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Abstract

lon beam scattering techniques are used to examine interactions of transition-metal iong,witlerGhe collision energy
range from 1-100 eV. The metals studied are iron, manganese, chromium, molybdenum, and tungsten. For each metal ion,
addition to charge transfer and dissociative charge transfer, two distinct types ffdd@plexes are observed. One forms
with no activation barrier at low collision energies, is weakly bound (1-3 eV), and always decomposes by loss of metal. We
attribute this to an exohedral coordination complex, as has been proposed by others who have seen this type of complex.
second type of Mg, complex is observed at collision energies abevE) eV. This high energy complex has a substantial
activation barrier to formation, is chemically bound, and decomposes by loss of metal dicarbigeof\iztal. We propose
that this complex is a network bound structure, with the metal atom probably sitting above the fullerene surface, chemically
bound to two or more carbon atoms. (Int J Mass Spectrom 185/186/187 (1999) 603—-615) © 1999 Elsevier Science B.V.
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1. Introduction [14], electron spin resonance (ESR) [4], and neutron
activation [20].

Metal-fullerene interactions are of interest from the There are three distinct binding arrangements for
viewpoint of materials, inorganic chemistry, and be- the interaction of heteroatoms with fullerenes. For
cause they apparently mediate/catalyze growth of most of the metallo-fullerenes studied, the binding is
carbon nanotubes. Chemically stable metallo- endohedral, i.e. the metal atom is trapped inside the
fullerenes have been prepared and studied by a varietycarbon cage. It has been shown by Laskin et al. [21]
of methods [1-6], including mass spectrometry [7-9], that an endohedral neon atom has a minor effect on
and electron paramagnetic resonance (EPR) spectrosthe cage binding, although lanthanum has a relatively
copy [2,6,7,10]. Some metallo-fullerenes have been stronger effect. Of interest for comparison with our
isolated in sufficient quantities [9,11-16] to allow results is the study by Pradeep et al. [16], who
characterization by methods such as x-ray diffraction prepared bound Feg by carbon vaporization in an
[17], EXAFS [16,18,19], UV/VIS/IR spectroscopy atmosphere containing Fe(COHis results with lig-

uid chromatography/mass spectrometry (LC/MS),
Mdssbauer, and EXAFS suggest that an endohedrally
. . bound species was formed with a near-zero oxidation
* Corresponding author. . . .
Dedicated to Professor Michael T. Bowers on the occasion of his State iron atom bound to the interior surface of the
60th birthday. cage.
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Metals can also bind to the outside of the fullerene directly sensitive to processes where the mass changes,
cage, essentially as coordination complexes. Numer- including fragmentation by Closs (“evaporative cool-
ous transition metal complexes of fullerenes in aque- ing” [34,35,40—43], or loss of metal-containing frag-
ous solutions have been investigated, some of thesements. The product branching observed in our experi-
metals having been Fe, Mo, Rh, and Ta [22], Ni, Pd, ments is determined by the competition between these
and Pt [23] and other transition metals [12]. In these fragmentation channels and other cooling mechanisms
complexes, the fullerenes act like polyalkenes and the including radiation [44,45] and electron emission
metal atom is attached in a dihapto fashion to a 6—6 [37,46]. Because we are concerned with cooling of
double bond of the fullerene [23,24]. These externally nascent ¢, and MG}, cations, cooling by thermal
coordinated complexes have also been prepared in theelectron emission is not a significant cooling mecha-
gas phase by thermal or low energy ion molecule nism, however, radiation is probably important.
reaction [25-29]. It has been shown by Bohme and  For IR fluorescence Lifshitz and co-workers [47]
co-workers [27] that the mode of bonding between the assumed a radiative decay rée= 100 photons/s
metal and fullerene in these complexes is the same aswith an average frequency of 1000 ¢ In our
the solution complexes. experimental time scale (few hundred) this is a

Heteroatoms can also chemically bind to, or sub- negligible cooling channel. On the other hand, Kol-
stitute for, carbon atoms in the fullerene network. odoney et al. [45] found that blackbody radiation was
Smalley and co-workers [1] were able to produce an effective cooling channel in their experiment,
CsoB by laser vaporization, where the boron atom was based on analysis of time-of-flight distributions of
believed to be substituted for a carbon atom in the effusive molecular beams. For hog{with an initial
network. GoN* has been observed in our lab follow- temperature around 1990 K, a temperature decrease of
ing high energy impact of N on Gy, and this was 136 K was estimated in the 3 millisecond experimen-
proposed to be a substitution compound as well [30]. tal time window. Similar results were observed by
Jarrold and co-workers [31,32] observed features that Campbell and co-workers who found thag,Gnole-
were interpreted as network-bound metal-fullerene cules in their beam cool by both evaporative and
(n < 60) complexes in mobility measurements. Since radiative channels [48]. Consistent with Kolodney,
metal atoms are significantly larger than carbon, these Campbell and co-workers concluded that radiative
species are believed to have the metal bound on thecooling can influence the unimolecular reaction rates
outside of the fullerene framework. of fullerene ions in their experiment [49]. Andersen

