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Abstract. Herein electronic structure as a function of cluster size has been probed through ionization
potentials measurements in order to derive general trends in the evolution of the structure and stability
of lithium oxide clusters Li,O,,. The structural evolution was investigated by varying progressively the
oxygen rate in order to observe transitions from the metallic Li,, to the ionic structure (Li2O),,. We have
demonstrated that this structural transition splits into three specific ranges. This result, in contrast with
the general behavior observed with other electronegative elements combined with alkaline or alkaline-earth
metal clusters, but similar to what is known about Ba,,O,, and Cs, O, constitutes a signature of a specific
role played by the oxygen atoms when included inside a metallic cluster.

PACS. 36.40.Mr Spectroscopy and geometrical structure of clusters — 33.15.Ry Ionization potentials,

electron affinities, molecular core binding energy

1 Introduction

Electronegative elements (X), embedded in metallic clus-
ters (M,X,,) give rise to various changes in electronic
properties depending on the metal concentration. On one
hand stoechiometric clusters (MX),, present a structure
close to the corresponding bulk, which is often an insulat-
ing crystal. Recent studies devoted to hydrides (LiH),, [1]
and oxides (MgO),, [2,3], (CaO), [4], (BaO), [5] and
(ZrOg),, [6] clusters show that the equilibrium geometry
of these species is of cubic symmetry and that the binding
between metal and electronegative elements is ionic. On
the other hand, pure metallic clusters M,,, and in partic-
ular alkaline clusters, are well known to have a metallic
behavior, being characterized among others by a valence
electrons delocalization in all the cluster volume. Among
both, the structure of mixed M,,X,,, clusters remains puz-
zling.

Two studies devoted to Li,H, [7] and Na,F,, [§]
(n > m) clusters show clear evidences of a segregation
between an ionic part (MX),, and the excess metallic one
Mp—,—m. However the case of mixed metal-oxygen clus-
ters appears more surprising if one refers to what is known
about Ba,,O,, clusters. Indeed, it has first been observed
by TP Martin [4] that adding a small number of oxy-
gen atoms (< 5) remains the icosahedral close packing
structure of pure Ba,, clusters. This has been confirmed
in our previous study on small Ba,O,, (n = 2 to 13,
m = 0 to n) clusters by ionization potentials measure-
ments completed by ab-initio calculations [5,9]. This last
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work shows that the transition between pure and stoechio-
metric clusters regarding to a structural evolution is due
to the forced reorganization of the cluster when the ratio
of oxygen atoms in the cluster reaches 60%. In particular
it has been demonstrated that the oxygen atoms tend to
be surrounded by an important number of barium atoms
by means of iono-covalent bond. This remark is also coher-
ent with the experimental results derived from laser exci-
tation of Cs,O,, clusters [10]. The question of the more
general character of this particular role of oxygen among
other electronegative elements arises from such observa-
tion. It has conducted us to propose a study of mixed
lithium-oxygen clusters where the oxygen rate is varying.
Regarding to barium clusters, lithium clusters represent
typical metallic ones. Indeed, Dugourd et al. have shown
that Li, clusters are described by the jellium model [11].
In particular, odd-even alternations as well as shell closing
effects appear in their ionization potentials. Furthermore,
this behavior still occurs for the metallic part Li, of the
(LioO)Li, clusters studied by Lievens et al. [12]. Accord-
ing to this last result, the possible particularity of oxygen
among other electronegative elements is still relevant. In
this paper we report on the measurements of ionization
potentials of (LizO),,Li, clusters with 1 < m < 15 and
0 < p < 28. These results are compared to calculations
performed by Density Functional Theory approach using
the Perdrew-Wang functional (1991).

