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Structural Elucidation of Fullerene Dimers by High-Resolution lon Mobility Measurements
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Ci200 Ciszo, and Gy cluster anions and cations produced by laser desorption of fullerene films have been
examined by high-resolution ion mobility measurements and trajectory calculation simulations. The results
for anions and cations are similar. Two peaks are present in the measured drift time distributions. They are
attributed to fullerene cage isomers and dimers. The fullerene peak is broad, indicating the presence of a
range of fullerene cages with different shapes. The measured mobilities of the dimers are in good agreement
with mobilities determined by trajectory calculations for thet{2] cycloadduct geometries of §g., CsorCro,

and (Gg).. Comparison of the mobilities calculated for the dimer geometries by the commonly used hard-
sphere projection approximation with those determined by trajectory calculations with a realistic potential
shows that the projection approximation significantly underestimates the inverse mobilities. The deviations,
which are large enough to assign the observed features to the wrong geometries, result mainly from the
complete neglect of the scattering process in the hard-sphere projection approximation.

Introduction high-resolution ion mobility apparatd$which provides more
. . . . than an order of magnitude improvement in resolving power
Fullerenes oligomerize with relative ease to produce meta- compared with that available from the injected ion drift tube
stable dimers and polymers, in both the solid stated the gas P . . € nj .
apparatus used in the previous experiméngtructural infor-

phasé. The structure of the solid state ¢, oligomers has mation is deduced from ion mobility measurements by calculat-
been the object of intense theoretical and experimental research. y y

- o ing mobilities for trial geometries and comparing them to the
The Gy polymer prepared by Rao et by UV irradiation of
fullerene samples has been identified as & [2] cycloadducé® measured values. We have recently developed the computa-
The same bonding has been proposed for a numbersef C tional tools to calculate mobilities of polyatomic ions by

polymer phases synthesized under a variety of conditiotfs. trajectory .clallculatlons using a rea!lstlc intermolecular pote?ftlal.
o . - The mobilities calculated by this method for all the dimer
Similar processes also occur for alkali metal fullerides. The

; o . geometries considered here are significantly different from those
Sir;h%rgzr:rl])qlg ([:zh_f |2]s él;cllq%?j?t?oﬁ%?;:%nggt%%?gm@?Zae obtained using the widely used hard-sphere projection ap-
distinct, “dimer” phase of these fullerides has been produced proximation. .The deviations are Iargg en.ough tha}t the wrong
at low temperaturé’—23 This phase is thought to consist of structural assignments would be que if this r_nod_el IS emplqyed.
Ceo dimers covalently bound by single C-C boridd® 23 IF appears_that th(_a main problem with the projection approxima-
Polymerization of bulk G has also been achieved by UV tion here is that it completely neglects the scattering process

irradiation>2425put with much lower efficiency than with g between the ion and the buffer gés.

under the same conditions, and the polymer structure has not ) | hod
yet been elucidated. Experimental Methods

Free fullerene dimers have also been extensively studied, but The high-resolution ion mobility apparatus employed in these
almost exclusively by theoretical means as model systems for st dies has been described in detail elsewbferBriefly, the
the elementary units of & and Go polymerst’:2434 The apparatus consists of a source region which is directly coupled
existence of & and Go dimers in the gas phase has been tg 3 63 cm long drift tube. Both of them contain helium buffer
reportect>*> but the only previous experimental investigation gas at a pressure of 56620 Torr. The ions are generated by
of their structure was by Hunter et&lThey used ion mobility  pylsed 308 nm laser desorption of an unpurified fullerene film
measurementSto examine the Go' ions generated by laser  deposited on a copper rod. After formation, the ions are directed
desorption of fullerene films and found two poorly resolved py shaped electric fields to a small aperture in the ion gate that
peaks which they attributed to a closed cage fullerene and aseparates the source region from the drift tube. The function
dimer. However, it was not possible to distinguish between of the jon gate is to prevent neutral species from entering the
several plausible dimer geometries at that time. Hunter ®t al. gyift tube from the source region. The ion gate consists of a
also examined the annealing and dissociation pathways for thep 5 cm diameter by 2.5 cm long channel with a uniform electric
dimer and estimated their activation energies. field along its length. A flow of helium buffer gas through the