We have previously used ion beam scattering to and co-workers [44] studied the radiative cooling of
probe fullerene interactions with rare gases [33—35], negatively charged fullerene ions by following the
alkali cations [36,37], main group atoms, and small thermionic emission as a function of time after injec-
molecules [28,30,38,39]. This approach has allowed tion into the heavy-ion storage ring ASTRID. Fog{
examination of charge transfer, dissociative charge at ~1500 K they obtained a radiative cooling rate of
transfer, endohedral penetration, trapping and escape,~190 eV/s, which is 2 orders of magnitude more than
and chemical bond formation. In this article we report expected from infrared radiation. This is in rough
our results for the transition metal cations, F&In™, agreement with the radiation intensity for neutrgl,C
Cr*, Mo*, and W' reacting with G, Note that we  at 1800 K estimated by Kolodney et al. and indicates
previously made preliminary reports of some of these that the additional electron indg probably does not
experiments [28,29], but in this article we have more play a decisive role in the radiative cooling.
accurately defined the energy scale, and more care- For the present metal G systems, we do not have
fully analyzed the binding energetics. enough thermochemical information to analyze our

In our experiments, internally excited fullerene experimental results to obtain quantitative MgC
product species are produced, and these decay/cool bybinding energies. We will present a semiquantitative
a variety of competing mechanisms. We are only analysis in which we will neglect radiative cooling.
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This allows our results to be compared directly with
earlier studies of g, decomposition that also ne-
glected radiative cooling.

2. Experiment

The experimental arrangement and operating con-

ditions have been described in detail elsewhere [50]
and will only be summarized here. FeMn™, Cr",
Mo™, and W" were produced by electron bombard-
ment ionization of the metal carbonyls Fe(GO)
Mn,(CO),, Cr(CO);, Mo(CO);, and W(CO} (Alfa).

605

sector. The reactant ion beam current after the mag-
netic sector is about one nano-ampere. The selected
metal ion beam is then injected into a second octapole
ion guide system that sets the collision energy. This
ion guide serves both to guide the reactant ion beam
through an oven containing theggvapor, and to
collect both the reactant and product ions for detec-
tion. The ions are mass analyzed with a double
focusing electric/magnetic sector mass filter, and
counted with an on-axis conversion/scintillation de-
tector [56]. For these experiments, tR&Cr, >*Mn,
>%Fe,*Mo, and*®W isotopes were selected. Thg,C
sample used in these experiments is from Hoechst and

The carbonyl was degassed repeatedly, then the vapoiit is 99.9% pure. The oven is heated+®00 K, and

was introduced into the ion source via a stainless
capillary tube with flow rate controlled by a leak
valve. To reduce decomposition of the carbonyl vapor
in the inlet system, which gets heated by the ion
source filament, the inlet tube is water cooled.
Electron ionization (60 eV) of organometallics can
produce significant populations of ion excited states,

the G, pressure is estimated to bel0™’ Torr. This

is consistent with the vapor pressure estimated from
Knudsen cell data [57] (1.4% 10 ' Torr). In these
experiments, the collision energy is determined by
retarding potential analysis of the reactant beam at the
point of injection into the scattering octapole. In order
to separate the effects of beam energy spread from

and there are many excited states of transition metal possible space charge effects on the injection process,

ions, some of which are metastable [51-55]. The

retarding potential analyses were run both under

population of excited states depends on the transition normal operating conditions and with beams where

metal used. It has been reported that only small
fractions of F€ metastable states-@% with 0.5 eV

the current was attenuated by a factor-e100 by
defocusing at the first mass filter acceleration stage.

above ground states) are formed in electron ionization These low current beams should have the same energy

(El) of Fe(CO), [54]. At the same time approximately
26% metastable excited states of “Cions were
produced by 70 eV electron impact on Cr(G@54].
Electron impact on Mg(CO), produced 22% meta-
stable excited states of Mrions [52]. Our experiments
with electron impact energies less than 60 eV certainly

spread, but have less effect from space charge. In fact,
little difference was found in retarding behavior,
indicating that space charge is not a significant prob-
lem under our normal conditions. The zero of the
collision energy scale is defined relative to the energy
where half the beam is transmitted. This behavior is

allow production of excited states. Our source pressuressomewhat different from what we observed in earlier
and residence times are such that most nascent ionswork with rare gas and alkali beams, probably due to

make several collisions with the carbonyl vapor, and

the higher currents possible in those systems. The

this should deplete the excited state populations to uncertainty in the collision energy scale is roughly 2
some extent. No attempt was made to study the effecteV because of the width of the primary ion beam.
of these excited states on the reactions, however, the The main problem with our experimental arrange-

reactivity of the transition metal ions is quite high,
and it is unlikely that even 10% excited state contam-
ination would give an observable signature.