2 Experimental set-up

Mixed lithium oxygen clusters are produced in a laser
vaporization source and analyzed in a Wiley-Mc Laren
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time-of-flight mass spectrometer (TOFMS) both de-
scribed in details elsewhere [13]. To obtain lithium clus-
ters, the laser vaporization is achieved by focusing a fre-
quency tripled Nd®**:YAG laser (355 nm, 12 ns, 20 mJ per
pulse) or a frequency doubled Ti:sapphire laser (400 nm,
30 ns, 4 mJ per pulse) on a rotating, translating 6 mm-
diameter isotopic lithium rod. A pulsed piezo molecular
beam valve is used to deliver a short pulse of carrier gas
that cools down the laser-induced plasma. A better cooling
is obtained with a liquid nitrogen circulation surrounding
the source. Helium carrier gas seeded with dioxygen has
permitted to produce Li,,O,, clusters. Using two different
concentrations of Os: 500 ppm and 1%, we were able to
produce a large distribution of Li,O,, clusters, from the
metal-rich Li, O to the stoechiometric (LizO),,. Two dif-
ferent laser systems have been employed for the threshold
photoionization measurements. A lambda-physik dye laser
pumped by an excimer laser provides photons from 3.0
to 5.8 eV. More recently, we made the acquisition of an
optical parametric oscillator (OPO Surelite Continuum)
pumped by the third harmonic of a seeded Nd?>+:YAG.
This system is used to cover energy ranging from 3.65 to
4.77 €V; and from 2.7 to 3.0 eV by frequency doubling.
The 3.0-3.65 eV gap is covered by use of the dye laser.
The ionic clusters so formed enter the TOFMS where the
ion signal is recorded by means of a micro-channel plate
coupled with a digital oscilloscope (Lecroy 9300) inter-
faced to a laboratory PC. Full time of flight mass spectra
are recorded at each ionization laser wavelength in order
to derive photoionization curve for each cluster size.

3 Results
3.1 Experimental results

In order to obtain different oxygenation rates of lithium
cluster oxygenated species we used two kinds of carrier
gas: He 6.0 + 500 ppm of Os to produce low oxygenated
clusters species Li,,O, Li,O2 and Li,Og3; and He 6.0 +
1% of Os to produce species close to the stoechiometry
(LizO),, and Li(LizO),. Notice that using light element
like lithium which presents a non negligible amount of
isotopes rapidly produces in mass spectra a peak for ev-
ery mass value. As a consequence and in order to ensure a
confident mass interpretation in our spectra we used the
"Li isotopic compound. With such material the first mass
overlap occurs for clusters with Liien, Om = Lijg(n—1)Omar
the first one concerned is LizoO which presents the same
mass peak than Li;gOg. Such mass overlap results in a
mass attribution limitation in our mass spectra interpreta-
tion; it wouldn’t be suitable to attribute mass peak above
240 u.m.a. This remark is only valid for series Li,, O,, with
m > 7; as no overlap can occur the mass peak attribution
is only limited by the TOFMS resolving power. Further-
more lithium is highly reactive with electronegative ele-
ments like hydrogen; as a consequence water adsorption
that occurs on the lithium rod surface gives rise, during
the laser vaporization, to hydrogenated compounds that
increase considerably the number of indesirable peaks. To
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Fig. 1. Mass spectrum of lithium oxide clusters obtained with
500 ppm of O2 in helium.

avoid this phenomenon, a preliminary vaporization session
was necessary to clean the rod surface in order to produce
water and hydrogen free clusters.

Clusters obtained under the condition of low oxygenation,
i.e. with 500 ppm of O, in He carrier gas

A typical spectrum is shown in Figure 1. With such spec-
tra we were able to investigate cluster sizes up to LizqO,,
with m = 1,2,3,4,5... with a decreasing signal intensity
depending on the m increasing value. The goal is to ob-
serve a sufficiently large amount of Li,O,, series in or-
der to investigate all the oxygenated rate from 0 to 0.5
in the recorded Li,, O,, peaks. Under these conditions the
low oxygenated series are well identified and especially the
Li; <300, Lip<2802 and Lip <2603 clusters families are the
most intense. The nucleation process conditions involved
here do not lead to the formation of the stoechiometric
(Li2O),p, clusters. Indeed, the Li4O2 and LigOs clusters
are absent in the spectrum (respectively mass 60 amu and
90 amu), while the used wavelength allows their observa-
tion as seen with the other carrier gas. To conclude, these
spectra have been devoted to the ionization potential mea-
surements of Li, O, Li,,Os and Li,, O3 clusters.

Clusters obtained under the condition of high oxygenation,
i.e. with 1% of O, in He carrier gas

A typical spectrum is shown in Figure 2. Owing to the high
oxygen rate such spectra exhibit a strong signal for the
near stoechiometric and stoechiometric clusters: (Li2O),,
and (LizO),Li up to m = 16. These spectra have con-
ducted to the ionization potential measurements of those
species.