We have now revisited this problem taking advantage of the jon gate, from the drift tube into the source region, prevents
dramatic enhancement in both our experimental capabilities andneutral species from entering the drift tube, while the electric
the methods used to calculate mobilities. The mobilities for field pulls the ions against the flow. The ions then travel along
Ci20"", Ci30™", and Gag''~ have been measured on our new the length of the drift tube under the influence of a uniform
electric field generated by a stack of isolated rings and a voltage
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Figure 1. Drift time distribution measured for &5 from laser Figure 2. Drift time distribution measured for G5~ from laser
desorption of a fullerene film. The drift times determined for various desorption of a fullerene film. The drift times determined for B
candidate geometries by trajectory calculations are superimposed. Theqy|lerene cage and [2- 2] cycloadduct by trajectory calculations are
horizontal bars show the range of values obtained for the geometriesingicated by the arrows. The horizontal bar shows the uncertainty in
discussed in the text; the arrows show the highest level result for a {he calculated mobility of [2- 2] cycloadduct as explained in the text.
particular structure of the neutral. The dashed line shows the drift time The dashed line shows the drift time distributions expected for a single
distributions expected for a single isomer assuming that all the ions jsomer assuming that all the ions are produced at the same point on

are produced at the same point on the target rod. the target rod.

they are detected by an off-axis collision dynode and dual Inverse mobility, Vs/m2
microchannel plates. Drift time distributions are recorded with 3900 4000 4100 4200 4300 4400 4500 4600 4700
a multichannel scaler using the laser pulse as the start trigger. 800 i
All measurements were performed with the drift tube af@5 . _ f““;:rﬂ%es ;
Results : ¢ :

Figure 1 shows part of a drift time distribution measured for o F 3
Ci20 from desorption of a fullerene film at a low laser power.
There is no signal outside of the range of drift times shown in
the figure (92-110 ms). Itis customary to express ion mobility
data in terms of inverse reduced mobilities, which are propor-
tional to the orientationally averaged collision integr&lsA
scale showing these inverse mobilities is given on the top of
Figure 1. Two clearly resolved peaks are present in the 200
distribution. Drift time distributions recorded for1& cations
were similar to those recorded for the anions. The relative
abundances of the two peaks are sensitive to the laser pulse
energy employed; at higher desorption laser fluences the relative 98 100 102 104 106 108 110 112 114 116 118 120
abundance of the dimer decreases. The distribution presented Drift time, ms
here is similar to thos_e pres_ented prewo&_ﬁy Cizo", exc?ept Figure 3. Drift time distribution measured for &~ from laser
for the order of magnitude improvement in the resolution. In" gesorption of a fullerene film. The drift times determined for various
the previous measurements, the two peaks shown in Figure lcandidate geometries by trajectory calculations are superimposed
were only partially resolved. The two isomers separated for (indicated by arrows). The horizontal bar shows the uncertainty in the
Cio6''~ are due to a closed cage fullerene, at shorter drift times, calculated mobility of [2+ 2] cycloadduct as explained in the text.
and a dimer. We have also measured the mobility,gf &ions The dashed line shows the drift time distributions expected for a single
generated by laser vaporization of a graphite rod (Ultra Carbon, isomer assuming that all the ions are produced at the same point on
. o . the target rod.
Ultra F). Only one peak is observed, it is narrower and shifted

to slightly (~1%) shorter times than the fullerene cage isomer fullerene peak becomes narrower and shifts toward the position
produced from the fullerene film. The dashed lines in Figure

1 show the drift time distributions calculated for a single of the Gizo peak from graphite, while the dimer peak broadens.

isomer#® assuming that the ions are generated at the same point W€ have also studied thei$s and Gao ions which are

on the target rod. For the dimer isomer, the measured peak isProduced in significant abundance by laser desorption of an
slightly broader than the peak calculated for a single isomer. unpurified fullerene film due to the presence obCThe drift
Some of this difference results from the finite size of the laser time distributions measured for ¢~ and G4o~ at intermediate
beam on the target rod. For the closed cage fullerene theand high laser powers, respectively, are shown in Figures 2 and
measured peak is substantially broader than that expected for &3, respectively. The overall picture for these clusters closely
single isomer, indicating the presence of several fullerene cageresembles that for 357/ ~: there is a broad fullerene peak at a
isomers with different shapes. At higher laser powers the drift time slightly longer than that of the fullerene cage produced

400 [2+2] cycloadducts 3
(cis- and trans-)