The mixture of ions generated in the source is
injected into a radio-frequency octapole ion guide,

ment is that the kinematics for collection of some
product ions are poor. The worst case is charge
transfer (CT), which we have found [33—-35] to give a
substantial fraction of slow £, even at high collision
energies. For the more interesting dissociative charge

then mass filtered by passage through a 90° magnetictransfer (fragmentation) channels, the momentum
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Relative Cross Section
Relative Cross Section

Collision Energy (eV) Collision Energy (eV)

Fig. 1. Collision energy dependence for all significant product Fig. 2. Collision energy dependence for all significant product
channels observed in the reaction of Rgith Ce. channels observed in the reaction of Mwith Cg,

transfer approaches 100% inelasticity [35], and thus been reported [28,29], but are replotted for compari-
the product ions are forward scattered with enough Son using our current understanding of the correct
energy to be easily collected and detected. The samecollision energy scale. Because of uncertainties in
is true for the MG, complex ions, with the exception ~ collection efficiency and &, target density, each data
that at low collision energies, the products may be slow Set has been normalized so that the total cross section
and difficult to collect. In the plots below we give only at high collision energies is 1.0.
relative cross sections. We believe that the uncertainty is
quite small ¢10%) for the fragment and complex 1
channels, but may be 50% for thelproduct. Ceo’
Compared to the alternative approach [58—-65] of |
scattering fullerene ion beams from atomic or molec- |
ular targets, we have two major advantages. Oy C 01
reactant is thermal at 600 K, giving a well defined and
relatively cold internal energy distribution compared
to typical G, sources. In addition, we are easily able

ve Cross Section

to study reactions with reactive species such as metal 2, | T' / o s .
ions, where preparation of the corresponding neutral & /3 v e
target vapor would be difficult. nr
Y d " Cgy
| l/./. * s .
3. Results and discussion 0.001 - H.\ . t/ ' C cgt 1
The relative cross sections for all observed MC 0 20 40 60 80 100
and G products are plotted in Figs. 1-5 for reaction Collision Energy (eV)

+ + + + :
of F_e ; Mn®, Cr", Mo", and W', respectively. Fig. 3. Collision energy dependence for all significant product
Preliminary results for Fe Mn™, and My have channels observed in the reaction of'Grith Cg,.
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Fig. 4. Collision energy dependence for all significant product
channels observed in the reaction of Mwith Cg,.

3.1. Charge transfer: g,

The dominant product channel at all collision
energies is charge transfer (CT), [see Eq. (1)] produc-

ing Ceo

Relative Cross Section

Collision Energy (eV)

Fig. 5. Collision energy dependence for all significant product
channels observed in the reaction of"Wiith Cg,
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M* + Cgo— M + Cf, Q)

The only exception is for My, where MnG, domi-
nates at low collision energy. For the metals studied
here, the CT energetics vary from 0.26 eV exoergic
(Fe") to 0.84 eV endoergic (Ci, calculated using
7.61 eV for the ionization energy of5[66], and data
for the metals from Lias et al. [67]. Despite the
variation in energetics, CT is at least reasonably
efficient (our best estimate is that> 50 A?) for all

five metals, with little dependence on collision en-
ergy. Lack of collision energy dependence is consis-
tent with earlier observations [34,35] thag{Jpro-
duced by exoergic CT is very slow in the laboratory
frame, i.e. there is little conversion of collision energy
in the CT process. Similarly, in alkali ion scattering
from G4 [36,37], very little endoergic CT is ob-
served, even at collision energies far in excess of the
endoergicity. The conclusion is that CT is driven
largely by internal energy in thedg product. In our
case the 600 K g have, on average;-2.5 eV of
internal energy. This is large compared to the reactant
product energy differences for the transition metal
systems, but comparable to the CT endoergicity for
the alkalis (2.2 to 3.3 eV for Li to K).

