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The laser desorption of @k = 60 and 70) fullerene is known to produce a broad distribution of cluster sizes
strongly peaking around the integer multiples of original fullerene mass. The “exact dimersfugters

with n = 2k) and species with slightly fewer atoms éven) have been characterized previously as fully
coalesced large single-shell fullerenes and+4{22] cycloadducts. Presently, we investigate the species
encountered on the high-mass sides of exact dimers, that is, the clusters wigk (n even), using high-
resolution ion mobility measurements. Specifically, the drift time distributions forabhd G~ with n =
122-128, 132-136, and 142146 have been obtained and compared with the results of trajectory calculations
for various trial geometries optimized using the density functional tight binding and semiempirical (AM1)
calculations. We find that, besides the normal near-spherical fullerenes an2| [@/cloadducts, these species
assume the “ball-and-chain” structures consisting of two fullerene cages (not necessarily those of the original
material) connected by chains up to eight atoms longs: &d Gs, cations and anions also reveal a substantial
abundance of isomers where the-C unit is sandwiched between the two fullerenes. Taken in conjunction
with earlier findings for smaller fullerene dimers, presently reported results have allowed us to develop a
comprehensive model for the chemical reactions occurring in the hot fullerene plasma.

Introduction geometries of clusters with other masses (such ag Ciis,
Upon laser desorption,dgand Go fullerenes yield clusters Cizs and Ggg), but none ha_s had ar_1)./ experimental support.
with masses at integer multiples of 60 or 70 carbon atbrifs. We have recently used ion mobility measurem&nt8 to

The structure of these species has been the object of muchinvestigate the products of laser desorption gf &hd Go with
attention, particularly in view of a large diversity of fullerene Masses equal to or less thanx2 720 and 2x 840 amu,
oligomer and polymer phases synthesized in the solid staterespectively, that is, clusters encountered on the left sides of
(pertinent literature has been reviewed in refs 18 and 19). Dimersthe mass envelopes. Specifically, €tions and anions with

and trimers of G and G have been used to computationally = 112,114,116, 118, 120, 136, 138, and 140 have been studied,
model the intermolecular links in bulk polymers, so the structure as well as Gao" and Gso~ produced from the mixed ¢gCro

of these clusters has been extensively studied by theory (seesample. We have found that all these clusters exhibit two
refs 18 and 19). Mixed & Cr dimers have also been structural families: single-wall fullerenes (mostly near-spherical
optimized?® Calculations indicate that all these are joined via Wwith an admixture of elongated fullerenes) and {2 2]

a [2 + 2] cycloaddition (at least in the neutral state), and in cycloadduct3®1°The relative yield of fullerenes increases with
fact so are the & cages in all solid-state polymer phases increasing laser power in the soutter injection energy in
characterized so far. Theggdimer that has recently been the drift tubel” which indicates the annealing of cycloadducts
synthesized and isolated by chemical means is also-a 22 into fullerenes that are lower in energy by over 20%8¥igher
cycloadduct:22 In comparison, there has been little experi- laser power also causes the conversion of tubular fullerene cages
mental research on the gas-phase clusters of fullerenes. Earlynto lower-energy more spherical onés°The quadruply bound
work has produced some indirect arguments in favor of either and other multiply bound adducts previously propd8éifor
individual Gsp or C7o cages joined by generic cross-linkg10.11 Ciisand Gighave not been observed in these experiments. The
or a complete coalescence into giant single-shell fulleréfies. conclusion is that the clusters with masses less than the exact
The laser desorption of fullerenes normally generates clustersmultiples of the original fullerene mass are formed by coales-
not only at integer multiples of the monomer mass but in fairly cence of dissociation produc&.That is, hot laser-desorbed
broad mass envelopes around those multiples, with peaks at eveffullerenes cool by evaporating one or more its and then
numbers of carbon atoms. Actually, the features at exact add to other cages, as suggested by Hertel and collabotators.
multiples are often not the most prominent in each envelope. The fact that the only products of fullerene bimolecular reaction
There had been a few theoretical suggestidtsabout the are the [2+ 2] cycloadducts and giant fullerenes finds an
excellent explanatidfd when one considers the potential energy

; — _
¢?géthhr‘]’;fcsgg”&#Cé‘?girtsgiemmtz of the GyrCso System as it proceeds along the coalescence
$ Universiti—GH Paderborn. pathway from separated cages to the lowest-energy Ty
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In this contribution, we focus on the clusters with masses [2 + 2] cycloadducts to the end of a series monotonically
higher than the integer multiples of the starting fullerene mass. increases, while the intensity of new features decreases, reducing
It has been hypothesizEdhat these arise from the addition of to a trace for Gyg Second, the new peaks for cations and anions