Signal, counts




1686 J. Phys. Chem. A, Vol. 101, No. 9, 1997 Shvartsburg et al.

by laser vaporization of graphite and a narrower (at low laser tubularDgy, and two elongate®sq structures, side-facing (SF)
power) dimer peak. Drift time distributions recorded for the and vertex-facing (VF). The calculated inverse mobilities for
anions and cations are similar. The abundance of the dimerthese clusters are plotted in Figure 1. The valueDigrand
decreases with increasing laser power, while the fullerene peakTy geometries are identical within statistical error, while those
narrows and the dimer peak broadens. The fullerene peaks showor Ds and Dsq SF are only marginally smaller and greater,

a tail that extends to longer drift times. respectively. These cages could not be separated even with the
greatly improved resolving power available here. The broad
Mobility Calculations flat top of the fullerene peak may be due to the presence of all

these isomers in comparable abundances. The mobiliBsof

VF cage differs from those of the other four by1%, and it

should be clearly resolved. There is some signal in the position

allocated for this isomer. It is therefore possible that fhg

VF isomer is a minor component. Theory indicates that this is

a relatively high-energy isomé#:#>47 In any case, our data

12 prove the existence of severalgfullerene cages with different

K = (187)7"11 L]z 1 1 1) gross shapes, including the elongated isomers. Hundreds®f C
16 |m mg| (k)2 QEUN cages satisfy the isolated pentagon file.

avg

Structural information is extracted from ion mobility mea-
surements by calculating mobilities for candidate geometries
and comparing them to the experimental values. In the low
field limit, where the mobility is independent of drift field, the
mobility is given by?

Numerous families of isomers have been considered in the

wherem andmg are respectively the masses of the ion and of literature for the G dimer. A partial list, in order of increasing
the buffer gas atorry is the buffer gas number densieis center-to-center distance, is (a) multiply bonded hexagon
the ionic chargeT is the gas temperature, arf@) is the hexagon and pentagementagon facing adducts (8:8.5 A) 29
orientationally averaged collision integral or collision cross (P) fused fullerene$ (peanuts) (8.48.6 A). © d|[§3ct [2+ 4]
section. We have determineaglv'gl) using trajectory calcula- cycloadduc®® (8.6 A), (d) [2+ 2] cycloadduc®* (9.1 A),

. . o . . . : ingly-bonded (aza) isométs3 (9.3—-9.4 A), (f) stick-
tions*® with a realistic potential. This treatment requires a major (e) sing!
effort and commitment of computer resources. So to see bridged isomer® (10.4 A), and (g) [2+ 2] handles cycload-

6 -tO- I 1 -
whether this expense is really warranted, we have also calculatqu.ucg.g (10|'6 A). The dcl\(/la Etgroto (ientefr d'StaTC?S Iarei the t'glht d
mobilities with the widely used hard-sphere projection approx- inding values (a) an values for neulral clusters scale
imatiorf1~43 and by an exact hard-spheres scattering métel. by 0.9884 (aI_I other case_s). Scaling by th's factor brings the
The collision integral should be evaluated by averaging the MNDO co_ordlnates for & into agreemeﬁ?wnh the X-ray and
momentum transfer cross section over the relative velocity electron diffraction daté and all MNDO coordinates employed

between the buffer gas atom and the ion. And the momentum here were scaled in this way. Coordinates obtained by other

transfer cross section should be determined by averaging atheoreUcaI methods were not scaled, unless noted. No geom-