CT continues to dominate the product distribution
at high collision energies. This implies that most
collisions lead to CT with low enough collision-to-
internal energy transfer such that the resulting iS
stable for our 100—-80@s detection time scale. This
is consistent with our observation that most CT
products have low laboratory velocities [34,35], again
indicating little translational inelasticity. We have
observed the same behavior for a wide range of atom
and molecular ions scattering fromg{ and the
dynamics are discussed in a recent article [35]. We
interpret this behavior as implying that CT occurs
mostly in large impact parameter, grazing collisions.

3.2. Fragmentation: €, »,

At high collision energies we observe a series of
Cdo_, fragment ions. A qualitatively similar pattern
of successively smaller fragments is observed in all
the ion G, scattering studies we have made. For ions
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like the rare gases, the fragments are clearly generatedThis is consistent with the unimolecular decomposi-
by dissociative charge transfer (DCT) events where tion kinetics reported for g, by Foltin et al. [42], that
enough collision energy is converted to internal en- indicate~40 eV of internal energy is required in the
ergy of the nascent &g product to result in decompo-  nascent §, CT product to drive decomposition talg
sition (reaction 2): + C, within our experimental time window. For the
TM* + Cg, Systems reported here, where CT is
roughly thermoneutral, the DCT mechanism should
lead to a Gg appearance energy37 eV (collision
G+ 2G, (2) energy+ thermal energy= 40 eV), while the actual
appearance energies are onh20 eV. In this low
collision energy range, at least, theigCmust be
generated by a chemical reaction:

For the rare gases, the energetics are reasonably clear,
and the principal factors determining the appearance
energy of a given fragment are the collision-to- Chemical reactions must also contribute to formation
internal energy transfer dynamics and the unimolecu- of other G,_,, fragments at higher collision ener-
lar decomposition ratek(E). Collisional energy  gies, since they uniformly have appearance energies
transfer determines the amount of internal energy well below those expected for a true DCT process.
available to drive fragmentation of the nascerh,C  Most likely, MC, elimination (3) allows production of
and the unimolecular decomposition rate determines CZ, with higher internal energies than would be
the extent to which the & will fragment during the  possible for G elimination, and this shifts the appear-
experimental time window. The energy transfer dy- ance energies for daughter fragments as well. Presum-
namics for rare gas ions are discussed in a recentaply, as collision energy increases, formation of
article dealing with rare gasg collision dynamics  chemically bound M@, becomes less likely, and true
[35], and we have previously described energy trans- DCT processes become more important in the frag-
fer in alkali ion Gy, collisions [37]. The conclusion  mentation channels.

reached is that the collisional inelasticity (fraction of

collision energy converted to internal energy) ap-

proaches unity for a significant fraction of the colli- 3.3. Low energy adduct

sions leading to DCT. Our interpretation is that for

nonreactive projectiles, DCT happens primarily in For all the systems studied, an MyCadduct is

low impact parameter collisions, and at high energies observed at low collision energies. These adducts

these collisions are highly inelastic. High inelasticity have cross sections that decrease rapidly from peak

is predicted by any impulsive model [34,37] that takes values at low collision energy. For most of the

into account the fact that the collision energy is much reactants, there is a clear second component that turns

higher than the bond energies, so that the projectile on at energies above 10 eV. This high energy com-

interacts with only a few atoms at a time. ponent will be discussed in the next section. To allow
From comparison with the rare gas DCT behavior, comparison, the Mg, channels for all five transition

it is clear that the DCT mechanism (2) cannot account metal cations are plotted together in Fig. 6.

for the fragmentation signal observed at low collision In our single collision environment, adducts are

energies for the transition metal cations (TM For unstable with respect to dissociation, either back to

example, in A + Cg, the CT process is 8.15 eV reactants or to products. The collision energy depen-

exoergic, and most of this electronic energy ends up dence is determined by two factors. If there were an

as internal energy of the nasceng,(roduct. The activation barrier for formation of the Ml we

appearance energy for Ar+ Cg, — Clgis 31 eV. would see threshold behavior. With one exception, all

M‘ + C60 - M+ Cgo." C;S + CZ

. +
+ContnCy

+ Cgqo—> MC{y, — MC, + Clg (3)
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A ‘ 1 MCdo > M™* + Cso and MCl; =M + Cgy
*  FeCyp O MoCgy" | (4)

Neither channel can be monitored directly because of
interference from the primary Mbeam and from the
C¢o charge transfer product. Given that CT occurs
with similar cross sections for all transition metal ions
studied, independent of the exo/endoergicity of the
CT reaction, it seems likely that both Njgdecom-
position channels are important.

We can fit the collision energy dependence of the
low energy adduct signal with an RRKM-based sim-
ulation of the experiment [35], and extract an estimate
of the (M — Cgo) " binding energy. These turn out to
be in the 1-3 eV range, but we are not able to give
more precise values because of the sensitivity of the
Collision Energy (eV) extracted binding energy to the collision energy un-
certainty.