C, units to preformed dimers of original fullerenes;@r Crq) of n = 122-126 are quite different, whereas the drift time
or their smaller fragments resulting from the laser-shrinking. distributions forn = 112—120 are totally independent of the
On the other hand, Osterodt and VogtteStrongin and co- charge state. For example, the anions for all three sizes have
workers25 and Dragoe et & have isolated the bicyclopropyl-  two or three “extra” major peaks whereas the cations have only
idene Gy, consisting of G fullerenes joined by aXC=C<) one. The cumulative abundance of novel features is uniformly

bridge with spg-hybridized C atoms added acrosg,®onds smaller for cations.

shared by two hexagons (66 bonds). This moiety is produced The data for Gy, Ciss, and Gsg are overall similar to those
by the dimerization of a & intermediate with a lone electron  for n = 122-126. The relative abundance of new isomers again
pair on propyle ring formed by the addition of a carbon atom decreases on going from= 132 to 134 to 136 but is always
across a 66 bond ofgg Such “ball-and-chain” geometries could lower than for the corresponding,Go with the same charge.
be constructed for clusters with > 122 using longer chains  Unlike the situation wittn = 124, there is hardly a significant
and/or larger fullerenes. Similar structures wit§y €ages joined difference between G5 and Gs4* (Figure 2); both resemble
by carbon chains of variable length have been conjectured by C,;,,~. The new features fon = 136 could be identified for
Martin and co-worker® for the Gy oligomers produced by  anion only, perhaps owing to insufficient signal. In fact, the
covaporization of graphite ands§ To elucidate the nature of  “extra” peaks for Gss~ (Figure 2) are so minor~0.1%
species on the right sides of mass envelopes generated by lase&factional abundance) that we had missed them previddsly.
desorption of fullerene, we have performed high-resolution ion For G4, Ci44 and Gag cations and anions, we have observed

mobility measurements on the, Cations and anions fan = the standard fullerene and {22] cycloadduct peaks. The latter
122-128, 132-136, and 142146 (n even). normally end in lengthy tails gradually decaying to the right.
These may include unresolved features analogous to those found
Experimental Methods for n = 122-126 and 132-136.
The experiments were performed using the high-resolution ~ The relative abundances of novel features described above
ion mobility apparatus described in detail elsew&rriefly, are sensitive to the source and laser conditions.

the apparatus consists of a source region directly coupled to a

63 cm long drift tube. Both are filled with He buffer gas at a Mobility Calculations

pressure of about 500 Torr at a temperature of@5The cluster

ions are generated by pulsed 308 nm laser desorptioRyarC To assign the features observed in drift time distributions to
Cso/Cro fullerene films deposited on a rotating and translating SPecific geometries, one has to evaluate the mobilities for a
copper rod. After formation, the ions are guided by electric fields nhumber of plausible candidates. All our experiments are
through a small aperture in the ion gate that separates the sourc@erformed in the low drift field limit where the mobility is
from the drift tube. The ion gate is installed in order to prevent independent of the field and given 4y

neutral species from entering the drift tube. This is achieved

by arranging the helium flow through the gate from the drift (1871)1/2 1 112 ze 1 1
tube into the source, while an electric field pulls the ions = [— o 2 ~AD0N
upstream. The ions then travel along the drift tube under the 16 Im - m, (keT) Q;lv';)N

influence of a uniform electric field (160 V/cm) generated by

a stack of isolated rings. lons exiting the drift tube through a wherem andm, are respectively the masses of the ion and the
small aperture are mass-selected by a quadrupole mass speduffer gas atomT andN are the buffer gas temperature and
trometer and detected by an off-axis collision dynode and dual number density,ze is the ionic charge, an@g;;) is the
microchannel plates. Drift time distributions are recorded with orientationally averaged collision integral.

a multichannel scaler triggered by the laser pulse. We determineQy; by propagating classical trajectories of
He atoms in a realistic He/cluster intermolecular poterifial.
function of the scattering angle is averaged over the impact
The drift time distributions measured fok£3 Ciz4 and G parameter and collision geometry assuming the free rotation of
cations and anions are presented in Figure 1. The scales on toglrifting cluster, which yields the momentum transfer cross
show the inverse mobilities, which are proportional to the drift section. Integrating this quantity over the Maxwellian distribu-
times. This is a customary way to express ion mobility data, tion of relative velocities between the buffer gas atom and the
since the inverse mobilities are also proportional to the ion produceﬁ?g;gl). The He/cluster potential is modeled as a
orientationally averaged collision integrals. The distributions for sum of pairwise Lennard-Jones interactions plus a charge-
n = 122-126 and 128 (not shown) differ in two significant induced dipole term! In our previous work on the fullerenes
ways from those observed for both cations and anions of eitherand their adduct&,19:3%.31an ionic charge uniformly delocalized
the “exact” dimers of original fulleren&s(Ci20 and Gaq) or over all cluster atoms has been assumed. However, the latest
lighter clusters in the same mass envelofesirst, the scans  research has demonstrated that the ion mobility may be
for both charge states reveal more than the two peaks encounmaterially affected by localization of charge on certain cluster
tered®1°for n = 112-120 (h even) orn = 130. As discussed  atoms3132 So now we have employed the self-consistent
below, the first and second peaks from the left correspond Mulliken charge distributions produced by DFTB calculations
respectively to the near-spherical fullerene cages antd 4 (see below). Within the computational error margin0(2%),
cycloadducts found for smaller clustéfs® The difference is the mobilities for species considered here are not influenced
in the new features, typically smaller than either of those two, by this improvement. This is in part because the deviations from
appearing at the longer drift times from the second leftmost uniform charge delocalization are smaller in any of the fullerene
peak. In the progression fromy £ to Cio the separation from  dimers than in structures including a primary carbon such as

