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Transition metal (Sc, Ti, V, and Cr)Ceo binary clusters were produced in the gas phase by a two-laser
vaporization method. In the mass spectra of cationi¢Qwh)m*, for M = Sc, Ti, and V, clusters having the
composition of f, m) = (1, 1)*, (1, 2)", (2, 3)", (3, 4), (4, 4)", and (5, 5} were predominantly produced.
The peaks havingn( n + 1)* compositions are explicable in terms of multiple dumbbell structures, in which
metal atoms and & are alternately stacked. Clusters with composition (4,a8)d (5, 5) are presumed to

be ring structures. For QCso)m", however, a Cr atom is surrounded by threg, @orming a tricapped
structure, and the structure acts as a unit for larger stable clusters of (2344)", and (4, 4). lonization
energy measurements for neutrgl(’lso)m and a chemical probe method using CQ, &d GH, as reactants
gave information concerning the geometrical and electronic structures.

1. Introduction Cso molecules. Here, the superscript of the symbalenotes

how many carbon atoms inggare bonded to a metal atom.
We have successfully extended this method to other transition

metals of Sc, Ti, and Cr, producing binary clusters between

multi-transition metal atoms and multisg; Mn(Csg)m (M = Sc,

Ti, V, and Cr). In particular, as published elsewh¥rthe Co-

A laser vaporization methddhas made it possible to vaporize
metals having a high boiling temperature in a short time regime
and to produce clusters consisting of hundreds of atoms. The
application of laser vaporization to organometallic complexes

consisting of transition metal atoms and organic molecules hasC complexes exhibit a bonding feature different from that of
been performed extensively in the gas phase, and several group%ffc . a Co atom is tricapped by forming Co(Gg)s. In
independently have succeeded in the synthesis of novel orga-, . ¢ o3

nometallic complexe%:” Synthesis of organometallic com- this art.icle, we will discuss the difference in the bondi.ng.
. : - . _properties among them through the mass spectra, the reactivities
pounds in the gas phase is valuable because (1) their propertie o .
. : . : ) oward CO, Q, and GHg4, and ionization energies.

can be investigated without the environmental influence of
solvent and oxygen and (2) the preparation of metal atoms in
electronic excited states is expected to open up new reaction
pathways, producing novel compounds. For example, new Details of the experimental setup were previously described
organometallic compounds unknown in the bulk, such @s V  elsewheré®17 Transition metal (M)-Cgo binary clusters in the
(benzene) 8 and Ca(benzeng),® have been recently discovered.  gas phase were produced by laser vaporization using the second

The investigation of fullerene-based organometallic com- harmonic of two pulsed Nd:YAG lasers (wavelength 532
pounds is intriguing becausesdCacts as not only an electron nm). Each laser was focused onto a rotating and translating
donor but also an electron acceptor. This means that&n rod; one was a metal rod, and the other wasgar@d. The
also form an ionic complex with alkali metals, alkaline earth second vaporization laser was fired with~& us delay time
metals, and lanthanides. These peculiar ligand properties ofafter the first pulsed laser, which was adjusted to synchronize
Ceo make the studies of its derivatives attractive. Martin and with the flow speed of the He carrier gas in order to mix them
co-workers have reported that a fullerene can be coated in thehomogeneously. The fluence of the vaporization laser was 10
gas phase with layers of various met&ld and that Gy can be 15 mJ/pulse for the transition metal rod and-2®0 xJ/pulse
linked by carbon atom®. Complexes composed of a metal and  for the Gy rod. The vaporization of £ was very sensitive to
a few fullerenes have been independently reported by the Freisetthe laser fluence. For example, a laser fluence of more than
group and the Hercule group, who proposed a dumbbell structure200 xJ/pulse resulted in noticeable $@ss” fragmentation of
for M(Ceg)2" (M = Ni and Ag)131* Furthermore, Duncan and  Cg. Consequently, the laser vaporization of thg ©d should
co-workers have studied the photodissociation dynamics of Ag- occur downstream from that of the metal rod because the reverse
(Ce0)2".15 order results in the fragmentation ofd2lue to the high laser