Our observations of a low energy adduct are
consistent with earlier experiments by Freiser and

the MC{, cross sections peak at low energies, indi- CO-Workers [25] who observed formation of a RsC
cating that any barriers to Mig formation are too ~ complex from the reaction of [Fe€lz,] * (n = 2-5)
small to significantly affect the formation probability ~With Ceo at thermal energies. Based on their resullts,
at low collision energy, bearing in mind that our they proposed that this low energy species is an
600 K C,, reactant has an average internal energy of exohedral coordination complex. That structure is
2.5 eV. For Cr@,, the cross section does turn over at consistent with the observation that there is little or no
low energies, possibly due to a barrier. Note, how- activation barrier to Mg, formation. Freiser and
ever, that adduct collection efficiency at low collision Co-workers estimated that the Fe Cg, binding
energies is problematic and the turnover could be an €nergy is~1.7 eV, again consistent with our estimate.
artifact. Once formed, the probability that Mg In another experiment, Freiser and co-workers [68]
survives to be detected depends on the unimolecularreported that collision-induced dissociation of J4C
decomposition time constant and the flight time to the Yields G5, + M, when M = Fe, Ni, Co, and Cu, and
detector. The flight time is well defined since it is just Yyields G, and M" when M = La and VO. RhG,
determined by the velocity of the center-of-mass in Yields a mixture of @, and Rh". The branching
the lab frame, and is a few milliseconds for these low between the two product charge states depends on the
energy collisions. As the collision energy increases, relative ionization energies ofggand the metal atom.
the energy available to drive unimolecular decompo- Because of interference from the primary beam and
sition increases, and the decomposition rate increasestom CT products, we are not able to address the
roughly exponentially. Since the flight time decreases branching.
only slowly with increasing collision energy, the Welling et al. [69] generated and stored a MgC
survival probability rapidly decreases. complex inside a linear ion trap. The Mggadduct

In the collision energy range where the low energy was prepared by reacting Mgons generated exter-
adduct disappears, the only significant product speciesnally by electron impact with neutral & vapor
is Cao- This implies that the only possible decompo- molecules. The dissociation of this adduct in the ion
sition channels are: trap was followed by mass spectrometry and laser

Relative Cross Section

Fig. 6. Comparison of the cross sections of the Jyl@dducts.
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induced fluorescence. They found two competing that the metal-g, bond in this adduct is the weakest,
dissociation channels for single photon excited consistent with the observation by us and others, that
MgCq [Eg. 5 (a) and (b)] MC¢, dissociates by metal loss.

In summary, we believe that the adduct observed at
low collision energies is an exohedral coordination
MgC — Ceo + Mg™* (5b) complex, bound by 1-3 eV, consistent with observa-

tions in other groups that such complexes form in
with the first channel [Eq. (5a)] dominating, in agree- thermal energy collisions. Even though the binding
ment with the ionization energies of Mg an¢XIE energies for these exohedral complexes are 1-3 eV,
for Mg = 7.644 eV, slightly more than IE of g = they survive to~10 eV (~12.5 eV average internal
761) They attributed the second decay channel to the energy) because of the |arge number of degrees of

photoexcited Mgg, complexes. They suggest an freedom available to store the excess energy.
exohedral complex of Mgg, adduct.

The relatively weak binding of these exohedral 3.4. Nature of the “high energy” adduct
complexes is consistent with them being coordination
compounds. The metal atom could conceivably be  The most interesting feature of our results is the
coordinated to a single carbon atom'), to a pair of  second, higher energy component of the cross section
carbon atoms at either a pentagon—hexagon or hexa-for MC¢, formation. The collision energy dependence
gon—hexagon boundary (botff), or to them cloud of  of this adduct shows that it is chemically distinct from
a pentagon 1f°) or hexagon £° [70]. Bohme and  the exohedral adduct formed at low collision energies.
co-workers [27] prepared Fgg by ion molecule  For Fe", Mn™, Cr", and Md", the high energy
reaction in a selected ion flow tube. Reaction of the component is clearly separated from the exohedral
FeGo with N,O and CO was studied, and they (low energy) adduct by a sharp minimum where
concluded that Fegs was dihapto coordinated to a intensity drops by at least an order of magnitude.
6—6 double bond of the fullerene. Visual inspection of the cross sections indicates that