Results
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Figure 1. Drift time distributions for the G, Ci24 and Gag cations and anions. Scales on the top of figure indicate the inverse reduced mobilities.

The drift times calculated for ball-and-chain dimer geometries discussed in the text are superimposed. Dotted, dashed, and solid bars are for the
open-56 sf closed-66 sh and sp isomers, respectively. The number of carbons in the chains is given above. Horizontal “tails” arrows correspond

to the ranges of mobilities for regular [2 2] cycloadducts with side chains (“tailed dimers”). The vertical arrows fgs Cand Ga2" mark the

singly bonded Gy Cs, dimer (dotted), “benzene”-link structure (dashed), and the doubte §2 geometries (solid). For the latter, the empty and
filled arrowheads correspond to the “open” and “closed” isomers, respectively.

chaing! or chains attached to ringfsand in part simply because  oped self-consistent charge density functional tight binding

of large cluster sizen(~ 120—140 compared witm < 20 for method (DFTB)® This enhances the earlier formalighby

the chaing' and new monocyclic ringd. And in fact, the adding the self-consistent charge capability, which is of

approximation of uniform charge delocalization has provided particular importance for the charged clusters. The basic #fodel

extremely accurate values for the mobilities of fullerene has been extensively validated in the treatment of fullef&n&s

dimers!8:1931 and their dimerg383° To ascertain the independence of
computed mobilities of the specific method of geometry

Cluster Geometries optimization, we have recalculated selected structures for the
neutrals using the semiempirical AM1 functional known for its
Computational Method. All candidate geometries for mobil-  robust performance for fullerene dim@éfg819.234844 |n all cases

ity calculations have been optimized using the recently devel- considered, the collision integrals evaluated for AM1 geometries
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Figure 2. Drift time distributions for Gss and Gss. Scale on the
top indicates the inverse reduced mobilities.

are within—0.4 to 0.0% of those for the DFTB geometries. All
findings below are for the DFTB structures unless stated
otherwise.

Ball-and-Chain Dimers. As apparent from Figures 1 and 2,
the new features to be assigned for= 122—-128 and 132
136 have larger cross sections than theH2] cycloadducts.
Further, in both cases the inverse mobilities for the rightmost
major peak increase as a functionmby approximately 100 V
s nT2 per atom in either cations or anions. This increase is much
swifter than~ 20 V s nT2 atonT for the [2+ 2] cycloadducts
and fullerenes. The inverse mobilities of linear carbon chain
cations and anions also increaseb00 V s nT2 atont 1,3145:46
and this is the only other structural family of carbon clusters
with mobilities that strongly depend on the cluster size. This
and the recent repoffs?5of isolated G2, consisting of two G
fullerenes linked by a £chain have inspired us to test if the
new peaks fom = 122-128, 132-136 could be due to the
ball-and-chain dimers of § and G + Co.

Ball-and-chain dimers could be classified on the basis of the
nature of chain-to-fullerene joints. There are three basic options
(Figure 3): (1) “sp addition” with a single bond connecting an
sp-hybridized chain to a fullerene atom, (11) “closed? sgldition
with an sp-hybridized terminal atom of a chain added across
an intact fullerene bond forming a cyclopropylidene ring, and
(1) “open” sp? addition differing from option Il in that the
fullerene bond in that ring is severed. Options Il and IIl have
been consideré@?éfor Cy,y the structure actually isolated is
that from option Il. Option | has not been mentioned previously,
but it is a generalization of the singly bondegh@imer (Figure

Shvartsburg et al.

(ITa) (ITb)

(111a) (111b)

Figure 3. Five conceivable types of chaitCs joint: sp (l), closed-
66 sp (l1a), open-66 sp(llb), closed-56 sp(llla), and open-56 sp
(Ib).

Figure 4. Singly bonded & dimer.

4) with two sg-carbons extensively discussed in the literafiire.
Options 1l and Il allow for the regioisomers with different
addition sites. So five types of chain-tadJjoints could be
made: one for option | because alkdatoms are equivalent
and two for options Il and Il each, one involving a 66 and
another a 56 bond of the fullerene (Figure 3). For dimers, the

joints at opposite chain ends could belong to different types.

Also, both type Il joints could be linked with pentagons of
two fullerenes on the same side of the bridge (56/56) or on the
opposite sides (56/65). Hence, 18 distinct ball-and-chain dimers
involving two Gso units and a specific chain could exist.