Various empirical methods can be applied to determine
ionization potentials (IPs) from photoionization efficiency
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Fig. 2. Mass spectrum of Li,, O, clusters obtained with 1% of
O3 in helium.

(PIE) curves [10,14-17]. We used the most straightfor-
ward procedure which is widely applied for clusters. In a
PIE curve the intercept of the baseline and the first linear
increase is used to determine the ionization potential. This
method is called linearization procedure; it has been de-
scribed in an earlier paper [18]. It has to be noticed that,
in order to produce only the most stable isomers, we used
a liquid nitrogen cooled cluster source. We have listed the
ionization potential measurements in Table 1.

3.2 Calculation method

To reveal the origin of the some special stabilities dis-
cussed further, and to learn the structural trends in the
lithium oxide neutral distribution, Li,, O,, structures with
n < 10 and m < 3 are calculated. We have although de-
termined the ionization potential of each species in order
to compare them with the experimental data. Li,,—3. 100,
Lin—4..1102 and Li,—g.. 903 clusters systems are calcu-
lated employing density functional theory (DFT) and the
ab-initio Hartree-Fock method as implemented in GAUS-
STAN98 [19]. The DFT gradient corrected correlation
functional (Perdrew and Wang) [20] and the gradient cor-
rected exchange functional [21] are employed with the
Gaussian98 program (BPW91). All three electrons for
lithium atom and eight electrons for each oxygen atom
are treated explicitly. The 631G basis set has been em-
ployed throughout these calculations to obtain the cluster
geometry and energy of the most stable isomers. All ge-
ometry optimization are performed for the cluster ground
electronic state and with full relaxation of all geometric
coordinates. Clusters of these sizes may have many sta-
ble isomers corresponding to different local minima on the
cluster potential hypersurface. For each cluster size, geom-
etry optimization were performed starting from a number
of initial geometrical configurations to maximize chances
of finding the most stable isomer (the global minima on
the cluster potential surface). This procedure allows to
calculate the lowest energy level among isomers of each
cluster size. Indeed, energies are roughly estimated from a
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Table 1. Ionization potentials of Li, O, clusters. The uncer-
tainty is £0.02 eV for Li,O1,2,3 and (Li2O)mLi clusters and
+0.03 eV for (Li2O), clusters.

Number n Li,O Li,O> Li,Osz ... (Li2O)mLi  (Li2O)m
of lithium n=2m+1 n=2m
atoms

3 3.55 3.55

4 4.16 4.96 4.96
5 4.05 2.64 2.64

6 4.70 3.65 4.96 4.96
7 4.05 3.44 2.56 2.56

8 4.25 395 345 4.82
9 3.87 3.48 344 2.61

10 4.05 3.80 3.69 4.88
11 3.65 3.48 3.46 2.65

12 4.00 3.80 3.49 4.93
13 3.69 3.67 341 2.68

14 3.90 3.80 3.50 5.02
15 3.39 3.44 3.42 2.65

16 3.46 3.83 3.50 5.02
17 3.44 3.52 3.42 2.72

18 3.50 3.69 3.55 5.02
19 3.32  3.48 3.32 2.76

20 3.42 3.56 3.44

21 3.30 3.48 3.38 2.76

22 3.42  3.52 3.41

23 330 3.46 3.39 2.72

24 3.46 3.48 3.42

25 3.39 3.42 3.44 2.74

26 3.44  3.48 3.44

27 3.41 341 3.42 2.54

28 3.39 3.44 3.42

29 3.41 3.42 3.44

30 3.41 341 3.42

31 3.40 3.41 2.75

32 3.41  3.33

33 3.37  3.39

34 3.37 334

35 3.39

pair-wise semi-empirical potential designed as the sum of
a long-range type charge-charge interaction plus an expo-
nential term simulating exchange and penetration effects.
The expression of this potential is as follows:

v, — 6%

+ Aije_BijT.

For the charge ¢(O) of the oxygen centers as well as for
the charge ¢(Li) of the lithium centers in Li4O and for the
parameters A and B we used the values of reference [22]
and in order to reproduce various experimental data for
the ¢(Li) charge of the Li centers in Li,O,,, we used

q(Li) = %(O). For species with a large number of Li
atoms, the pair-wise potential V;; is no longer adequate
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Fig. 3. Ab initio structure of Li,O,, clusters obtained with
Gaussian 98.

to represent, even roughly, cluster energies. For these
cases, energies have been calculated using a semi-empirical
method namely AM1 [23]. For a lot of randomly chosen ge-
ometries, energy minimization is performed through gra-
dient techniques and from these numerous results stable
isomers are selected. We present in Figure 3 the geome-
try of the most stable isomer for the Li,O,, clusters of
interest.