Very recently, we have reported the production of vanadium fluence for the metal rod. The hot vapors of metal ang C
(V)—Ceso cluster cations (MCso)m') using the technique of two  were quenched to room temperature by a pulsed He carrier gas
independent lasers for vaporization of solid rods of vanadium (5—6 atm stagnation pressure), and—Ids clusters were
and Go.*® From the pattern of the abundant clusters in the mass generated. After the cluster beam was skimmed, the neutral
spectrum and the reactivity towarc@nd CO, it is concluded  clusters were ionized in a static electric field by an ArF excimer
that the W(Ceo)n+1™ (n = 1-3) cluster cations take chain laser (6.42 eV) or the second harmonic of a dye laser pumped
multiple dumbbell structures expressed byA#-Cso)n+1™, and by an XeCl excimer laser, whereas the cluster cations were
V4(Cs0)4™ takes a ring structure, with alternating V atoms and accelerated with a pulsed electric potentiaHt8 kV without
photoionization. The ions were mass-analyzed by a time-of-
*To whom correspondence should be addressed. flight (TOF) mass spectrometer with a reflectron. To detect

2. Experiments
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heavy cluster ions efficiently, an ion detector known as an “Even-
cup” was use# in which cations accelerated to 20 kV to hit a

cup-like aluminum dynode and the ejected electrons extracted

onto a grounded scintillator (NE102A, Oyokoken) were con-
verted into photons that were detected by a photomultiplier
(Hamamatsu, H6520).

To obtain information on the structure of MCg Clusters,

the chemical probe of adsorption reactivity for the clusters was

employed by use of the conventional flow-tube reat¢tomside
the flow-tube reactor, CO, £ C,H4, and GHg seeded in He
was injected in synchronization with the flow of the clusters,
and the adducts of MCgg clusters were also mass-analyzed.
In the ionization energy E) measurement, the second

harmonic of the dye laser was used as the ionization laser. The

photon energy was changed at 0-@L03 eV intervals in the
range of 5.92-5.0 eV, while the abundance and the composition
of the clusters were monitored by the ionization of an ArF laser.
The fluences of both the tunable ultraviolet (UV) laser and the
ArF laser were kept at~200 uJ/cn? to avoid multiphoton

processes. To obtain photoionization efficiency curves, the ion
intensities of the mass spectra ionized by the tunable UV laser

were plotted as a function of photon energy with the normaliza-
tion to both the laser fluence and the ion intensities of ArF
ionization mass spectra. THg's of the clusters were deter-
mined from the final decline of the photoionization efficiency
curves. The uncertainties of tHg's were estimated to be
typically +£0.05 eV.

3. Results and Discussion

3.1. Structures of Se-Cgo, Ti—Cgp, and V—Cgp Clusters.
Figure 1 shows TOF mass spectra of(%o)m™ (M = (a) Sc,
(b) Ti, and (c) V) cluster cations. Peaks of the cationic clusters
are labeled according to the notatiom, (m)*, denoting the
number of metal atomsf and Go (m). Under this condition,
the contribution of M™ cluster to M(Cso)m" formation was
negligible because the abundance of thg Mlusters ( > 2)
was less thad/ipo compared with that of the Matom. The
mass spectrum of JiCso)m™ Was obtained with a higher laser
fluence of vaporization compared with the others. As a result,

the clusters having rich metal atoms were formed abundantly.
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Figure 1. TOF mass spectra of transition metal @ Sc, Ti, and
V)_Cso cations, M(Ceo)m+: (a) SG(CGO)mﬁ (b) Tin(CGO)m+; (C) V-
(Ceo)m'. Peaks of the clusters are labeled according to the notatjon (
m), denoting the number of metal atomy @nd Go molecules if).

no reactivities toward @or CO gasi® where the V atom and
Ceo are alternately stacked. Both the striking similarities among
the three TOF mass spectra in Figure 1 and their reactivity
toward Q suggest that not only ¥Ceso)m™ but also S(Cso)m*

These TOF mass spectra indicate three common features. (iJand Ti(Ceo)mt clusters take the chainlike multiple dumbbell

The main products are (1,72)(2, 3)*, (3, 4)", (4, 4)", and (5,
5)*. (ii) The (4, 4)" product is more abundant than (3,74)
while (5, 4)" is less abundant than (4,%4)(iii)) The (4, 5)
product is scarcely produced; instead (5;" 5% the first
prominent peak in then( 5)" series.

