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Self-consistent-field Xa scattered-wave molecular-orbital calculations have been performed for
molybdenum clusters containing one, two, three, and four trimetallic triangles in a stacked configu-
ration. The bonding interactions of the parent Mos layer are discussed in detail and the correspond-

- ing energy diagram is analyzed as arising mainly from the superposition of two sets of Walsh-like
orbitals. In the Mog clusters the interlayer interactions arising from the staggered (D3;) stacking
mode, as well as the eclipsed ( D3;) alternative, are analyzed. With increasing cluster size, up to Moy
and Mo,,, emphasis is placed on a convergence behavior in the electronic patterns. Moreover, we
could observe localized d-electron states which appear to be analogous to the surface states of the
crystals. Finally, an energy-band scheme, derived from finite-cluster molecular orbitals, is presented
in the case of a linear chain, arising from an infinite condensation of Mo; layers. A high density of
states occurs at the Fermi level. Moreover, it is crossed by a broad half-filled a, band (xz orbitals),
giving rise to quasi-one-dimensional conductor character. These electronic factors generate an insta-
bility situation, the well-known Peierls distortion, characteristic of such pseudolinear chains. An
analysis of this structural unstability is given by calculations performed on distorted Mo, units con-
structed by the juxtaposition of two Mog fragments. This last study allows us (i) to elucidate the im-
portant change in the electronic structure with the occurrence of a large energy gap just above the
Fermi level, and (ii) to present an alternative route to the energy-band scheme of the infinite chain.

I. INTRODUCTION

Compounds containing discrete metal clusters (i.e.,
molecular clusters) are the focus of increasing activity in
inorganic chemistry as well as in ‘solid-state chemistry.!?
Thus molybdenum chemistry has become today a rich
field of extended metal-metal bonding systems.>* Those
molybdenum clusters provide a unique logical connection
between the realms of coordination and solid-state chem-
istry with that of small aggregates of atoms.’ Further-
more, it has been referred to as cluster science.®

In any case, the electronic structure of those materials
are expected to be influenced by metal-metal interactions.
So it seems basic to the understanding of the condensed
state of the compounds to know how electronic and other
properties change when metal atoms come together to
build up the clusters.

In this paper we are interested in molybdenum systems
whose molecular frame may be considered a one-
dimensional (1D) condensation of discrete triangular Mo,
layers giving rise to a stacked cluster.*’ These species
provide a particularly attractive opportunity to study the
successive condensation of Mojs layers, up to the forma-
tion of an extended linear chain.

For this purpose we have carried out self-consistent-
field Xa scattered-wave (SW) calculations. Section II of
this paper deals with the models and the SCF Xa SW
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method. In the following sections, we present results for
the bare molybdenum clusters Mos(D3y),
MO6(D3h,D3d,Oh), MOg(D3h ), and M012(D3d), as well as a
band-structure scheme, derived from our cluster calcula-
tions, concerning a pseudolinear metallic chain (Mo;).,
Finally, the instability of the regular chain against dimeri-
zation is analyzed. '

II. MODELS AND COMPUTATIONAL DETAILS

In all the compounds reported, the molybdenum atoms
form equilateral triangles with a Mo—Mo distance of
about 2.7 A. In our study we used the structural data ob-
served in Potel’s linear-chain compound T1,MoeSes (Ref.
4) (e, dmoMo intralayer equals 2.663 A, dMo-Mo
interlayer equals 2.725 A, d interlayer equals 2.250
A). The clusters were placed in a coordinate system with
the z axis perpendicular to the metal triangles (see Fig. 1).

The molecular-orbital calculations were performed by
means of the SCF SW Xa approach. This method is
based on the local exchange-correlation functional,
through Slater’s Xa approximation, and on the multiple-
scattered-wave method for solving the one-electron
Schrédinger equations. This procedure is well document-
ed,® and we have recently shown that it provides a con-
venient approach for describing the electronic structure of
this type of cluster.’
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FIG. 1. Models used for the calculations.