In order to obtain adiabatic ionization potentials, sta-
ble structures for the corresponding cations LinOfQ,3 are
obtained through a gradient process using as initial ge-
ometries that ones previously determined for the corre-
sponding neutral species, energies being calculated with
the DFT/PW91 method. Ionization potentials are then
calculated as E(Li, O,,) — F(Li,,O},). Vertical IP corre-
sponds to the cation energy evaluated for the geometry of
the neutral while for the adiabatic IP the geometry of the
cation is optimized.

The optimized cation structures are not displayed in
Figure 3 because they were seen to be very similar to
that obtained for the neutral clusters. As a sign of their
differences we have determined for both the neutral and
its cation structures an average bond length 7 -7 defined
as follows:

& D
T = 5
=1 +p
where
N
_ d;
D, = =
2N

d;; is the distance between the atom 4 and one of its N
nearest neighbors. Differences between the values of 7 for
the neutral and its cation were found to be less than 2%.
The calculated vertical and adiabatic ionization potentials
are summarized in Table 2, and compared to the exper-
imental values. The agreement is roughly good, with no
differences above 0.5 eV.
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Table 2. Calculated values for vertical and adiabatic ioniza-
tion potentials in eV. The values are compared to the experi-
mental values.

Compound [Pyert IPyert — IPexp IPo IPq — IPegyp
Li2O 6.53 0O 6.25 0
LisO 4.36 (+0.8) 3.85 (+0.3)
Li,O 4.26 (+0.1) 4.25 (4+0.09)
LisO 4.25 (4+0.25) 4.04 (-0.01)
LigO 4.27 (-0.43) 4.12 (-0.58)
LizO 4.29 (4+0.24) 4.15 (4+0.10)
LisO 4.32 (4+0.07) 3.67 (-0.58)
LigO 4.47 (4+0.60) 4.36 (0.49)
Lii 0O 4.29 (4+0.24) 4.25 (0.20)
LisO2 5.49 (40.53) 5.33 (4+0.37)
LisO2 3.35 (+0.71) 3.36 (+0.72)
LicO2 3.59 (-0.06) 3.57 (-0.08)
LizO2 3.80 (4+0.36) 3.60 (4+0.16)
LigO2 4.06 (4+0.09) 3.98 (4+0.03)
LigO2 3.80 (+0.32) 3.72 (+0.24)
Li10O2 4.12 (+0.32) 4.00 (4+0.20)
Li1n Oz 4.01 (4+0.53) 3.78 (4+0.30)
Li12O2 4.32 (4+0.51) 4.04 (4+0.23)
LigOs 4.60 (-0.36)

Liz O3 3.47 (40.91)
LisOs 3.41 (-0.03)
LigO3 3.91 (40.47)

4 Analyze and discussion
Metal-rich clusters

As oxygen is a divalent element, one oxygen atom is at-
tempted to localize the valence electrons from only two
lithium atoms, leaving the remaining valence electrons
delocalized within the cluster. Indeed, evidence of this
phenomenon has been seen on Li, O clusters by Lievens
et al. [12]. The ionization potentials of Li,O clusters
present odd-even alternation and energy gaps for n =
10,22, and 42, as it appears in pure lithium clusters, but
for sizes shifted by two: n = 8,20, and 40. This is in agree-
ment with the spherical shell model of metallic clusters. As
a consequence, monoxide lithium clusters can be seen as
constituted by an ionic part (Li;O) and a metallic one Li,,
with p = n—2. To search for similar or contradictory signs,
the ionization potentials of Li,O,, (m = 1,2,3) clusters
are shown in Figure 4 versus the number p = n — 2m of
supposed delocalized electrons. The first striking feature
is the general similarity of these three curves. One of the
sign of a metallic behavior appears, with an odd-even al-
ternation of the IP values. Furthermore, those IP values
of large size clusters tend towards a 3.5 eV limit, close to
this of bare lithium clusters (3.3 eV). It has already been
noticed by Lievens et al. that increasing the Li, O cluster
size the influence of the oxygen atom becomes negligible
in the IP values. Indeed, it is reasonable to think that the
role of one and even three oxygen atoms is similar and
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Fig. 4. Ionization potentials of metal-rich Lij(Li2O)p, clusters.