First, we have optimized the dimers with both joints of the
same type for neutrals, cations, and anions gh€C;,g (see
Figure 5 for depictions). The 3@mddition at both 56 and 66
bonds severs them, producing open dimers (Figure 5c,d), which
relieves the strain on the three-membered rings. For the 56 case,
this finding agrees with our AM1 modeling and other semiem-
pirical calculations on methanofullerer@ddowever, the NMR
dat&® indicate that the 66 hinge bonds are retained in,C
neutral (such as in Figure 5b). So we have optimized the closed-
66 s dimer neutrals using AM1, which does not ruptifréne
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TABLE 1: Energies for the sp (I) and sp? (lla, the
Closed-66; llb, the Open-66; llib, the Open-56)
Ball-and-Chain Geometries of Go—Chain—Cgo Relative to

(@ the Lowest Energy Isomef
energy, eV
cation neutral anion
geometry DFTB DFTB AM1 DFTB
Cia, | 0.63(2.66) 1.40(1.22) 342 0.66 (2.04)
(b) C122, lla 1.00
Ciz llb 0.38(2.91) 0.46(2.16) 1.26(3.52) 0.36(2.64)
Ciz, b 0.00(3.25) 0.00(2.61) 0.00(4.15) 0.00 (2.89)
Ci24, | 0.33(2.88) 0.92(1.37) 3.32 0.17 (2.29)
C124, lla 0.97
Cisllb 0.66(2.52) 0.48(1.83) 1.26 0.46 (1.92)
Cizs b 0.00(2.89) 0.00(2.09) 0.00(3.75) 0.00(2.27)
Cuz6 | 0.20 (3.06) 0.68(1.82) 3.09 0.00 (1.83)
(C) C125, lla 0.95
Cusllb  0.75(2.23) 0.52(1.63) 1.26 0.57 (1.58)
Cuiz b 0.00(2.66) 0.00(1.93) 0.00(3.64) 0.02(2.01)
Cuzs | 0.13(2.93) 0.52(1.63) 2.86 0.00 (1.72)
C123, lla 0.95
Cis b 0.68(2.20) 0.54(1.53) 1.26 0.75 (1.37)

Cis b 0.00(2.66) 0.00(1.73) 0.00(3.60) 0.09 (1.90)

aThe dissociation energies along the lowest pathways are given in
(d) parentheses.

We have also considered mixed dimers where the chain joints
to two Gsp units are not identical. Calculations indicate that the
dimers in all three charge states involving an sp and ajosg
are seriously destabilized in comparison to those with either
type on both ends, apparently because neither polyynic nor

(e) cumulenic bonding can propagate through the chain correctly.
(As one would expect, in all charge states the penalty for this
sp/spg mix in comparison with the average of purely sp anél sp

Figure 5. Cizs ball-and-chain dimer isomers: sp (a), closed-66 sp dimers decreases with increasing chain length. It va_ries from

(b), open-66 sh(c), and open-56 2d): (e) shows a typical distorted ~ 1—1.3 €V for Gasto 0.7-1.2 eV for Gag) The energies of

conformation of (d). mixed 56/66 spdimers appear to be between those for purely

56 and 66 in all charge states, similar to the case of[2]

66 bonds in G, We have found this to be true for all chain ~ cycloadducts®® _ .
lengths, although the open isomers remain as distinct local ~The interfullerene bridge does not have to lie on the center-
minima. to-center axis of g units. Calculations indicate that the ball-

The relative energies of sp, 66%sand open-56 imers and-chain_dimers are q_uite fl_exible; cages swivel almost freely
g P, 66%p P Spdi on the hinge bonds in 3pisomers or on the quadruply

re presented in Table 1. Between th hose form . . s .
are presented able etween théagirlucts, those formed coordinated atom in sp ones within a wide range of angles. In

at the 56-bond are lower in energy for all chain lengths and fact, most distorted conformations (example in Figure 5e) are
charge states. (The 56/56 and 56/65 dimers are degenerate as ' P 9

ey e for the 2+ 2] cylosdducd) o neuls, the 1 TP D0 B0 Y ey b bt overe
difference is almost constant at0.5 eV. For cations and 9 gnly p 9 P

i . o . increasing local strain in the chaifullerene joints. The
parucul_arly anions, it increases from0.4 t_o ~0.7 eV with . distortions tend to be greater for the 56 spmers. This is
increasing chain length. The sp geometry in any charge state 'Spresumably because the inequivalent (pentagon and hexagon)

quite unfayorable for &, (even compared Wi_th the open-66_ rings on the opposite sides of the bridge distort it from normality
sp?) but quickly becomes better for longer chains. The competi- to the cage surface.