The a values for Mo (@ =0.703 41) were obtained from
the Schwarz tabulation.!® The same a value was used for
inter- and outer-sphere regions. The initial molecular po-
tential was a superposition of Herman-Skillman atomic
potentials.!! The molybdenum spheres radii
(R Mo=2.8840 a.u.) were chosen in order to allow an over-
lap of about 12% along the Mo—Mo distances in the tri-
angles. The outer-sphere radii were taken to be tangential
to the outermost atomic spheres. The SCF calculations
were made to converge to less than +£0.001 Ry on each
level, and the core levels were relaxed as proposed by Gu-
banov'? (i.e., their atomic character was kept, but their en-
ergies and density distributions were allowed to vary
through the self-consistent procedure). The symmetry-
adapted linear combinations of atomic orbitals included
s,p,d spherical harmonics on Mo, and spherical harmon-
ics up to /=4 on the outer sphere. No relativistic correc-
tions were included throughout the calculations, since the
effect on the Mo valence orbital is quite small® and there-
fore the trends in the chemical bonding can be obtained
with a smaller computational effort.

III. RESULTS AND DISCUSSION

A. Mo; cluster

There has been much effort expended trying to provide
detailed electronic descriptions of the bonding in trimetal-
lic systems, as well as for bare metal clusters’”!® and trinu-
clear metal complexes.'* However, little work!® has been
done on molybdenum units. So, it would appear useful
for us to gain a clear understanding of the bonding mech-
anism in the Moj; unit, especially as we will take it as the
parent fragment to build up the larger clusters.

Energies and charge distributions, restricted to the
valence levels, are presented in Fig. 2. Contour maps of
some molecular orbitals (MO’s) are drawn in Fig. 3. In
fact, the levels can be gathered into six low-lying bonding
or nonbonding states and five high-lying antibonding
states.

The z axis being perpendicular to the triangular plane,
one can therefore formally separate the levels between
o’s—showing bonding or antibonding in-plane (x,y)
interactions—from ’s—having out-of-plane (z) com-
ponents. In this way, the energetically lower 1a]; MO’s
present do interactions with a large contribution from
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FIG. 2. Energy and charge (%) of the valence levels of Mo;.

dxl-yZ orbitals. This results in a strong three-center o-

bonding orbital directed towards the cluster center (o).
The le’ MO with d,, character is the second o-type bond-
ing level but corresponds to bonds directed along the
edges of the triangle (o).

The low-lying 7-type bonding level is the 1a, MO with
d,, atomic-orbital components; it equally shows a three-
center delocalization (7). The combination of metal d,,
orbitals is expected to result in a small metal-metal over-
lap, which explains the weak bonding character of the le”
MO (7). Finally, d,, atomic orbitals concern mainly the
3a} and 2e’ MO’s which are, respectively, nonbonding
and antibonding.

We notice that some of the filled levels contain a signi-
ficant amount of Ss character arising from the hybridiza-
tion of 4d states which belong to the same irreducible rep-
resentations a} and e’. Thus the 3a7 MO which displays
the higher s population in the atomic sphere, with respect
to the d one, must be associated with the aj MO 5s state.
So the Mo 5s atomic orbitals, as well as the Mo 5p ones,
play a substantial role in the bonding of the Moj3 unit.

Figure 3 permits us to clarify our understanding of all
those interactions and to have a picture of the chemical
bonding. Indeed, the contour maps provide a meaningful
description of the overall metal-metal interactions, which
let us consider the MO diagram pattern as mainly arising
from superposition of two sets of Walsh-like d orbitals'®
analogous to the Walsh orbitals of cyclopropane.'’
Indeed, the first set is a o-0* one, with (1a] +3e’) and
(le'+1a,’) orbitals, respectively, while the second is a -
7 type with (lajy + 2e”) and (le”+1ay) orbitals (see
Fig. 3).