that the clusters develop rapidly the metallic characteris-
tics of bare Li,, for increasing n values. Of great interest is
the comparison of this result with the calculated geome-
tries found for Li,O,, clusters; they show that in most
of the case the oxygen atoms are embedded inside the
cluster, surrounded by at least three lithium atoms. So, if
according to IP values, a metallic behavior characterized
by valence electrons delocalization seems to be present, it
is not clear that this effect corresponds to a geometrical
segregation between two ionic and metallic clusters like in
Li,H,, clusters, where the structure is an association of
two (LiH),, and Li, clusters. The lithium-oxide clusters
structures are closer to those of barium-oxide, pointing
out a coherent behavior of oxygen on which we will come
later. Furthermore, we should notice that no clear energy
gaps are seen in our results at the close shell sizes p = 8
and 20. Similarly the odd-even alternation is less and less
pronounced with an increasing number of oxygen atoms.

Near stoechiometry clusters

It is striking to see that the IP evolution of stoechiomet-
ric (LizO),, clusters is very similar to what we already
observed on (BaO),, clusters [5]. A large gap (1.3 V)
is observed between the LisO molecule IP and the first
cluster (LizO)z (see Fig. 5). The LizO bulk is an isolator
crystal with a band gap of 4.6 eV and a work function
estimated less than one eV below this value. So it ap-
pears that the IP of the (LizO),, clusters are all close to
the bulk work function, even for the smallest one (LizO)s.
Referring to ab initio AIMD calculations performed by
Finocchi et al. [24] on (LizO),, clusters, for m = 2 to
6 and our Gaussian calculations (see Tab. 2), limited to
m = 4, it appears that the D,,cq, values increases with
m and that the bulk value is reached beyond m = 6.
Nevertheless according to our experimental results, and
regarding the IP values, the bulk properties are observed
all along the (LizO),, cluster series and they start at the
very beginning of the series for n = 2. The equilibrium ge-
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ometries determined by these above calculations exhibit a
high compacity for the smaller clusters, therefore all those
structures are completely governed by electrostatic inter-
actions Li and O atom.

In opposite to these high IP values, those of clusters
containing one excess lithium atom (Li2O),,, Li appear very
low, with values close to 2.5 eV. In our calculations it
appears for those clusters a free electronic density region.
This situation is similar to the “F-center” type structure
of the Ba,, O,,_1 as well as the additional free electronic
density created in a stoechiometric Na,F,, cluster by the
addition of an external Na atom. This excess electronic
density is responsible for the drastic decrease in the IP
value when adding one metallic, electropositive atom to a
pure ionic cluster.

From metal-rich to stoechiometric clusters: transition
in the influence of oxygen atoms

From the two previous paragraphs, it appears that the
rate of oxygen is fundamental in determining the clusters
behavior. We then propose to plot the IP values versus
the ratio m/n of oxygen in a Li, Oy, cluster. By doing so,
the specific behavior of oxygen in metallic clusters appears
(see Fig. 6). Three parts can be distinguished:

— when the ratio of oxygen is roughly below 0.35, the
ionization potentials values are stable between 3.3 and
4.0 eV;

— for an oxygen ratio above 0.35, the ionization potential
decreases to reach the smallest values of the (LizO),,Li
clusters;

— finally, between (LizO),,Li and (Li2O),, clusters, a
large gap of roughly 2.5 eV is observed.

Before proceeding to the analyze of this particular behav-
ior, we should notice that these results are in agreement
with those of Bréchignac and coworkers obtained with an
evaporation experiment on Li, Oy, clusters [25]. It is strik-
ing that by another way, they also conclude to the loss
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of metallicity in (Li»O),,Li, clusters for which the ratio
x =p/(p+2m) is below 0.4. Yet this ratio is linked to the
ratio of oxygen atoms in the cluster : m/n = (1 — z)/2.
So z < 0.4 is equivalent to m/n < 0.3, which is a value
very close to the 0.35 we found. The first and the third
parts of this curve have already been explained in the two
previous paragraphs.

