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The laser desorption ofggor Cy fullerenes yields a distribution of ions with masses corresponding to an
even number of carbon atoms around integer multiples of 60 or 70. Clusters with 120 or 140 atoms have
been characterized as large coalesced fullerenes and fullerene dimers joined-8y ey[2oaddition. Several
structures had been proposed for the species with less than an integer multiple of 60 or 70 atoms, but none
of them has been validated experimentally. We have examinéd € 112, 114, 116, 118, 136, and 138)
cations and anions using high resolution ion mobility measurements and compared the results with trajectory
calculations for a number of candidate geometries. We find that these species exist as near-spherical cages
and [2+2] cycloadducts of smaller fullerenes derived fromy & C;o. Quadruply bound Ge, Ci1s Cize and

Ci3s isomers that would result from the stepwise elimination effl@m the preformed [22] Cgo 0Or Cro

dimers were not observed. Hence the fullerene dimers lacking a few atoms are formed by coalescence of
dissociation products rather than by dissociation of the products of coalescence. Plausible reasons why the
[2+2] cycloadducts are the only dimers produced by the laser desorption of fullerenes are discussed.

Introduction

Soon after the gp fullerene was isolated, experiments on its
laser desorption were performed. The abundance of desorbed
ions peaks strongly in the vicinity of 7R@mu, indicating the
accretion of fullerenes upon laser desorpfiol. Analogous
observations for the £ films have been reportedt> 17 The
structure of resulting products has been a subject of discussion,
with indirect arguments in favor of either complete coalescence
into giant single-shell fullerenés or polymerization by cross-
linking individual Gso cages™'! Hunter et al® have shown
using ion mobility measurements that forgcation both types Ci116 Ciss, and Ggg with different links between the cages. In
of species could be synthesized, depending on conditions. Weparticular, quadruply bound “ladder” geometries for£and
have recently taken advantage of a new high resolution ion Cy16 have larger cohesive energies than thegfC[2+2]
mobility apparatu®¥® to elucidate the structures of these two cycloadduct! The Gigspecies (Figure 2a) was postulafet
products as a near-spherical fullerene and-e2[Pcycloadduct to be produced from [22] (Csg)2 (Figure 1) via (i) scission of
(Figure 1) for both Gy cations and anior®. The results for two opposing hinge bonds forming the four-membered ring, (ii)
Ci3o"~ and G4g™'~ clusters were simila?? Prior to our work, Stone-Wales (fulvalenenapthalene) rearrangeméintt:46 of
there were already calculations and indirect experimental both linking pivot bonds yielding a quadruply boungh,@imer,
evidence from the solid state research suggesting thatdhe C and (iii) elimination of a G unit from one of the two equivalent
dimer is bound by the [22] cycloaddition links (see citations  bridges. A similar loss of &€from the other bridge would then
in ref 20). New theoretical-272” and experiment&Pe41 result in the Gy (Figure 2b). It has been suggestel that
studies have further strengthened that assignment. The finalthis C;;6 D2y structure and the homologous one derived from a

Figure 1. The Gy dimer, a [2+2] cycloadduct.

confirmation has recently come from the Komdfsiand [2+2] Cyo dimer are responsible for the g and Gsg peaks in
Kratschmet® groups which have isolated thedzlimer in bulk the mass spectra.

and probed it using NMR, IR, X-ra$ and Raman spec- However, the pathways of sequential€limination that were
troscopies? postulated!-17to lead from a [2-2] (Cs0)2 to the Gigand Gie

However, the abundance maxima in the laser desorption massspecies considered in ref 11 (or fromy(z to Cizgand Gsgin
spectra usually occur not at 6@arbons, but at slightly lower  ref 17) are thermodynamically implausible, even if reasonable
masses %114 in the range o69kto 5%. For Gy, the mass  from a purely mechanistic viewpoint. This is because the
spectrum has its maximf®17 at 6& or 67k. It has been experimental activation barriers for the competing processes of
suggestel-17that these maxima correspond to particularly stable dissociation of a [2-2] cycloadduct back to § monomers or
clusters in the sequence produced by the stepwise dissociationts isomerization into a single large £ cage are about 1.5 eV
of (Cso)k Or (Cro)k oligomers. Using dimers as models and in both case$®4” This energy is much less than that required
employing semiempirical AM1 and PM3 methods, Ata edf. to eliminate a G unit from a fullerene network. At the AM1
have investigated a number of “dumbbell” isomers fardC level,~7.5 eV would be needed to eliminate f@om the [2+-2]
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500 Torr. The ions then travel along the length of the drift
tube under the influence of a uniform electric field created by
a stack of isolated rings and a voltage divider. Species exiting
through a small aperture at the end of drift tube are mass selected
by a quadrupole mass spectrometer and detected by an off-axis
collision dynode and dual microchannel plates. Arrival time
distributions are recorded with a multichannel scaler using the
laser pulse as the start trigger. The measured drift tigis,
converted into a mobility via the relationsh?pK= L%/(t;V),
wherelL is the length of drift tube an® is the voltage drop
across it. All measurements were performed at the temperature
of 25°C. Two different film samples were used: purified,C
(Bucky USA) and a &/Cyo mixture. The former obviously
would not yield mass peaks close o= 140. However, the
results for clusters witlm = 112—120 produced from the two
samples are indistinguishable.