Each of these bonding sets (o,7) of Walsh-like orbitals
is filled with six electrons. The bonding between each
couple of Mo atoms corresponds then to a 1o+ 1o bond
plus a weaker bonding contribution from the two elec-
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(a) 0 Walsh-like Orbitals

Orbitals

(b) 7T Walsh-like

FIG. 3. (a) o Walsh-like orbitals (see test for comments). The continuous contour line corresponds to a positive wave function and
the dotted contour line to a negative one. (b) m Walsh-like orbitals. The curve corresponds to a plane situated at 0.1 a.u. above the

trimetallic nodal plane.

trons of the 3@} MO with 5s character. Indeed, the half-
occupation of the 2e’(d,;) MO counterweights the two

electrons of the 2a| MO.

B. MO@ (D3h,D3d, Oh) clusters

We now describe how two triangular metal rings can
~ stack together and why Dj; clustering (i.e., staggered
rings rotated by 60°) is energetically favored with respect
to the D3, alternative (i.e., the rings fit perfectly), all oth-
er things being equal (e.g., interlayer separation, metal dis-
tance within the layer, total number of electrons).

Stacking together two Mo; triangles results—in a first
approximation—in the interaction of each MO of one ring
with the equivalent MO of the second ring. Indeed, the
nearer the energy of the interacting MQ’s, the stronger the
interaction.

First, the energy diagram depicted in Fig. 4 illustrates
that, whatever the stacking mode, all these combinations
are obedient to the symmetry rules. An in-phase com-
bination, denoted as (+ + ), of 0-Mo; levels, which are
symmetric with respect to the metal plane, leads to sym-
metric Mog MO denoted by (S) (i.e., with respect to the
median plane xy for Ds, and to the reversing point for

D), while out-of-phase combination (4 —) gives rise to
antisymmetric Mog MO (A4). The inverted combination
must then occur for 7-Mos; MO’s:

o levels: (++)—(S), (+—)—(4),
7 levels: (++)—(A4), (+—)—(S).

The combination of 7-Mo; orbitals is expected to pro-
duce a larger overlap than o ones which are more local-
ized in the layer plane. So, whatever the stacking mode
(D3 or D3y) may be, building a Mog cluster with the Mo,
parent should be largely governed by interactions between
mr-layer orbitals. Indeed, the better the MO’s overlap, the
stronger the interaction. This is clearly reflected in Fig. 4
where levels arising from one 7-Mo; MO are more ener-
getically divided than those parented to a 0-Moj one. In
Fig. 5 we have drawn contour maps of the low-lying -
type (dy;) layg (D34) and la) (D3,) MO’s. Both, mainly
parented to the 7-1a, Mos, contribute largely to signifi-
cant metal-metal bonding of the Mog units with an almost
equal strength. Indeed, the motion relating the staggered
to the eclipsed forms leaves the threefold axis intact. This
means that 7-Mos—centered orbitals (i.e., mainly localized
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FIG. 4. Ground-state energy levels of the Mo clusters. Arrows indicate the population of the highest filled level.

on the central axis) give rise to interlayer interactions
which are little, if at all, sensitive to the configuration.
However, we can note a better cluster-centered character
of the la,, orbital favoring the D3, form. This is further
evidenced by the lower energy of this MO.

Unlike those d,, orbitals, the ones localized along the
edges, or at the vertex, of Mos triangles lead to the main
differences between the two cluster forms. Indeed, if the
symmetry-adapted combinations lead again to analogous
symmetry-type MO’s, the nature (bonding or antibonding)
and the strength of the interlayer interactions change
nevertheless. For instance, we discuss first the bonding
interactions arising from d,, orbitals. Thus, unlike the

D3, condensation, the D3; symmetric level 4a,, becomes
interlayer antibonding (SA) in the aggregates. As outlined
in Fig. 6, the d_, lobes of one Mo; plane directly interact
with the inverted-sign component of the wave function lo-
calized in the edge of the other Mo, triangle.