To deduce the structure of the Mg clusters by the

structure or the ring structure. As shown in Figure 2, there is
no necessity for linear chain structures of if + 1)* atn =2

and 3 because dg consists of many rings for bonding sites;
there are 12 pentagonal rings and 20 hexagonal rings. As shown
in Figure 3e, moreover, there may be two plausible structures
for (5, 5), which are the ring of (4, 4) branching out (1, 1) and

chemical probe method, the reactivity of these abundant clustersa monocyclic ring, although we cannot decide between them.
toward Q gas was measured. Figure 2 shows mass spectra of By the use of an ArF laser, we obtained the TOF mass spectra

Tin(Ceg)m* before and after the oxidation reaction. The abundant
clusters with §, m) = (1, 2)*, (2, 3)t, (3, 4), (4, 4)", and (5,
5)* were nonreactive toward Dwhereas the other species
drastically diminished with the injection of Ofollowed by
O-atom adducts formation ({Ceso)mOx™). It is reasonably
presumed that an exterior Ti atom in,Csg)m iS a reaction
site for the oxidation becauses& itself does not show the
oxidation reaction. Namely, these results indicate that the Ti
Ceo clusters of (1, 2), (2, 3), (3, 4)", (4, 4)", and (5, 5F
have no exterior Ti atoms. As well as the-Ks clusters, the
abundant species of the S€gq clusters also show no reactivity
toward Q. As reported previously for Ceso)m™, the presumed
geometry of f, n + 1)t atn = 1-3 is a multiple dumbbell
structure (parts-ac of Figure 3) and that of{ n)* atn =4 or

of neutral M\(Cgso)m Clusters whose features are identical with
those of M(Csom' cluster cations. Then it is reasonably
presumed thatn{ m) = (1, 2), (2, 3), (3, 4), (4, 4), and (5, 5)
for neutral My(Cso)m clusters, which also have the dumbbell or
the ring structures. Experimentally, it was relatively difficult
to obtain the mass spectra of the neutral®o)m clusters by
photoionization compared with those of the,(sq)m' cluster
cations because of their low ionization efficiencies. This is
probably because their ionization energy is close to the photon
energy of the ArF laser (6.42 eV), which will be discussed below
in section 3.4.

3.2. Reactivity of Mn(Csg)m™ (M = Sc, Ti, and V) Cluster
Cations toward CO. To investigate the metalCgo bonding
in the dumbbell clusters, the examination of reactivity of M

5 is a ring structure (parts d and e of Figure 3) on the basis of (Cso)m"™ (M = Sc, Ti, and V) toward CO gas was performed.
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Figure 2. Expanded view of time-of-flight mass spectra before (top) and after (bottom) oxidation reactionsy(@)Ti; (b) Tin(Cso)2™; (C)
Tin(Ceo)s™; (d) Tin(Ceo)a™.

(@)

Figure 3. Proposed geometric structures of (a)(Wo)2", (b) Ma(Ceo)s™, (€) Ma(Ceo)s™, (d) Ma(Cso)a™, and (e) M(Ceso)s™ (M = Sc, Ti, and V).

Since CO can generally be regarded as a two-electron donor, +
the determination of the maximum number of CO adsorbed (n,1,k)=(1,1,0) Scn(Cep)1(CO)
(kmay €nables us to apply electron counting to the complexes. (b) before
The metal atom in M(Csq)m" is a reaction site for CO because

Ceo' itself is inert for CO as well as © The reactivity
measurement indicates that the abundant dumbbell/ring clusters @

were nonreactive, whereas the othef(®ho)" clusters reacted

with CO, forming carbonyl complexes. Figure 4 shows mass (2,1,0)

spectra of S¢Cqo)1", before and after the reaction with CO.

Sc(Ce)1™ clearly decreases, while §C€e0)1(COMT newly

appears. Even with a higher concentration of COy(Gg)1-

(CO)t is produced as a final product of £Csq):™, and (a) after
therefore kmaxis 4 for Sg(Csg)1™. On the other hand, as shown
in Figure 5, Ti(C50)1+ and Vl(C50)1+ resulted in Ti(CBO)l(CO)3+

and Vi(Cesq)1(CO)™, respectively, and thekmayx is 3.

