusters (see e.g. [2]). An expanded section of

of K. The upper part of Fig. 2 Shows a mass spectrum c)tlhe spectra shown in Fig. 2 is reproduced from N=6 to N=9

such mixed clusters with no heating by the 308 nm XeCIé1 Fig. 3. Here one can very clearly see that tig/Cro

laser. The smoothness of the mass distribution indicates a; Stgalég?l?som%hén d?a %g:nof |rl:§;?[{nSIZ$haére diz;ﬁgﬂ%%m Ig:;m
before a size-independent sticking coefficient and no subse[—) P 9 9.

guent fragmentation during and after the cluster formation.tignﬁ\%ﬁﬁ ;nrﬁgghfrzgﬁgguomﬂ, byo;“lélg%;h;s ti)r:g?cn;gldd;ﬂ?]beu'
Thus, the composition of the mixed clusters with respect to 70 ’

the amount ofCio and Cry is fied only by the avaiable 268 i TR, (V8 B R GR THEn o e e o
amount of these two species in the vapour in the sourcet.hgir ap regation; that is, the e\?a ouration rocgss does not
Such conditions produce binomial distributions of fkeval- distin ?Jigsh %etwe'eti’ an,d(J Thl?s means t?\at the differ-

ues, i.e. of the distribution af'7o in the cluster for a given ence ?n eva ourativgoactivat;gn energy is small compared to
cluster sizeN. Furthermore, the single parameter needed tothe effectiveIO temperature Quantitati?/)(/al this can bg stated
describe such distributions should be identical for all cluster, the i lit P : y
sizes and equal to the mole fraction of one of the species g he inequallty

the source. This is indeed the case in the size range exan{Dy g0 — Dn70)/Dn < 1/G =~ 0.04 (6)



364

where the subscripV, 60 refers to evapouration 6fgsg from References
cluster sizeV etc. and the denominator is the average value.
This should be compared with the relative difference in the 1. R.E. Haufler, Y. Chai, L.P.F. Chibante, M.R. Fraelich, R.B. Weisman,

values of the sublimation enthalpies of the pure bulk mate-  R-F. Curl and R.E. Smalley, J. Chem. Phgs, 2197 (1991)
rials. which is about 0.13 2. K. Hansen, R. Nller, H. Hohmann and E.E.B. Campbell, Icosahedra

of Icosahedra: The Stability ofJs0)13, J. Chem. Physl0514), 6088
(1996)
) 3. J. Abrefah, D.R. Olander, M. Balooch, W.J. Siekhaus, Appl. Phys.
4 Conclusion Lett. 60, 1313 (1992)
4. G. Scoles (ed.), Atomic and Molecular Beam Methods. Oxford: Oxford
Clusters of fullerenes have stability patterns that give rise to(g W"V:rs'ty, P;ests 193? i e 10 melt the stainl
A . . € have In Tact positive proo at It Is posssible to me e stainiess
Slome of thﬁ most extreme akl)unQanc? \;]arl.atlonshsser} ml lar% steel interior with a heating power of 50 W while the chamber walls
clusters. The very strong selection of the icosahedral closed omained not too far froni. N, temperatures
shell cluster Wlth 13 molecules indicates that the productl_on 6. T.P. Martin, U. Neher, H. Schaber, and U. Zimmermann, Phys. Rev.
of large monodisperse clusters may be possible by taking Lett. 70 (20), 3079 (1993)
advantage of evapourative processes. The binding of mixed?. U. Naher and K. Hansen, J. Chem. Phy61, 5367 (1994)
clusters. on the other hand. shows a remarkable insensitivity8- Klavs Hansen, ‘From abundances to cluster energies’, Proceedings of
to the speciestso and C7o seems to be bound equally well ISSPICY, Surf. Rev. and Let, 597 (1996)
in the clusters. The large ratio between the radius of the
molecule and the range of the intermolecular potential makes
such clusters interesting model systems for the study of finiternis article was processed by the author using #ipXstyle file pljour2
size thermodynamics. from Springer-Verlag.

This work has been supported by the EU through a fellowship to KH. We
would like to thank I.V. Hertel for encouragement of the project and H.
Haberland for advice on the design of the cluster source.