It has also been shown by x-ray diffraction that the appearance energies for the four high energy
transition metals bind to & in a dihapto fashion,  adducts are all in the 8—10 eV range. The implication
where carbon-carbon double bonds qf, @ct like is that formation of this adduct requires a substantial
those of alkenes rather than aromatic molecules suchactivation collision energy, and this activation energy
as benzene [23]. It has been shown theoretically that is roughly the same for the four cations.
n? coordination above two carbon atoms betweentwo  For W', there is only a single cross section
hexagons is favored [70] over other sites. The prefer- component, however, this component extends to col-
ence ofn? bonding overn® or n° [68] is due to the lision energies well beyond the point where the low
fact that thep-orbitals of the pentagonal or hexagonal energy components for the other reactant ions have
rings of the fullerene molecule are tilted away from disappeared. One possible explanation would be that
the center of the ring because of the curvature of the the WC, exohedral coordination complex has a
Ceo Cage. substantially larger binding energy than for the other

In these exohedral complexes the transition metal transition metals studied, and that the high energy
atom coordinated to £ has a clear effect on thesg adduct observed for the other metals does not form for
cage. In [(GHs)sPLPtm? — Cgo) X (C,HgO) it has W™, As Fig. 6 shows, however, the trends observed
been shown that the two carbon atoms coordinated to for the other metals suggests a different interpretation.
the Pt are displaced outward from their positions in Note that when we go down the periodic table from
Cso Using EXAFS Pradeep and co-workers [16] Cr* to Mo™", the collision energy range where the
found that Fe—C distances for Fgrepared froma  high energy adduct is observed shifts to lower ener-
solution reaction are 2.03 and 3.46 A. They suggested gies, indicating that the high energy adduct becomes

MgCgo — Cgo + Mg (5a)
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less stable. If this trend continues, we would expect  The large variation in cut-off energies for NG
that the WG, high energy adduct would appear at implies a significant variation in the stability of the
even lower collision energies, possibly merging into  MCZ, adducts. Note that in the Cr—Mo-W series, the
the low energy component. Note that there is also a mass of the projectile increases, and this results in
hint of a shoulder in the W§ signal at collision  faster MG, and therefore, shorter detection flight
energies above-10 eV. Taken together, these obser- times. If these three adducts had similar stability we
vations suggest that the single broad component would expect the cut-off energies to increase from Cr
observed for W@, is actually composed of overlap- to W, however, the opposite is observed. Quantitative
ping low and high energy components. modeling is discussed below.

The observation that the high energy adduct sur- A major question is the structure of the high energy
vives to be detected (200-30fs) for collision adduct. We have seen that there is a significant
energies of 30—40 eV, implies that its binding energy activation barrier to forming the adduct and that the
is substantially higher than the 1-3 eV binding of the barrier is not strongly dependent on metal. The large
exohedral coordination adduct observed at low ener- barrier argues for an adduct formation process requir-
gies. In contrast to the rather similar 8—10 eV appear- ing C—-C bond breaking. The adduct is also chemically
ance energies, the peak energies and disappearanchound, with bond energies in the 3—6 eV range (see
energies are quite different for the different transition below). Since exohedral coordination seems to give
metals. The Mng, cross section peaks near 30 eV, rise to an activationless, weakly bound adduct, a
and falls to 10% of its peak value near 40 eV. In different bonding scheme is required.
contrast, the Mog, cross section peaks near 20 eV, One clue as to the structure is the approximately
and the adduct has essentially vanished by 30 eV. If metal-independent 8—10 eV appearance energy. An-
our deduction that the W(g high energy component  other clue is the decomposition product distribution
is merged with its low energy component is correct, for the adduct. The low energy exohedral adduct
the implication is that W¢; only survives to~25 eV. decays entirely by M or M elimination, as shown

The appearance energy of the high energy adductsabove. Based on the other ions observed in the
is a measure of the collision energy required to drive collision energy range where the high energy adduct

the system over the activation barrier to adduct decomposes, two product pairs are possible:
formation. The energy where the Njgsignal peaks is