For organometallic complexes, the 18-electron rule is useful
for discussing their electronic stability qualitativéR/.Armen-
trout and co-workers have reported that V(gQynd Ti(CO)+
are formed up to = 7, satisfying the 18-electron rule strictly.
However, the dissociation energies of V(GQ)Y —CO and those | | I |
of Ti(CO),—1™—CO atn = 7 are about half of those &t = 700 750 800 850 900 950
4—6, suggesting that the satisfaction of 16 valence electrons Mass number (m/z)

(VEs) can make the clusters stable toward the CO additi®h.  Figure 4. TOF mass spectra of §€«)1(CO)* (a) after and (b) before

On a MO diagram undeCs, or Der Symmetry, indeed, the 9th  the reaction with CO gas. Peaks of the clusters are labeled according
orbital, which is filled by the 17th and 18th electrons, has to the notationt, 1,Kk), denoting the number of Sc atomy @nd CO
nonbonding character, leading to less electronic stabiliz&#ion. molecules k).

In fact, almost no Ti(CO)" and V(CO)* were observed under As shown in Figures 4 and 5, §{fCs0):™ can bond four CO

our conditions, while Ti(CQ)" and V(CO}" were abundantly  for Sc kmax = 4) and three CO for M= Ti and V (Kmax = 3).
producec®* The total numbers of VEs of Ti(C@) and Assuming that G acts as am®-ligand, Sg(Cs0)1(CO)™ has
V(CO)s™ are 15 and 16, respectively, so the criterion of 16 VEs 16 VEs, whereas MCs0)1(CO)™ has 15 (16) VEs for M= Ti
seems able to explain the electronic structure after CO adsorp-(V). If Cgo behaves as an®-ligand, Ti(Cep)1(CO)' having

tion. 14 VEs should react with one more CO to satisfy the 16 VEs.

lon intensity (arb. units

(1,1,4)
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Figure 6. Time-of-flight mass spectrum of gCso)m™. Peaks of the
clusters are labeled according to the notation rf), denoting the
number of Cr atomsn) and Go molecules if).
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energy separation that Sc never bonds to CO without the
m-donor ligands. Thus, an Sc atom can bond to CO after it
attaches to a complex with thedonor ligand, as seen in §c
(Ce0)1(CON™

3.3. Mass Spectra and Structures of C+Cgp Clusters.
Figure 6 shows a TOF mass spectrum of(Cgo)m™, Wwhere Cr
is located at the right of V in the periodic table. The main

700 750 800 850 900 950
Mass number (m/z)

Figure 5. TOF mass spectra of (a) f[Ce0)2(COX" and (b) Vi(Ceo)s- products of C{(Ceo)m™ Were i, m) = (1, 1), (1, 2)*, (1, 3)*,
(COX" after reaction with CO gas. (2, 4)*, and (5, 5 for m = 1-5. This pattern is apparently

) different from that of SgCso)m", Tin(Cso)m®, and Vh(Ceso)m™.
Furthermore, since the metdbenzene complex of M(éEI(;)l_+ For Ci(Ceom™, (1, 3)" and (2, 4F newly appeared as prominent
take the same number dfax toward CO as M(Ceo)",** it peaks. To deduce the geometric structure, the reactivity of the
is safely concluded that g acts as am®-ligand for Sc, Ti, Cr(Cso)m? Clusters toward @ ethylene (GHa), and GHs was
and V. investigated. For CrCgo, these reactants show similar reactivity

On the other hand, MCs0)2" has 14, 15, and 16 VEs for M for their adduct formation, although the reaction toward:@s
= Sc, Ti, and V, respectively. According to the criterion of 16 accompanied by fragmentation te¢t. Figure 7 shows mass
VEs, Sa(Ceo)2" can take one CO, but it shows no reactivity as spectra of Gi(Cso)m* (M = 1—3) exposed to ethylene with
described above. This is probably because the steric hindranceifferent concentrations, although the difference in the concen-

of Ceo avoids reaction with CO. In fact, Scfs)." is similarly tration is qualitative. Figure 7a shows the distribution of-Cr
nonreactive toward CO and,O In summary, in both M(gp)1* (Ceo)m™ (M = 1-3) before the ethylene reaction. At low
and M(Go)2" (M = Sc, Ti, and V), Go bonds the metal atom  concentration of ethylene (Figure 7b), only (1 Basily forms
at a hexagonal ring: ME-Ceo)1* and M@;5-Ceo)2". Further-  the adduct of (1, I)—C,Hs, whereas the others are almost