tion between sp and 3plimers is strongly influenced by the Stability of Ball-and-Chain Dimers. To exclude the un-
cluster charge. For anions, the sp isomer overtakes the?56 sp pnysical cluster geometries whose computed mobilities could
adduct an = 126 and is lower in energy far = 128, while coincidentally match the measurements, one has to ensure that

for cations and neutrals the crossover does not occur over theg|| proposed structures are sufficiently stable to dissociation

investigated size range. However, the sp dimer is preferable 0along any conceivable pathwdyWe have verified this by

the open-66 shone for cations witm > 122 and for neutrals  optimizing unattached carbon chains and “tadpoles” consisting
with n > 128. The reason for anions favoring the sp isomers of chains linked to & fullerene exactly as in the dissociating
may be that both chain ends in them have almost primary dimer, for cations, anions, and neutrals. This has allowed us to
carbons that are ideal for the localization of negative charge. rank all pathways for the breakdown of a particular dimer. We
The energy ordering of dimer families in AM1 (for all:§&— have found that the lowest ones always involve the severance
Cizgneutrals sp~ open-66 sp> closed-66 sp> open-56 sp) of one chair-Cg joint. Fragmentation into two tadpoles or two
and PM3* qualitatively agrees with the DFTB results, but the Cg fullerenes and a chain requires much higher energies. For
spreads in semiempirical calculation are substantially larger anddimer anions, the electrons naturally reside on the tadpoles, since
less size-dependent. AM1 supports the trend for sp geometriesthey have primary carbons. For cations, the energetic difference
to become more favorable for longer chains. between charging tadpoles and fullerenes is slight. The prefer-



5280 J. Phys. Chem. A, Vol. 103, No. 27, 1999 Shvartsburg et al.

4800
46001
44001
42001
40001

38001

Inverse Mobility, V*s/m?

36001

3400
110

130 140
Number of Atoms, n

Figure 7. Inverse mobilities measured for the fullerene ca@g&nd

dimer ©) isomers of G- with n = 112-146. Lines are to guide the
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120

sections that are limited from below by that for the {22]
(Cs0)2 without a chain. So we have focused on the adducts with
the chain and & cage added “para” to each other.

One would expect the energy of a tailed dimer to be above
that of the ball-and-chain isomer in the same charge state by
the dissociation energy of the latter less the energy recovered
by [2 + 2] cycloaddition. Calculations prove this, with the
resulting values coming within 0.2 eV of the above expectation.
#ence, the dissociation energies of tailed dimers are close to
those of the normal [2+ 2] cycloadducts, and these dimers
would also be stable in our experiments.

(b)

Figure 6. Ci26“tailed” dimers: “para” isomer (a) and a geometry with
lower cross section (b).

ence is usually for tadpoles to be charged because they have
quaternary carbon.

The dissociation energies calculated for the sp aRdlispers
in all charge states are listed in Table 1. The values for cations
are particularly high because neither tadpole nes €tions
are favorable (tadpoles are good for anions anggl fGr the
neutrals). The dissociation energies also decrease in all cases We have verified the nature of the two leftmost peaks by
with increasing chain length; however, they are substantial even plotting their mobilities as a function of cluster siZelhe values
for n = 128. To put the numbers in perspective, we calculate for n = 122—128, 132-136, and 142146 all fall on the two
the well-known [2+ 2] cycloadduct to be bound by 1.2 eV for  straight lines connecting the data measured for the two peaks
(Co0)2™, 0.6 eV for (Go)2, and 1.0 eV for (Gy)2~. Of course, observed fom = 116-120, 130, and 140 (Figure 7). Those
there is a barrier to the reverse association of twg €b the clusters have previously been assigned as the near-spherical
activation energies for dissociation ofg@limers are higher than  fullerene cages and [2 2] cycloadducts by comparison with
those. In fact, both measureméri®and calculatior’§ produce calculations for the optimized geometrigd? Also, the mobili-
values in the vicinity of 1.5 eV for either neutral or cation. The ties for fullerene cations measured here equal those for fullerenes
addition of a tadpole dangling bond to a fullerene must involve produced by the laser vaporization of graphite.
only a small activation energy if any, so the barriers to Ball-and-Chain Dimers. The collision integral for a fullerene
dissociation of ball-and-chain dimers should not noticeably dimer is mostly determined by the center-to-center distance
exceed the values in Table 1. Still they are above 1.5 eV for all between the € units!®1°So the sp ball-and-chain dimers have
cations and anions, which makes both sp and &lbsfi-and- larger calculated inverse mobilities than alP smes. Among
chain dimer ions viable under our experimental conditions. AM1 the sg dimers, the open-66 adducts are larger than open-56
also shows smaller dissociation energies for longer chains, butones primarily because the interfullerene bridges in the former
the absolute values are systematically larger than the DFTB onesare nearer the center-to-center axes. The closed hinge bonds in
for all sizes. This is hardly surprising, since all semiempirical 66 isomers further increase the intercenter distance of two C
methods substantially overestimate the binding energy of the cages and thus the cross section. Hence, the drift times computed