determined by the energy dependence of both the MCgo—>M" + Cqo Or M + Cgg

formation cross section .and the survival propability, oMC, + Ciy or MCJ + Ceq ©6)
and therefore is not easily related to energetics. Note
that all the adduct cross sections have a relatively M™ and G, products are obscured by the primary ion
sharp high energy limit (cut-off energy). This sharp beam and charge transfer products, respectively, and
drop is expected for unimolecular decay of §§C  cannot be ruled out. £z also suffers interference from
because the internal energy increases linearly with dissociative charge transfer (DCT), however as ex-
collision energy Eit = Ecol + EihermalCso)l, @nd the plained above, the DCT process cannot explain the
unimolecular lifetime decreases approximately expo- Cqg signal observed for collision energies belev@7
nentially with excess energy. As the internal energy is eV. Comparison of the intensities of the Myand
increased, the lifetime of the adducts eventually drops Cdg signals indicates that Mdoss is a major decom-
below the experimental observation time, and adducts position channel for the high energy adduct. Indeed,
are no longer detected. The observation time is for the more weakly bound Mo and W' adducts,
determined by the flight time from the scattering cell only a small fraction of the adduct survives to be
to the mass spectrometer, varies with both collision detected, and the major signature of thé M Cgo —
energy and ion mass, and can easily be included in MCZ, — MC, + CZg process is the appearance g§C
modeling of the data. at low energies. As a further check on the importance
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of the (MC, + C.g)* decomposition product pair, we atoms/cations, on the other hand, are able to form
looked for MC; production. Because of the very chemical bonds that might weaken the bonding in the
different product collection/detection kinematics for carbon atoms around the attachment site. Just as
the light fragment ion, it is not possible to generate a weakened CC bonding might explain the lowered
guantitative estimate of the relative branching to MC penetration thresholds, it may also account for the

+ Cdg versus MG + Cgg however, MG is pro- preference for MGZMC; elimination, and the re-
duced in the collision energy range where MGs duced stability relative to & itself [42].
decomposing. Decomposition has been studied for a few endohe-

There are two obvious binding arrangements for dral metallo-fullerenes, and these results also tend to
the high energy adduct. For rare gases and alkalis, weargue against an endohedral structure for our adducts.
have found that endohedral adducts, where the het-For example, Pradeep et al. [16] observed peaks in
eroatom is physically trapped inside the cage, are mass spectra due to,Gnd G, losses from Feg,
important [35,37]. Indeed, in our preliminary reports generated from arc vaporization of graphite in an
on Fe" and Mn" scattering from @, [28, 29] we atmosphere of Fe(CQ)while our FeG, always loses
speculated that an endohedral complex might be the metal atom when decomposing. Lorents et al. [71]
responsible for the high energy adduct in these sys- found that fragmentation of endohedral M@M =
tems. In this scenario, the activation barrier results La and Gd, by energetic collision with various atomic
from the kinetic energy required to displace carbon and molecular targets, went by loss of, @nits,
atoms to open a hole for the projectile atom to enter. producing M@G,, (30 = n = 40) and by loss of
In the rare gas and alkali systems, we studied the metal-containing fragment ions MG (0 = n < 5).
penetration threshold behavior as a function of pro- On the other hand, Achiba et al. [72] and Lorents et al.
jectile size and mass, and found that the threshold [71] have observed metal dicarbide elimination from
energy increases substantially with size. The penetra- endohedral metallo-fullerenes upon laser or colli-
tion threshold increases from 30—43 eV from"AD sional excitation. Taking all this together, we believe
Xe*, and the results for the alkalis are similar. that our high energy adducts are most likely not

There are several aspects of the observations thatendohedral complexes, but we cannot rule out this
are difficult, but not impossible, to reconcile with possibility.
typical endohedral complex behavior. For atoms the  We feel that the more likely structure for the high
size of the transition metal monocations, we would energy adduct has the metal bound into thg, C
expect AEs for the high energy adduct in the 30—40 network, inserted into one or more CC bonds. For
eV range—far higher than the 8—10 eV observed. geometric reasons, the metal atom cannot simply
This might be rationalized by assuming that penetra- embed in the surface of theg{ and must either
tion is assisted by chemical interactions, i.e. metal protrude inside or outside the sphere of carbon atoms
carbon interactions that weaken the fullerene cage (exohedral network bonding). Based on the 8—-10 eV
around the impact site [16,23]. In addition, the rare AEs adduct formation, relative to the 30—40 eV
gas and alkali endohedrals we have studied all decom-expected penetration energy, we feel that the metal
pose primarily by G elimination, leading to a series atoms mostly remain external to the cage. Note that
of A@C¢,_»,, endohedral fragment ions. In contrast, Jarrold and co-workers [32] have shown that transi-
the MCZ, adducts decompose entirely by elimination tion metals can form exohedral network isomers with
of MC,/MC; and possibly M/M, and the binding fullerenes. At higher energies>@0 eV), it is not
energy (see below) is metal dependent. A difference unlikely that the metal sometimes ends up bound to
in decomposition energetics is not unexpected. The the inside surface of the sphere, corresponding to a
rare gas atoms and alkali cations involved in those type of endohedral complex.
endocomplexes are closed shell and do not interact For the exohedral network structure, the observed
strongly with the cage walls. The transition metal metal-independent 8—10 eV collision energy thresh-
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Fig. 7. Energetic diagram for the interaction of transition metal ions
with Cg.
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thermochemical information is available on metal
dicarbides, [67], and many different values are avail-
able for the dissociation energy ofginto Cig + C,.
Putting this information together we estimate that
Ecyo IS likely to be in the range betweeh2 eV.