Below 35% of oxygen, the clusters are metal-rich ones,
in which the oxygen atoms do not influence the ionization
potential. Indeed electron is extracted from the metallic
region rather than from area where oxygen is present. For
this reason the metallic part of the cluster governs the
IP value in the same way as in pure metallic clusters as
long as the oxydated region is small as compared to the
metallic one. For increasing m/n values a new effect oc-
curs, the electronic energy levels of the metallic part are
modified as explained by Martin and coworkers in their
study of cesium oxides clusters [10]. With the assump-
tion that the oxygen atoms bind up to two electrons from
the cesium atoms, the so-formed negative oxygen ion acts
as a barrier repelling the conduction electrons. The free
electrons are then constrained to move in a smaller vol-
ume as compared to pure metal clusters; as m/n values
increase, the electronic volume decreasing becomes more
and more significant. In the electronic shell model, this
leads to a decrease of the ionization potential. Our ge-
ometrical calculations, as well as those of Finocchi and
coworkers, show that valence electrons brought by lithium
atoms to a stoechiometric (Li2O)y, cluster are involved in
Li— O bonds. The mean value of the interatomic distances
inside the cluster reaches a constant around 2.35 4 0.1 A
in Lig4,O2 clusters (resp. Lig1,03), for Li — Li bonds for
p > 3 (resp. p > 2) (Fig. 3). The value p > 3 found by
Finocchi et al. for Lis;,O2 clusters, indicates also that
substoechiometric (LizO),,Li, clusters do not necessarily
contain metallic Li atoms. For these clusters, in which all
the electrons are involved in bonds with the O atoms, they
have computed a HOMO at the highest energy, thus lead-
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ing to a small ionization potential. In this scenario, the
decrease in Li,O,, IP for an oxygen ratio above 35% re-
veals an electronic change in the clusters. It marks the
end of a segregated cluster containing metallic Li atoms.
The behavior of Cs,,O,, clusters appears to be very similar
to Li,, O,, clusters ones. Plotting TP Martin results in the
same way as ours leads to Figure 6. The decrease of the IP
curve for an oxygen ratio greater than 40% also appears.
Furthermore, the small IP values found for stoechiometric
(Cs20)y, clusters can be attributed to a similarity with
the semi-conductor Cs;O bulk structure. At this point, it
is interesting to compare this result with what we previ-
ously found for barium oxide clusters. Indeed, the same
general evolution of the IP versus the oxygen ratio in the
clusters is observed. The decrease begin at 60% in Ba,,O,,,
which is comparable with the 35% in Li,O,,, by tacking
into account the different stoechiometry (one Ba atom for
one O atom, and 2 Li atoms for one O atom). However, ab-
initio calculations on the smallest Ba,,O,, clusters, com-
pleted by a simple electrostatic model, led us to give an
explanation based on the cluster geometry [18]. The icosa-
hedral close-packing structure of pure barium clusters al-
lows the insertion of a small number of O atoms with
conservation of this particular structure. The 60% of oxy-
gen ratio after which the IP curve decreases corresponds
to a breakdown of the bare barium clusters skeleton, when
there is no more place for O atoms. This scenario can not
be adopted for lithium oxide clusters, which structure is
found completely different from bare clusters by calcula-
tions. Indeed the small size lithium clusters jellium do not
drive a specific geometry. The oxygen atom presents this
particular behavior to be surrounded by all the lithium
atoms, regarding the growth of Li,O,, clusters families
no elementary minimum geometry structure appears as it
is shown in Figure 3.

Furthermore, the similarity of the critical ratio, when
taking into account the different stoechiometry, supports
an electronic factor.
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5 Conclusion

Those results on Li,O,, clusters are quite similar to
former measurements of ionization potentials of alkaline
earth suboxide Ba,,O,, and alkaline suboxide Cs,,O,, clus-
ters. So we can confirm the initial idea that oxygen atom
plays a specific role when associated to metal atoms in-
side the cluster as compared with the electronegative el-
ements: halogens or hydrogen where the ionic character
of the bonding with the metal atom has been demon-
strated and leads to a clear segregation into two adja-
cent parts of halides or hydrides in one hand and metallic
cluster on the other hand. On the contrary the oxygen
atom establishes iono-covalent bonding with several sur-
rounding metal atoms; it is completely embedded inside
the structure. Moreover this process leads to a contrac-
tion characterized by a decreasing about 25% of the mean
interatomic distance value, which is not observed in any
other elctronegative-metal clusters. This specific behavior
is responsible for the appearance of a zone 2 in ionization
potentials in Figure 6.
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