Another pertinent example is in the important inverted
character of the bonding interactions resulting from the
combination of d,, orbitals (e.g., 7s-1a; Mo; MO). The
bond strength plays an important role as a driving force
favoring the staggered condensation. As depicted in Fig.
7 the 7 interplanar bonding mode leads to a 7 metal-metal
bond for D;; (1a3) which does not match the strong o

metal-metal bond obtained for Dj; (lay,). This is a
consequence of the larger overlap between d,, orbitals of
the staggered triangles.

All this symmetry-based analysis remains, however,
largely unrefined because it does not point cut the actual
strong rehybridization of the Mo, orbitals when two trian-
gle units stack together. Indeed a large symmetry-allowed
o-7 mixing occurs among Moz wave functions. This is il-
lustrated, for instance, in Fig. 5 where the Mog cluster or-
bitals should be imagined as hybrid combinations arising
from several parents which are mainly 7, and o, in char-
acter, as well as from 5s and 5p orbitals. It is evident that
this mixing takes place in order to homogenize the intra-
and interlayer interactions.

Although the Xa SW method displays only limited ac-
curacy for the total energies, the relative values for such

closely related clusters should be meaningful. The bind-

ing energy per Mo atom is reported in Table I. The re-
sults obtained show several interesting trends. There is, at
first, an increase in the binding energy per Mo atom as the
size of the cluster increases and as the symmetry changes
from Dj;, to D;;. On the other hand, in spite of the di-
minution of the bond energy by passing from D3 to D4,
the energetic observations favor the D3, configuration (see
columns 3 and 5 of Table I). This is clearly reflected by
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FIG. 6. Interactions of d? orbitals for the Ds; and D3y stacking mode in Moy clusters (see text for comments). Contour descrip-
tion as in Fig. 3.
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FIG. 7. Interactions of d,, orbitals for the D3, and D, stacking mode in Mos clusters (see text for comments). Contour descrip-

tion as in Fig. 3.

the increase of the number of metal-metal bonds: there
are only 9 bonds in D, while there are 12 in D34 clusters.

Obviously, this quantitative discussion rests very heavi-
ly upon “all other things being equal.” Indeed, we shall
take care to point out the inherent limitations of this
fixed-geometry approach. A complete study of the energy
surface, with metal-metal bond length and interlayer
separation allowed to vary during the motion from D3, to
D3, is beyond the scope of this paper.

Finally, the stabilization of an O, cluster with respect
to the D3, one is illustrated by the orbital correlation dia-
gram on the right-hand side of Fig. 4. This is the obvious
consequence of the clearer separation between metal-metal
bonding and antibonding levels [i.e., frontier orbitals
Mog(D3y) la,-3a,,; Mog(O,) 1t,,-2t,,], which may be
related to the perfect homogenization of the intra- and
interplanar interactions. Indeed, the 12 metal-metal
bonds directed along the edges of a Moy octahedron form

TABLE I. Bonding energies.

Average number

Binding energy?®

Binding energy®

of nearest neighbors per Mo atom Bond energy® per Mo; layer
Unit per atom (Ry) (Ry) (Ry)
Mo;Ds, 2 0.345 0.345
MogDsp 3 0.447 0.318 0.307
MoeD;y 4 0.480 0.240 0.400

*Based on the energy of an isolated Mo atom 4d°5s'!, —7951.03 Ry.

®Obtained by dividing energy per Mo atom by the average number of bonds per Mo atoms (one-half of
the number of nearest neighbors) (H. Basch et al., Ref. 2).