Structural Assignments

Ceo dimer47:51

Tailed Dimers. In principle, the chain in a “dimer” should
not necessarily link the two fullerenes. They could be bound
directly via the usual [2+ 2] cycloaddition, with a chain
attached to one of them elsewhere (Figure 6). A large number
of isomers of this sort could form for each chaifullerene joint

for dimers with a particular chain length are bracketed by the
open-56 sp adducts on the short side and sp isomers on the
long side. Both open- and closed-66&° smiducts are always
within this range. The drift times for tailed dimer isomers
similarly increase from the open-56?dp open-66 spto closed-

66 spF to sp The ranges of drift times for the tailed dimers are

type, and we obviously could not optimize all of these. significantly to the left of that for ball-and-chain isomers, the
Fortunately, sample calculations show that the energy of theseseparation increasing for longer chains. Calculated mobffties
dimers is practically independent (within 0.1 eV) of the relative are overlayed on the measured drift time distributions in Figure

positions of the sites of [2 2] and chain additions, of course
as long as the chain stays away from the othgx Erom the
viewpoint of mobility, the addition of a chain opposite the [2
+ 2] link (Figure 6a) maximizes the cross section. Chains added
at other sites (for example, Figure 6b) result in smaller cross

1. For alln = 122—-128 cations and anions, the mobilities
computed for the sp (f—Cn-120) chain—Csg) geometries are

in an excellent agreement with the rightmost major peaks. The
match for closed-66 gpyeometries such as that isolatetbr

Ci22 is slightly worse, but the discrepancy is small and these
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structures could not be ruled out. Fore and Gos, a smaller described in the experimental section above provide convincing
feature immediately leftward of that peak matches the calcula- evidence for the assignment of the rightmost significant features
tions for open-56 shdimers®® The data for cations show no in the drift time distributions fon = 132-136 to the (Go—
features in this position. We point out that neither of the two chain—Cyg) structures. For G,—Ciss broad featureless tails
peaks could be due to the tailed dimers for any size. on the right sides of [2+ 2] cycloadducts may be due to the
The data for Gyt, Ciast, and Gas~ exhibit one or more unresolved ball-and-chain dimers and/or tailed geometries.