function of the scattering angle over the impact parameter and €tri€S have been published for singly charged @mers. So
collision geometry. The scattering angle is the angle between we have compute_d inverse mobilities for singly charged d|mers
the incoming and outgoing trajectories in a collision between YSN9 the coordm_ates for the ”?‘_J”a' and dlanlgrleg;mer
the buffer gas atom and the ion. The procedure described abovél€OMetries determlneg by semiempirical MNDO (bf*"=
is implemented in our classical trajectory calculati&hsThe AM1 and PM3 (d, 2? the tight-binding models of Pederson
projection approximation and the exact hard-spheres scattering@"d co-workers (d9*and Sankey ;’md co-workers (a,pnd
model treat the evaluation of the collision integral less rigor- Hartree-Fock and B3LYP (d, e)! The calculated inverse
ously. The simple projection approximatfdn’3 totally ignores meI|!tIeS fqr d!mers (p, dQ are superimposed on the measured
all the details of the scattering process between the ion and thedrift time distribution in Figure 1. In some cases a range of
buffer gas by replacing the average collision integral in eq 1 vglues is shown, as thg calculated inverse mobility dgpgnds
with the average geometric cross section. The exact hard-Slightly on the theoretical method employed to optimize
spheres scattering mo@lreats the scattering process properly 9eometry and on the charge state. The mobility of fullerene
in the limit of hard-sphere interatomic potentials. Both of these dimers is set largely by the center-to-center dlstan_ce of the two
models obviously ignore the long-range interactions between c@ges, and the measured mobility is consistent with a distance
the ion and buffer gas atom. Calculations using the projection of about 9.2 A. This excludes all of the possible families listed
approximation and the exact hard-spheres scattering model@bove except for (d) the [2 2] cycloadducts and (e) the aza
require hard-sphere collision distances between C and He.adducts. There are four [2 2] isomers and two aza adducts
These were obtained by fitting the measured mobility f*C that differ in the orientation of cages W|t_h_ respect to connecting
at 25°C 39 For the trajectory calculations we have employed bond(s). The calculated inverse mobilities for thse _adducts
a pairwise additive Lennard-Jones potential plus a charge-depend slightly on the method of geometry optimization, the
induced dipole component with the charge delocalized over all charge state, and the particular isomer. The calculated values
of the atom$® The Lennard-Jones parameters for this potential li¢ in the range 40164070 V s/nt for the [2+ 2] adducts and
(O' = 3.043 A andk =1.34 meV, where is the depth and is 4060-4115 V s/n? for the aza adducts. The measured value
the distance where the potential becomes positive) were obtainedor the dimer isomer is 4078 10 V s/nf.
by fitting the measured mobilities ofs¢' fullerene over an 89 The capsulabs, isomer is the only optimized cage geometry
400 K temperature rang€#* The mobilities obtained from  available for Gsp#’ Its calculated inverse mobility is signifi-
these three different models differ significantly. In the following cantly larger than that of the;g fullerene peak (see Figure 2),
we will employ values derived from the most reliable method, though it still lies within the broad tail extending to longer drift
trajectory calculations with a realistic potential. The differences times. For G4 three cage isomers have been optimiZakar-
are discussed further below. spherical and elongate®s, andDsq. The measured mobility
For Ciy fullerene, five different cage isomers have been of Cyigofullerene is in perfect agreement with the value calculated
optimized by Scuseria and collaboratér¥ and Adams et for 1y, isomer (4030 V s/f), whereas the values expected for
al.#” an almost spherical Pgeometry, a pearl-shapéd, a the Ds, and Dsq cages, which are calculatédo be less stable
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than the I, isomer, correspond to the broad tail of our TABLE 1. Inverse Mobilities (V s/m?) of Several (Go)2

experimental peak. We are not aware of any investigations of Eom?ﬁ E(\j/asl,uarl]ted Ugngttthi? Pr'C\)/Jlegtl?r(‘E'?\_'pSpé?\;l()lmaﬂgn, the
, 5 xact Hard-Spheres Scattering Mode ,an

Ceo-C70 adducts. Theory suggesdtd® that two Go cages can  riciory Calculations®

make a [2+ 2] cycloadduct; however, only the five bonds

joining pentagons in each polar cap are reactive. This would projection trajectory

restrict the addition of & to Cro to one of 10 identical sites on geometry approxn  EHSSM _ calen

Cz0. We obtained a structure for thedCo cluster by joining Peanu® 56/56 3808 3906 3882

halves of the (&)2 [2 + 2] and (Go)2 [2 + 2] cycloadducts fz;;o]l (fféfﬁr%‘goadduéf gg?g jg?g 3831
i 27 i i ,

optimized by Menon et @27 The coordinates of these dimers 5-6 sticke 2032 4204 4929

were scaled so that the coordinates foggf& more closely

matched those obtained from AM1, PM3, B3LYP, and scaled a All geometries are optimized for neutrals using MNDO and scaled
MNDO. The calculated inverse mobility for the constructed °Y 0-9884 as explained in the text.

CsoCro geometry is in the range 428@300 V s/ni (depending

on the scaling) while the value measured f@s-Cro is 4295+

10 V s/n?. For the Go dimer, the same regioselectivity could
result in cis and trans isomers with respect to the connecting
four-membered ring. The calculated inverse mobility for the
trans isomée¥ (4515-4540 V s/n? depending on the scaling)
matches our measured value (45230 V s/n?) exactly. The 425 . X
cis isomer has not been considered in the literature. A structureTheory2 “>also suggests that this structure is the lowest energy
for this isomer was generated framans(Cro), by cutting this ~ 1©" (Cro2. - _

dimer in half and rotating about the connecting bonds. The The inverse mobilities discussed above were obtained by
resultingcis-(Cro)2 has the same mobility, within the statistical ~trajectory calculations using a realistic potential. This treatment
error of our calculation, as the trans isomer, and so the dimer IS uite computationally intensive so it is instructive to compare