“Based on the energy of an isolated Mo3;D3;; unit, —23 854.125 Ry.
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FIG. 8. Ground-state energy levels for Moy and Moy, clusters. Arrows indicate the population of the highest-filled level.
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a basis which can undergo transformations according to
the ayg, t1,, 1y, €, and t,, irreducible representations.'®

C. From Moy(D;;) and Mo,,(D3,) cluster to the extended
metal-metal structure (Mo;),

Turning to the Moy and Moy, clusters, we will consider
them as staggered groups, along the threefold axis, of
three and four triangular metal layers, respectively. They
are the successive terms of a series which has the extended
linear-chain (Mo3)L as a limit. The energy diagram ob-
tained for these clusters is depicted in Fig. 8. The 11
parent levels of Mo give rise to 33 (Mog) and 44 (Moy,)
levels, and the complexity in understanding the overall
sets of MO’s increases accordingly. We will therefore
concentrate the discussion on the primary features only.

Viewing the staggered configuration of the layers, their
mutual interactions are closely related to those of
Mog(D34). However, the enhanced interactions arising
from 7-Mos parent orbitals is evidenced by the increased
splitting between bonding and antibonding paired orbitals.
Indeed, the two interaction sets (i.e., d,, and d,,) which
play a crucial role in the construction of the cluster are
now merged together. We have depicted in Fig. 9 contour
maps of the Moy wave functions involving d,, orbitals;
they clearly exhibit identical although more extensive in-
teractions than seen above for Mog(D3,).

We will therefore turn our attention to the convergence
behavior in the electronic patterns as the layer condensa-
tion proceeds. Thus the valence band width is not linear
with the number of Moj; subunits. Rather it tends to a
limit not yet reached for Moy,. This is exemplified by the
energy difference between the bonding and antibonding
counterpart levels arising from the parent 1a; Mo; MO
(e.g., Moy,, 0.5779 Ry; Moy, 0.3255 Ry; Mog, 0.2396 Ry).

The second prominent point concerning these clusters is
the advent of an “edge effect” due to the fact that the
external layers do not undergo the same overall interac-
tions as the internal layers do. This finds expression in
some molecular orbitals which are then mainly localized
‘on the external layers (e.g., 1a3-Mog, 1a,,-Moy,), the en-
ergy of which collapses with that of the frontier orbitals.
In that way these orbitals may be compared to ‘“‘surface
states” of the solid in the forbidden energy band. In addi-
tion to the parity rule (i.e., odd or even number of layers)
this edge effect must be related to the total number of
layers (i.e., the larger the number, the weaker the edge ef-
fect).

In the extended linear chain, the edge effect vanishes,
all the layers undergoing equivalent interactions. We now
examine how the energy bands of the chain arise from the
MO’s of the individual clusters."

To simplify the problem, let us imagine each Moj layer
as a hypothetical “pseudo atomic” unit with its appropri-
ate system of ¢ and 7 orbital x;. In order to go from fin-
ite clusters of atoms to the infinite solid we apply the
Messmer model?® which gives the solution of the eigen-
value and eigenvector problems of a simple tight-binding
model for clusters of arbitrary size.

For a linear chain of N atoms the expression of MO en-
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FIG. 9. Mo, wave-function contours of energy levels arising
mainly from the interactions of d,, atomic orbitals. Contour
description as in Fig. 3.

ergy is given by

E - 2t cos[mm/(N +1)]
™ 142Scos[mw/(N +1)]’

m=12...,N (1)

where ¢t is the transfer integral between nearest-neighbor
atoms in the chain and S is the nearest-neighbor overlap
integral. Neglecting this overlap integral, as is usually the
case in the tight-binding approximation, the eigenvalues
are then given by

E, =2tcos[mm/(N+1)], m=12,...,N (2)
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and the MO coefficients on the X; basis are
172
sinfimm/(N +1)], i;m=12,...,N .

i_ |2
C"‘_(N+1

(3)

This result is analogous to that first derived by Coulson?!
for the conjugated polyenes.
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In the upper part of Fig. 10 we have pictured the ener-
gy diagram obtained by Eq. (2). The scheme clearly
shows, as N increases up to infinity, the advent of an “en-
ergy band” physically terminated by the lower bonding
MO E, (in-phase combination of the parent orbital) and
by the upper antibonding MO Ej (out-of-phase combina-
tion of the parent orbital). In this “k-independent” model
the energy-band dispersion for an infinite chain is given
by

(@) Model .
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FIG. 10. Pattern for the widening of a parent molecular orbital of Mo; to an energy band represented as block diagrams (see text

for comments).
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which corresponds to the energy dispersion of the “k-
dependent” model,??