more, it is reasonable to extend this bonding scheme to that ofnonreactive. Since the Cr atom in (15} distinctly exposed
the other dumbbell clusters. They can be expressed#§°Sc  as an exterior atom, it is easy fophd to react. With increasing
Ceo)m™, Tin(7°-Ceo)m, and Vu(®-Cs)m'. This conclusion about  concentration of @H,, most of the Gi(Ceo)m™ forms the adduct.
the binding site is rationalized again by measurement of the Even with the high concentration o8, (Figure 7d), however,
ionization energy, as described below. only (1, 3)" remains nonreactive, indicating that the Cr atom is
It should be noted that a bare*Satom itself is nonreactive  blocked by three . As demonstrated by MCso)nr1it (M =
toward CO, while its G or CsHes complex is reactive. The  Sc, Ti, and V) in the preceding sections, the dumbbell structure
carbonyl complex of Sc(C@) has never been reported, and should lead to inertness af,(n + 1)™ toward the reactant gas,
we could not observe it in our experimentin contrast to Ti- but (1, 2) and (2, 3} for Cr—Cgo exhibit the adduct formation
(CO)X* and V(CO)*. Although the Sc atom is classified as as shown in parts ¢ and d of Figure 7. This result indicates
an early transition metal, its properties are different from others that they can afford the reactant gas to attach to the Cr atom(s).
in the electronic configuration. The larger radial extent of the Then the most plausible structure for (1723 a bent structure,
metal valence s orbital leads to large metfaand repulsion as shown in Figure 8a, where there is room for the reactant to
and hence longer bond lengths. The effect results in the groundadsorb. Since the reactivity of (1,"2and (2, 3 is less than
states of metatligand complex being derived from the excited those of otherr{, m)* (n > m) having more metal atoms, it is
states 38" asymptotes of the metal. Thus,Ndromotes ans  actually suggested that the Cr atom sandwiched by i€
electron to the d orbital to enhance bonding, from34% to partially exposed in (1, 2)and (2, 3}.
48 3d™, For Sc, however, it is relatively difficult to promote The (, 4)* series (2, 4), (3, 4)", and (4, 4}, as well as (1,
to the 3d@*! occupation because of the large energy separation 3)*, are also nonreactive toward ethylene even with the high
between the ground and excited states. Thus, the bondingconcentrations, while (5, #4)and (6, 4} were reactive. These
between an Sc atom and ligands often has an ionic charactefour species are also nonreactive toward the other reactant gases
rather than a covalent character, in contrast to Tiand V. In the of O, and GHs. Since an exterior Cr atom should react with
formation of an M-ligand complex, generally, early transition the reactant as discussed above, this result of the inertness is
metal prefers a-donor ligand such as¢8s, while late transition attributed to the fact that (2, %) (3, 4)*, and (4, 4 have no
metals prefer ar-acceptor ligand such as CO, depending on exterior Cr atom in the clusters, although the inert reactivity
the number of d electrons it has. Especially for Sc, therefore, does not directly offer any conclusion about the position of the
thes-donor ligand is so indispensable for overcoming the large metal atoms, i.e., whether the atoms are isolateddgpiCluster
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Figure 7. TOF mass spectra of §Cso)m™ reacted at different pressures

of ethylene (GH.) gas: (a) without ethylene; (b) with ethylene at low
pressure; (c) at intermediate pressure; (d) at high pressure. Peaks o
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Figure 8. Proposed geometric structures of (ay(Cko)2", (b) Ch-
(Ceo)s™, (€) Crx(Co0)3™, (d) Crx(Caso)a™, (€) CB(Cs0)a™, and (f) Cu(Caso)a™-
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Figure 9. Photoionization efficiency (PIE) curve for §€Csc)2. The
E; of the cluster was determined to be 5470.03 eV from the final
decline of the PIE curve.

d—f of Figure 8. In them, the tricapped Cr{g)s; acts as a unit
to form an @, 4)" series. For (2, 4), the first Cr atom
surrounded by threeggforms the stable Cr(§g)s, and then the
second Cr atom forms another local C¢ffg using the fourth
Cso, Which results in a double tricapped plane of (2}.4)or
(3, 4)" and (4, 4Y, the third and the fourth Cr atoms form
additional local Cr(Go)s groups, resulting in the trigonal
pyramid. In (4, 4}, therefore, two tetrahedra (trigonal pyra-
mids) of Cr and (Gg)s form a “face-centered tetrahedral
structure” without bonds between Cr atoms.