In simpler cases such as decomposition gf & of
rare gas endohedrals, only one energetic parameter is
unknown, and the experimental decomposition versus
energy behavior can be fit to extract the desired
energetics. For example, Foltin et al. [42] have re-
ported a careful RRKM/QET based analysis qf,C
breakdown that has yielded a widely used number for
the dissociation energy ofgto Cig + C,. Even in
these simpler systems there is considerable disagree-
ment regarding the best fitting process, the importance
of radiative effects, and the value of the resulting
dissociation energy. A major source of uncertainty is

old can be rationalized as the kinetic energy required the nature of the transition state governing the disso-
to break CC bonds and distort the carbon cage to ciation process. For example, from our rare gas

allow insertion of the metal atom into the carbon
network. Our results do not provide much insight into
details of the bonding, however, insertion into a single
CC bond is perhaps most consistent with intuition and
with the observation that metal dicarbide elimination
is the dominant decomposition pathway.

4. Dissociation energy of MG,

We would like to extract from our data an estimate
of the adduct binding energy. A schematic energy
diagram for reaction of M with Cg, is shown in Fig.

endohedral data [34,35], we can extract the decom-
position (G elimination) rate as a function &, ;,

and can fit the results using an RRKM-based simula-
tion of our experiment. If we use a transition state
similar to that used by Foltin et al. [42], we get a
dissociation energy very close to the 7.1 eV value
they extract for G, As expected, the presence of an
endohedral rare gas atom has little effect on the cage
properties. If, on the other hand, we vary the transition
state properties from rather tight to near orbiting, it is
possible to extract dissociation energies that vary by
+50%. Fundamentally, the problem is that the de-
composition rates for such large molecules increase so

7, for the case where CT is exoergic. In cases where slowly with excess energy that experimental data

CT is endoergic, a similar diagram can be dratg,,

is the collision energyk,;, is the thermal vibrational
energy in the 600 K g, target molecules(E,;,) ~
2.5 eV),AE.t is the charge transfer exoergicify, is
the binding energy of the adduct with respect totM
Céo wd is the well depth with respect to MG+ Cgg
products,E.,, is the net exoergicity of the reaction
forming Cig, andE,,; is the total energy available to
drive the reactionk,,; is equal to the sum oE_,,
E.i,» EcT, @andE;. Because the energetics for these
systems are not well established, we have two un-
known energetic parameters, wd aig,, Some

would be required over an impossibly large dynamic
range in order to unambiguously determine the disso-
ciation energy.

In the MC, adducts observed here, there is the
additional complication that two energetic parameters
are unknown, thus the RRKM model is underdeter-
mined. We have found, however, that it is possible to
get a good estimate of the adduct binding energy (wd)
from our data. This is done by running a series of
RRKM-based simulations of the adduct breakdown
energy dependence, varyibg,, within a chemically
reasonable range-@ eV). It turns out that within this
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Table 1
Some physical properties of transition metal ions

bound complex that we tentatively attribute to inser-
tion of the metal atom into a C—C bond (network

Metal ions IE (eV) lonic size (A) AH (CT) binding). The network adduct decomposes largely by
Fe 7.87 08 ~0.26 MC,/MC; elimination, and estimates are given for
Mn 7.435 0.8 0.17 the energetics.

Cr 6.766 0.73 0.84

Mo 7.099 0.70 0.51

w 7.6 0.65 0.0
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endohedral complexes, and details can be found in
earlier papers. For these simulations, we used a
transition state model similar to that of Foltin et al.
[42], and our results are, therefore, dependent on the
unknown accuracy of this assumption. Our rationale
for using this model is that it, and the resulting 7.1 eV
Cg, dissociation energy, are well known and provide
a point of comparison for Mg,

The most strongly bound adduct Mg with
D(MnC, — CZo estimated to be 5.8 eV. This is
substantially lower than the 7.1 eV value for B(€
C2g), supporting the idea that the metal-carbon bond
formation weakens the neighboring CC bonds. For
iron and chromium the simulations gave nearly iden-
tical dissociation energies of 5.2 eV. For the heavier
transition metals the dissociation energy decreases:
D(MoC, — C,9)" = 4.3 eV andD(WC, — Cs9)* =
3.5 eV. This decrease in Mgoss energy probably
reflects greater disruption of the C—C bonding for the
heavier transition metals. As noted, there is insuffi-
cient information about Mg molecules to more
closely analyze the periodic trend.

5. Summary

We have demonstrated that the five transition
metal cations studied all form both a weakly bound
exohedral coordination complex, and a more strongly

metal cation chemistry.
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