Results

Figure 2. Previously proposééiquadruply bound dimer structures:¢ The drift time distributions measured foi ", Ci1s", Cize',
(@) and Gag Dan (b). and Ggas" are presented in Figure 3. The scans obtained for
the corresponding anions, and for both cations and anions of
(Ce0)2 and produce the fzg structure in Figure 2a, even if the  C,,, and G4 are very similar. Scales on the top of figures
reverse association reaction had no activation barrier. In fact, jndicate the inverse reduced mobilities. This has become a
Ci20 should not evaporate Quntil isomerization into a large  customary way to express ion mobility data because the inverse
cage is complete. Hence itis highly unlikely that any dumbbell- mgpilities are proportional to the orientationally averaged
shaped carbon clusters with less than 120 atoms could becgllision integral$® The distributions for all six cluster sizes
produced in any abundance by heatingeg @mer. Gy has a closely resemble those reported fof6 Cizo, and Gagionso
triplet state with a lifetime of 42 us at 1.7 eV above the ground Namely, (i) there are two fully resolved features that correspond
state®® This triplet state could play a role in the 2] to a closed cage fullerene and a dimer; (ii) the fullerene peaks
CyCloaddition. However, the electronic energy of this state is are broader than those expected for a Sing|e isomer, with
insufficient to promote gloss from the [2-2] dimer. The same  asymmetric tails that extend to longer drift times; and (iii) with
holds for Go.“3 increasing laser power, the dimer peaks decrease relative to the
Contrary to the above picture, where dimerization occurs prior fullerene peaks, which narrow and shift to slightly shorter drift
to dissociation, Hertel and collaboratbtspeculated that the  times corresponding to the fullerenes produced by laser vapor-
Ci20-2« peaks observed in the laser desorption mass spectra ofization of graphite.
Ceo are simply the coalescence products of cages that had Mobility Calculations. In the low field limit where all our
already undergone one or more steps of thel@s: the  experiments are performed, the mobility is independent of the
“shrinking” process normally occurring upon heating gas phase drift field and given by°
fullerenes. This would explain why the position of maximum
cluster abundance varies among different groups and shifts to (1871)1/2 1
smaller masses with increasing laser fluehte* As the (Go)z, =16 [
Cso-Croand (Go); are all [2+-2] cycloadduct2? one may expect

the dimers of other fullerenes in this size range to be the same. ) i
wherem andm, are respectively the masses of the ion and of

On the other hand, these other fullerenes do not follow the - o
isolated pentagon rule (IPR), and thus they have special sitesth® Puffer gas atom\ is the buffer gas number density,is

_ _ _ : . I b
with two or more abutting pentagons. These sites substantiallythe 9as temperatureeis the ionic charge, anfa,s"is the
augment the reactivity of & and Gg cations as compared to orlentatlonally_ averaged(lclc))lllsmn mt_egral (cross s_ectu_nn).
Ceo® and they might affect the structure of dimers incorporating V& determine th&2,,q™ for candidate geometries in two
such cages. In order to test the contradicting propositions for Ways- In the more rigorous approach, classical trajectories for
the structure of fullerene coalescence products, we have e atom/cluster collisions are propagated in a realistic inter-

measured the gas phase mobilities gfc@tions and anions for molecular potential! Averaging a function of the scattering
n = 112-120 andn = 136-140 (n even). angle over the impact parameter and collision geometry yields

the momentum transfer cross sectidq,¢ is evaluated by
numerical integration of this cross section over the relative
velocity distribution. The potential between the ion and buffer
The experiments were performed on our high resolution ion gas atoms is assumed to be given by a sum of pairwise Lennard-
mobility apparatus described in detail elsewh€reAll the Jones interactions plus a charge-induced dipole term where the
conditions and procedures were identical to those employed inionic charge is uniformly delocalized over all cluster atoms.
our previous study of the fullerene diméfsgxcept that the The Lennard-Jones parameters for this potentiat (.34 meV
laser power was increased in order to enhance the abundancando = 3.043 A, wheree is the depth and is the distance
of clusters other than those with= 120 and 140. Briefly, the  where the potential energy is zero) were obtained by fitting the
clusters are generated by pulsed 308 nm laser desorption of anobility of Cso™ fullerene measured over an 8800 K
fullerene film deposited on a copper rod. The ions thus formed temperature rang®&:5! For each geometry, about®liBajectories
are directed by shaped electric fields through an ion gate into were propagated, which provides a statistical sampling error
a drift tube filled with helium buffer gas at a pressure of around below 0.2%. The capability of this model to provide extremely