Thus, (1, 3} takes a tricapped planar structure in which the
Cr atom is surrounded by threggiFigure 8b). The stable (1,
3)" cluster is generally observed in the late transition metal
Ceo complexes, such as F€4,,2° Co—Cgp,1” and Ni—Cgp.2°
Namely, there is distinction between V and Cr of whether the
metal atom is bicapped or tricapped byeC If Cgp behaves
only as they®-ligand, the Cr atom should result in the stable
structure of a bicapped dumbbell similar to the bis(benzene)-
chromium molecule, Cr(§Hg)., which satisfies the 18-electron
rule. On the basis of the 18-electron rule, the formation of Cr-
(Ceo)3™ indicates that not all of the &g in it acts as they®-
ligand. As pointed out elsewhetéCqo is able to act as an
y3-ligand in Co-Cgo. Then the most probable structure is Cr-
(78-Ce0)1(7°-Cs0)2, Which satisfies the 18-electron rule; the three
Cso are not equivalent. In fact, the ligandgf-Cgo is suggested
by low ionization energy of (1, 3), as described below.

From a comparison of GiCgy with Co—Csg, the mass
distributions are different, especially at (2}+3)(2, 3)* for Cr—

Cso has enough intensity to be detected, while (2, 8y Co—

Cso is very weak andr{, 3)* are scarcely produced at= 2.7

This difference indicates that the chainlike structure might
contribute to form stable GiCso)s™ (Figure 8c). For the €
complex of early transition metals, a linear chain or a ring
structure is preferable, whereas for late transition metals a three-
dimensional lump structure becomes preferable. Cr is located
at the border between early and late transition metals so that
Cr—Csgo seemingly takes the chainlike structures as well as the
lump structures.

3.4. lonization Energies of Mi(Cs)m and M1(Ceg)m(CeHe)k
(M = Sc, Ti, V, and Cr). The ionization energiesE(s) of
neutral M(Csg)m Clusters (h= 1-3; M = Sc, Ti, V, and Cr)
and their benzene complexes were determined by a photoion-

with each other. Since the compositions of the stable speciesization spectroscopic method. Figure 9 shows the photoion-

in the (, 4)" series are the same as those of-@go,!” the
plausible structures of (2, 4) (3, 4)", and (4, 4) can be
presumed to be similar to those of €650, as shown in parts

ization efficiency (PIE) curve for G(Ceo)2. ThekE; of Cri(Cag)2
was determined to be 5.6% 0.03 eV from the final decline of
the PIE curve. In addition to this value, tlgs of the other
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TABLE 1: lonization Energy ( E;) of M»(Ceo)m(CeHe)x
Clusters (M = Sc, Ti, V, and Cr) in eV?

ionization energy

peaks in the mass spectra, the most abundant clusters for M
Sc, Ti, and V werer{, n + 1)*, the multiple dumbbell clusters.
From the reactivity of the dumbbell clusters toward CO, it was
concluded that they could be expressed ag§8¢so)m", Tin-

cluster M= Sc M=Ti M = Vb M =Cr (F5-Co” d V(- Cort. | ot for Me Cr. th
178-Coo)m’, and Vi(n%-Ceo)m*. In contrast, for M= Cr, the
M (C 5.92-6.42 592642 5.926.42 5.926.42
Migcﬁgi 5.75(5)  5.93(5) 5.82(5)  5.67(3) clusters of §, m) = (1, 2)", (1, 3)", (2, 4)", and (5, 5) were
M1(Ce0)3 5.71(5) abundant. From the reactivity towargk, (1, 3), (2, 4),
M1(Ceo)1(CeHe)1  5.54(3) 5.90(5) 5.61(3) 5.71(3) (3, 4)", and (4, 4} of Cr—Cgp Species have no exterior Cr atom,
M1(CeHe)2 5.05(5)  5.68(4)  5.75(3)  5.43(2)

and it was deduced that {{€s0)3™ forms the tricapped structure,
and (2, 4}, (3, 4)", and (4, 4} consist of the (1, 3) units. The
most plausible structure for €Ce0)s™ is a face-centered
tetrahedron. From the ionization energies a{G#g)1, M1(Cs0)2,
species are tabulated in Table 1. TheSs are vertical M1(Cs0)1(CsHe)1, and My(Ceo)s Clusters, it is suggested that the
ionization thresholds rather than adiabatic ones because av—Cg, bonding in these clusters arises from the interaction
Franck-Condon shift in theEs might be expected in the between d electrons of the metal atom andlectrons of the
production of the cations, where the charge would be distributed hexagonal carbon ring;$).
mainly on a metal atom. THgs of Sg(Ces0)1(CsHe)1, V1(Cs0)1-
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