minor features between the 22] cycloadducts and ball-and Hundreds of ball-and-chain dimer isomers possible in the
chain dimers described above. The mobilities of these featuresSystems involving two & fullerenes may readily convolute into
are mostly within the ranges calculated for tailed dimers. It is such tails.
nonetheless unlikely that the observed peaks are due to these Special Behavior of G2, and Ci32 Both cation and anion
geometries. This is because numerous tailed dimer isomers spaffor n = 122 and 132 exhibit a major peak immediately to the
a fairly wide range of cross sections and there is no thermo- right of [2 + 2] cycloadducts. The analysis of this feature below
dynamic or kinetic reason for any one of these structures to beis for n = 122; the discussion would mostly applyno= 132
preferred to the others. So these dimers may give raise to theupon substituting & for one Go. The peak in question is more
gradually decaying tails on the right sides of{22] cycload- abundant than the ball-and-chain dimers, especially for the
ducts apparent for all cations and anions with= 124—146 cation. Its abundance actually exceeds that of any other new
but hardly to any resolved features in the same range. However structure revealed here for any size and charge state. The
ball-and-chain dimers do not need to be exclusive §pahd measured drift times are too short for any ball-and-chain dimers,
not other fullerenes. For example, analogous geometries couldand in any event this would not explain the singularity rice
involve both G (k > 60) fullerenes produced in plasma by 122. On the other hand, these times are too long for the singly
incorporation of G units shed by g upon laser heating into  bonded Gg-Cs, adduct8” analogous to that shown in Figure 4.
other cages and (Jk < 60) fullerenes resulting from this A tailed dimer with a G-C unit attached opposite to the {2
shedding. Both are clearly present in substantial abundance, els@] link on Ce*Cso fits the measured mobilities. There is,
the [2+ 2] cycloadducts for g (n = 120) cations and anions  however, no reason for the tailed dimers to existrior 122
could not be observed. Owing to the low symmetry of fullerenes only, particularly in the absence of such geometries with
other than G, the number of distinct sites for either sp ofsp  different chain attachment sites (such as in Figure 6b) that would
addition of a chain is large enough to render the detailed fill the gap in mobilities between the [2 2] cycloadducts and
consideration impractical. However, the mobilities measured for the discussed featuP8.The inordinate yield of this moiety
[2 + 2] cycloadduct isomers in the ~ 110-140 size range  suggests that it is built from the original fullerenes ang tGe
for either cations or anions change on going fromt&€ Cy+ two molecules most ubiquitous in the hot fullerene plasma. The
by nearly the same absolute amounts as those for the fullerenecages could be linked either directly or via @ direct addition
cages from G g to Gi—sg. So, as long ak; ~ 60 ~ k,, one would produce a tailed dimer, which is unlikely as outlined
could accurately approximate the cross section of a genericabove.
(Cia—chain—Cy,) ion by that for (Go—chain-Cso) homologue The only optiof® to connect two fullerenes using, @ther
in the same charge state plus the differences between the crosthan constructing a ball-and-chain dimer is to sandwigh C
sections of ¢z and Go, and Ge and Go. Using the measure-  between them in a “double [2 2] cycloadduct” akin to the
ments for Gz and G4 cations and anions, we have estimated standard [2+ 2] (Cep)2 Or Cso'C70. As in the sp adducts
the mobilities for geometries constructed by connecting them discussed above, the hinge bond could be either closed (Figure
to Ceo by two- and four-atom chains. By inspection of Figure 8a) or open (Figure 8b). Fori&, a 56 or 66 site could be
1, the minor peaks for 347, Ci2¢", and Gy~ are in a good involved on each fullerene. We calculate the closed-66/66 adduct
agreement with the ball-and-chain dimers where theCQunit in Figure 8a to be lower in energy than the closed-56/56 one
links Cs2 or Cgs to Ceo. It is not necessary for these dimers to by 1.6 eV for the neutral and 1.2 eV for cation or anf8iThis
involve even one €. For example, the mobilities estimated is exactly like (Go)2, where the neutral 66/66 isomer is lower
for (Css—chain-Css) and (Go—chain—Csy) isomers are close  than the 56/56 or 56/65 one by 1.6 eV. The strained hinge bond
enough to render them indistinguishable in our experiments. in closed-56/56 double [2 2] may sever, resulting in the nearly
For Gz~ and G4, minor features are also observed at drift isoenergetic open-56/56 addétHowever, the open-66/66
times longer than those for the major peaks assignedd®-(C  isomer in Figure 8b is extremely unfavorable; it lie8.8 eV
C—C—Csgp) and (Go—C—C—C—C—Cgp) geometries, respec- above the closed geometry in AM1 and is not even a local
tively. As indicated in Figure 1, these are in a good agreement minimum in DFTB.
with the mobilities for sp dimers involving longer chains and  The closed-66/66 G; is essentially degenerate with the sp
smaller cages estimated using the measured or calculatetha|l-and-chain geometry (the difference beisg.4 eV depend-
mobilities'® for Css and G ions as just described. This means  ing on the charge) in DFTB and below it by 1.2 eV in AM1.
that the features assigned above ag{Chain-Cep) may also  The mobility calculated for either 56/56 or 66/66 double+f2
include the contributions from @g—chain-Cs), etc. 2] adducts (particularly the “open” ones) is closer to the
The dimers involving & have not been optimized, again measurements for both cation and anion than any of the ball-
owing to the exceedingly large number of possible isomers. and-chain dimers (see Figure 1). The species in Figure 8a could
Indeed, Go has five symmetry-distinct atoms and eight different readily form by a [2+ 2] cycloaddition of G to a double bond
bonds. This allows for 5 inequivalent sp and up to 15jsints on Gso, creating a “handle” (Figure 8c) and subsequent[2]
to a chain, which could add toggproducing 5 sp and up to 60  addition of another & satisfying the dangling bonds on this
sp? dimers, not including enantiomers and mixed sp&gecies. handle®! This naturally explains why this structure is unique
However, we note that the positions of new peaks observed forfor n = 122; G, and longer chains can attach one end to a

cations and anions af = 132—136 relative to the [2+ 2]
cycloadducts are exactly the same as fprig(compare Figure
2 vs Figure 1). This and the other commonalities in behavior

fullerene, forming tadpoles, but cannot lie flat on the fullerene
surface. The dissociation energy calculated for this double [2
+ 2] is 3.4 eV for the cation, 2.8 eV for the neutral (2.9 eV in
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Conclusions