1]v2 ze 1 1
Fn—]o] Wrig on @
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Experimental Methods



Laser Desorption of Fullerenes J. Phys. Chem. A, Vol. 102, No. 41, 199821

compelled us to evaluate their mobilities using a less compu-
tationally expensive method. The exact hard-spheres scattering
(EHSS) modéf which assumes a hard-sphere potential between
Fullerene cages n=116 buffer gas atoms and each cluster atom has been ##uod

] systematically underestimate the collision integrals for tHe2[2

1000 F [2+2] 2+2] cycloadducts of g by ~0.3% compared to the values from
200 | CooCs6 D2 ¢ Cse sl trajectory calculations. This allowed us to determine the
mobilities for the dimers containingsgand Gg using the EHSS

600 T Quadruply '_'_;, l model and correct the resulting values by 1.003.
400 F B | bound Dy, T Cluster Geometries. A large number of trial structures for

200F 4 | \l/ \ | “dimer” isomers ofn = 116 and 118 were constructed by
ol A [ ,/ A\ optimizing various [22] cycloadducts of & with Csgfor Cy1g,
Fullerene cages [242] CooCs3 Cs  n=118 and Go with Csg and Gg with Csgfor C116 The semiempirical
] method AM1, which produces a g, geometry in good
1200 ] agreement with experimefd,was used. The lowest energy
1000 | 1 isomer forn = 58 is C,, but there are two nearly degenerate
300 L ] cages forn = 56: Cs and D».53-55 However, the mobilities
600 l evaluated for the latter two are within 0.5% from each other.
Quadruply For both sizes, the agreement with the measurements for
‘ bound L] cation$® is perfect: 2210+ 10 Vs/n? versus 2210+ 20 Vs/

J o\ \L /I N\ m? (experiment) for G and 22604 5 Vs/n? versus 2260+
0 : st - 20 Vs/n? (experiment) for Gs.

8 90 92 94 96 98 100 102 104
There are 84 €C bonds in Gs cages, out of which 46 are

symmetry distinct in th€sisomer and 22 are in tHe, isomer.

N Out of 87 bonds in g Cs, 47 are unique. In principle, each of
Inverse Mobility, Vs/m2 the unique bonds in these cages can form a four-membered ring

3800 3900 4000 4100 4200 4300 4400 in a [2+2] cycloadduct with either a hexagon-hexagon or a

—_— pentagor-hexagon bond in . Since, in general, the rotation

1600 FFullerene cages n=136 4 of one cage around the center-to-center axisthygsults in a

1400 F 1 different molecule, hundreds of distinc§dCsg or Cep*Csg [2-+2]

1200 | 1 cycloadducts (not including the enantiomers) could be assembled

1000 F from even the lowest energy isomers af©r Cs¢. There are

800 thousands of [22] (Csg), geometries. It is obviously not

600 | 4 feasible to consider every imaginable combination. It is,

400 £ 1 however, reasonable to expect that thebonds that are

200 F Dimers . “double” in nature would be, by far, more reactive to the-i4

cycloaddition. This has been the experience wighahd Go.l”

n=138 | Hence we optimized the dimers built on a double (shared by

two hexagons) bond for dgand one of the shorter bonds or a

bond in a non-IPR site for 4 and Gg. Overall, 18 distinct

dimers were considered forggCsg Cs, 16 for Gso-Css D2, and

21 for GeorCse Cs. Representatives for each of these three

families are shown in Figure 4. As thedand both Gs cages

are distorted from spherical, the mobilities calculated for clusters

within each of the three families above change, depending on

TR Jl\ whether the attachment ofg€occurs at the “equatorial” or

98 100 102 104 106 108 110 112 114 “polar” region, by about 1.81.5%, a value comparable with

our experimental peak widths. However, the ranges for

) . Cs0"Css Cs and GoCsg D2 overlap significantly.
Figure 3. Drift time distributions measured for:G" and Gis' (a), . -
Casst and Gas" (b) from the laser desorption of a fullerene film. The Structural Assignments. Mobilities calculated for our