peak of Gaocould correspond to either or both of these species. the results of these calculations with those obtained from the
simple hard-sphere projection approximation that has been

widely used to calculate mobilities. The comparison is shown
in Table 1, where calculated inverse mobilities are shown for a
The Gg'~ fullerene cages derived from the fullerene films variety of G dimer geometries. It appears that the projection
have broader peaks in the drift time distributions than the cagesapproximation underestimates the inverse mobilities of the
produced by laser vaporization of graphite, particularly at low dimers by over 4%. This is significant because agreement
desorption laser powers. The 4™~ cages produced from between measured and calculated mobilities of better than 2%
fullerene films clearly result from the coalescence of tw@ C  has been introducé#®®as a criterion for assigning geometries
fullerenes. Several groups have studied this coalescenceto carbon clusters using mobility measurements. The fact that
process>5 Conversion of a dimer geometry into a single both models were calibrated using the measured mobility of
fullerene cage involves substantial rearrangement, which shouldCs*/~ makes the poor agreement particularly disconcerting. The
start with the formation of a “peanut” structi#eand then measured inverse mobility for thesg&dimer is 4070+ 10 V
proceed through a variety of capsular or elongated cage isomerss/n?. With the projection approximation, the only isomer that
All theoretical studies indicate that elongated fullerene cages has a calculated inverse mobility close to the measured value
are less stable than the more spherical Aés47 Therefore, is a stick-bridged geometry (0.9% difference). Therefore, the
it seems likely that the broad distribution of fullerene isomers projection approximation would have led us to make the wrong
observed at low laser fluences results from the quenching of structural assignments. As discussed above, the projection
metastable, elongated fullerene geometries before they haveapproximation ignores long-range interactions between ions and
converted into the most stable fullerene isomer. As noted above,buffer gas atoms and replaces the collision integral by the
the fullerene peak narrows and shifts to slightly shorter times average geometric cross section so that it does not treat the
as the laser fluence is increased. This is consistent with thescattering properly. In particular, it ignores multiple scattefthg.
extra heat generated by the increased laser power, annealingnverse mobilities calculated for §g), by the exact hard-spheres
more of the elongated cages into lower energy near-sphericalscattering modé? are also shown in Table 1. The exact hard-

tight binding scheme®,?” density functional based meth-
0ds}7:282%9and Hartree-Fock?) predict the [2+ 2] cycloadduct

to be the lowest energy structure for neutrajgjeand the lowest

or second lowest for (§)2~. For G'C7o and (Go)2 the
measured mobilities for the dimer isomers are also consistent
with a [2 + 2] geometry formed at a-55 bond of Go.

Discussion

cages. The fullerene cage peaks fagd2~ and G/~ are spheres scattering model also ignores the long-range interactions
also broader when these clusters are derived from the fullerenebut treats the scattering process rigorously for a hard-sphere
film, presumably for the reasons discussed above. potential. The mobilities given by this model for all geometries

The ion mobility measurements for thegdCdimer are of (Cs0)2, Cso Cro, and (Go)2 considered here are within 0.6%
consistent with either a [2 2] cycloadduct or a singly-bonded  of those determined from trajectory calculations. This indicates
(aza) geometry. The [Z 2] geometry is the most plausible, that the main deficiency in the projection approximation in this
for the following reasons. Hunter et Ahave estimated that ~ case is its failure to treat the scattering process properly. This
the activation energy for dissociation ofgfp* is 1.5 eV. This  is not surprising because the-€le potential that we used was
is similar to the value of 1.25 eV found by Eklund and co- normalized for Gg*/~, and the difference between the effective
worker¢ for the activation energy for the dissociation of the potential of a fullerene and a fullerene dimer is small. However,
bulk [2 + 2] Cso polymer. The latest calculatiotsyield a value regardless of the origin of the discrepancy, it is obvious that
of <1.6 eV for the dissociation energy of the neutraH22] the simple projection approximation is inadequate and that it is
dimer. The single bond in the aza adduct is reported to be muchdesirable to perform mobility calculations with a more rigorous
weaker2l-23and the aza adduct only appears to form in the solid model to avoid assigning the observed features to the wrong
state when the [2+ 2] pathway is inhibited by the steric geometries.
hindrance that occurs in solid fullerides below the transition
temperature for free rotatio-2%51.52 All the theoretical Acknowledgment. We gratefully acknowledge the National
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