We have now completed a detailed investigation of the
(a) structure of clusters comprising the wide mass envelopes of
“dimers” produced by laser desorption afg@nd Go. We found
that the species with masses equal to or less than double the
original fullerene (G) mass are fully coalesced near-spherical
cages and [2- 2] cycloadductg81°the abundance of the former
increasing with increasing laser power. These two series also
dominate the isomer distributions for, Gpecies heavier than
the exact dimersn(> 2k). However, there appears to be a new
(b) family of ball-and-chain dimers with fullerenes linked by linear
chains up to eight atoms long. These adducts mostly involve
the original cages, but dimers comprising smaller or larger
fullerenes also exist. Thesf clusters present a special case,
with a substantial abundance of isomer consisting of air@it
sandwiched between two original fullerenes. Multiply bound
geometries proposed in the literature have not been observed
for any nuclearity.
(©) This information sketches the chemical processes in hot
fullerene plasma as follows. Fullerenes in a plume desorbed by
a laser have widely different internal temperatures, depending
on their position with respect to the laser spot on the film and
other factors. Once in the gas phase, all clusters are cooled by
He at near-ambient conditions. So what happens to a particular
molecule depends on its initial temperature and the cluster
density in its vicinity that determines the probability of collisions
before the mixture composition is frozen out. Some fullerenes
(d) are so hot that they rapidly undergo one or more successive
steps of G elimination (shrinking), each reducing the internal
energy by>10 eV®%.62 The G neutrals thus produced join
easily, creating longer chains. They also add to fullerenes of
Figure 8. (a) “Double [2+ 2]" closed-66 isomer for &, analogous all sizes by incorporation into the wall, making larger cages,
to the (Go)2 [2 + 2] cycloadduct. (b) Open-66 analogue of (a). (c) and by addition to the double bonds forming “handles”. Chains
“Handle” Cs, geometry postulated as the precursor to (a). (d) @ith of any length attach to all fullerenes creating tadpoles. These
the “benzene” link. can lengthen the dangling bond by adding further chains and
tie it up by attaching other fullerenes or tadpoles to create ball-
AM1), and 2.7 eV for the anion. So this cluster is as stable to and-chain dimers. Handles similarly terminate the dangling
fragmentation as anyg; ball-and-chain dimer and much more  ponds on the handle by adding another fullerene. One tadpole
stable than the sp isomer. could conceivably attach to the cage of another, leaving a
One could think of a &, with the “benzene” link (Figure dangling bond on the latter. We have, however, not observed
8d). Its mobility agrees with the data better than that of a double such geometries in significant abundance presumably because
[2 + 2] cycloadduct. Unfortunately, the energy of this local the population of tadpoles is low enough to make their collisions
minimum in all charge states is substantially higher (by4.0 improbable or because these dimers easily undergo further
4.6 eV in DFTB and 3 eV in AM1) than that of the structure in additions at the dangling bond.
Figure 8a. There also is no clear route for this cluster to form  Some fullerenes are not hot enough to shrink before being
under our conditions. (It could hardly form directly because cooled by He but can, together with another cage, surmount
single carbon atoms are not a major component of the reactanthe potential barrier of only-1.5 eV to dimerization into [2+
mixture. In principle, it could be produced by severing the bond 2] cycloadductg? This fullerene may be pristinesg; a smaller
between two carbons in the middle of doublet2], but this cage cooled by evaporation or a larger one produced by C
is implausible in view of high activation energy involved.) So, incorporation. The most excited of the dimers jump over another
while the peak for &> and Gs;immediately to the right of 2 barrier of~1.5 eV and, after descending a ladder of intermedi-
+ 2] cycloadducts is likely to be due to & €quashed between  ates with decreasing center-to-center distance, anneal into the
two fullerenes, the precise geometry is not entirely clear. We global minimum of the system: near-spherical caéhe rest
presently continue to research this matter as a part of our studyare trapped out in the metastable 42 2] cycloadducts or
of fullerene tadpole$? elongated buckytubes. The isomerization of a{2] cycload-
Similar to the case of [2- 2] fullerene cycloadducts19the duct into a giant fullerene releases over 20 eV, which may cause
correct evaluation of mobilities for ball-and-chain dimers is the produced cage to shrink, ejecting mopd-COf course, these
contingent on carrying out the trajectory calculations that secondary @may feed into all the reactions listed above for
account for the multiple scattering of helium atoms on the primary G arising from the dissociation of laser-heated original
concave part of dimer surfaé@The projection approximatidh fullerene. Tadpoles could also participate in the {2 2]
ignores this effect. This results in the underestimation of cycloadditions, and chains may add to the{2] dimers. Both
collision integrals for the ball-and-chain dimers %%, which these processes form tailed dimers that are likely responsible
would have rendered all the structural assignments made abovdor the decaying tails on the right sides of422] cycloadduct
impossible. peaks in our experiments.
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This picture explains the patterns in ball-and-chain dimer
abundances. First, such dimers containing @ C;o only are
probably not preferable to those involving other cages, and a
particular prominence of the former follows from the great
abundance of the original fullerene in comparison with neigh-

boring sizes apparent in the mass spectrum. Similarly, the 2

decreasing intensity of ball-and-chain dimers for longer chains
is hardly related to the intrinsic stability of dimers. Although

the calculated dissociation energies of these species decrease

with increasing chain length in all charge states (Table 1), this
alone would not suffice in explanation because the absolute
values are still above the activation barriers for the dissociation
of [2 + 2] cycloadducts even fan = 128. The abundances of
ball-and-chain dimers simply reflect the availability of reactants.
Indeed, for the chains lengthening by accretion ptifiits onto
chains (whether free or attached to fullerenes in tadpoles), the
probability of encountering a specific chain is anticorrelated with
its length. This means that the yield of ball-and-chain dimers
in general, but particularly of those with longer chains, could

be enhanced by seeding the reacting plasma with chains, for

example, by covaporization of graphite as in the setup of Martin
and co-workerg? Chains as long as~15 atoms for the
neutraf364and~50 atoms for the anié&*®have been produced
in this way under conditions resembling those in our source.
So the ball-and-chain dimers with much greater distances
between the fullerenes could likely be made.

This research has been largely driven by the unique position

that the fullerene-based species occupy in cluster science. Thag.
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