drift times computed for candidate geometries described in the text optimized [2+2] cycloadducts and for quadruply bound isomers
are superimposed in (a). The dashed lines show the ideal peak widthspreviously proposéed for Cii6 and Gig (see Figure 2) are
calculated for a single isomer. (Peaks would always have a finite width marked in the Figure 3. For both sizes, the-P geometries
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due to the diffusional broadening of ion packets in drift tube.) are the only ones consistent with the experimental data. One
accurate values for the mobilities of fullerenes and their dimers could arrive at this conclusion even without optimizing any trial
has already been demonstrat®d: Now that the [2-2] structures or performing any mobility calculations. In Figure

structure for the ()2 has been established, we use this dimer 5, the mobilities measured for both the fullerene dimer and cage
as a standard to achieve a still greater accuracy in mobility isomers in then = 112-140 range are plotted as a function of
calculations for other fullerene dimers. n. By inspection, all dimers belong to a single structural family,
Trajectory calculations were performed for all species con- which must be the [22] cycloadducts because that is the
sidered below except for the; and G1s geometries that we  structure of (Gg)2*>*3 In this way, we determine that the dimer
optimized. Unfortunately, the number of these isomers has isomers of G2 Ci14 Cize and Gagare also formed by [22]
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Figure 4. Examples of the optimized f22] cycloadducts:
Ce0°Csg Cs, (b) GooCss Cs, and (€) Go*Cse D2
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Figure 5. Inverse mobilities (reduced mobilitie measured for the
fullerene cage @) and dimer Q) isomers. Lines are the first-order
regressions through each sequence.

cycloaddition. It is interesting that, despite a rapid increase in
the total number of structural possibilities in the progressions
from n 120 ton 112 (Gso'Csg for Ci1g Cso°Css Cs,
Cs0Cs6 D2, and Gg'Css for Ci16 etc.) and similarly frorm =
140 ton = 136, the measured width of the peaks hardly changes.

Figure 5 also reveals that, for fullerene cages with-1128,

136, or 138 atoms, the dominant isomers are clearly homologous

to those of Gao™~, Ci130™~, and Gao™'~, and hence, they are
also near-spherical in shape rather than elong&t®dFor n

= 112-118, this agrees with the calculations of Yoshida &t al.
No fullerenes with 136 or 138 atoms have been described in
the literature. Like our previous results for= 120, 130, and
1402%the tails on the fullerene peaks that extend to longer drift

Shvartsburg et al.

energetically favorable near-spherical ones, and the fullerene
peaks become narrower while shifting to slightly shorter drift
time.

Why Only [2+2] Dimers Are Observed. AM1 energies
calculated for our optimized ¢gCss and GyorCsg [2+2] cy-
cloadducts vary over several eV, depending on which bond of
Css or Csg (and which isomer of &) is used for additiot®
However, even the lowest energy geometriesrfer 116 and
118 are some 4-5 eV higher than the quadruply bound structures
in Figure 2. Numerous “peanut” and “crimped tube” iso-
merg459.80constructed for G are also lower in energy than
[2+2] (Ce0)2 by up to 6 eVE0 and they are also absent from the
products of laser desorption of fullererfs.The vibrational
frequencies of the [22] and multiply bound fullerene dimers
are very similar, so the entropic contributions to the free energies
are not significantly different. In any case, a single-wall
fullerene is substantially lower in energy than either a “peanut”
or a [2+2] cycloadduct for any cluster size.

Osawa and co-worketshave modeled the transformation
of a [2+2] (Ce)2 into a coalesced IPR cage through a series of
Stone-Wales rearrangements. While this transformation can
be accomplished in many different ways, the pathway for
fullerene coalescence can be viewed as a progression of local
minima with decreasing center to center distance. Overall, the
energy decreases by over 20 eV on going from separaged C
fullerenes to a coalesced cagegs> The [24+2] cycloadduct
is the first stable species encountered along the coalescence
pathway. The energy of this geometry is close to that of the
separated fullerenégf! but there are activation barriers of a
couple eV for the retro [22] proces¥*’ and for further
annealing® along the coalescence pathway. Because these
barriers are roughly equdland the isomerising cluster is
continually cooled by collisions with He gas at room temper-
ature, the system can be trapped in the-22 geometry.
However, once over the barrier associated with the scission of
two hinge bonds in the [22] Cgo dimer, the potential energy
decreases swiftly and the internal energy released is enough to
surmount other activation barriets. So the system is not
trapped in any of the other intermediates along the way to the
coalesced fullerene. As soon as the first IPR cage is produced,
the energetic gain upon each further rearrangement step drasti-
cally declines. This apparently allows the elongated “bucky-
tubes” to be observed in the experiments.
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