E(k)=¢€y—2tcos(ka), O<k <m/a (5)

with a equal to interlayer separation.

In the lower part of Fig. 10 is depicted, for comparison
purposes, the Xa energy dispersion for levels originating
from the lai (d,,) Mo; MO. The analogy is evident;
moreover, if we take for ¢ the half-splitting of Mog, we
obtain for the model 2¢=0.1694 Ry (Mogs) and 1.618
t=0.1930 Ry (Mo;;). Those values are close to the Xa
results 0.1675 Ry (Mog) and 0.1890 Ry (Mo;,). The small
shift of the internal levels has to be attributed to the fact
that the model is based on no mixing with another type of
orbital, unlike Xa calculations which exhibit a -7 mix-
ing.

In Fig. 11 is gathered most of the information provid-
ing insight within the electronic structure of the pseudo-
linear chain: for sake of clarity the energy diagram is re-
stricted to the part concerning the situation near the Fer-
mi level. In the central part of the figure the discrete en-
ergy levels of finite clusters are pictured while, on each
side, the corresponding energy-band schemes, seen as
gathered block diagrams, are designed for the infinite
chain. We shall discuss in detail only the band formation
arising from the one-electron lai{(dy,) and la;(d,)
MO’s of the Mo; fragment allowed to be mixed by sym-
metry. Along the chain, only the C;, symmetry is con-
served and gives rise to one double (e) and two single
(a;,a,) degenerate representations. This combination of
d,, orbitals leads to an a, band (see Fig. 10), likewise, the
a3 MO (d,,) generates a second a,-type band. According
to the energy of their originating levels, it might be ex-
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pected that these two bands should largely overlap. How-
ever, on account of the noncrossing rule? concerning
bands of the same symmetry, an avoided crossing takes
place. The early bands mix and redistribute their orbital
character (i.e., switch of the d,, and d,, character, or vice
versa, going up through the new block diagrams) in order
to create two new bands.

To summarize, the Fermi level is crossed by a broad
a,-type band (d,, orbitals) plus a narrow e band. This
band pattern gives rise to a low-dimensional conducting
character which occurs through the overlap of d,, orbitals
winding along the threefold axis (see Fig. 9). It corre-
sponds to a high density of states at the Fermi level. This,
together with a half-filled broadband, leads us to suggest a
structural instability. Indeed such a metallic conductor
chain of equidistant atoms (i.e., here equidistant layers) is
unstable against dimerization. This instability, namely
the Peierls’s distortion,?* is particularly important because
it often drives a metal-to-insulator transition at low tem-
perature.

Figure 11 also allows a discussion of this pairing distor-
tion. Consider now the Mo, unit as if it were built up by
two juxtaposed Mog(D;,) fragments interacting with one
another. If we go from the left to the right of the central
part of Fig. 11, we can see the discrete eigenvalues corre-
sponding to various stages of the separation of the Moy
fragments. The variation of the metal-metal interactions
between the two Mog units is clearly illustrated. Indeed
the paired energy levels become narrower when we go
from the left to the right which means that when the two
Mog units split apart the Mo, units converge in such
a manner that they resemble Mog's J[ie., lay,
+ layg(Moyy)—1a,,(Mog)]. Meanwhile, as the Mog’s
separate, the symmetry breaks down. This leads to a
splitting of the early broad conducting a, band into two

Chain

Mo12
distorted

M°6

FIG. 11. Energy-band scheme arising from Mog and Mo,, molecular orbitals.
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a, bands located on each side of the Fermi,level. The
contribution of these new bands to the conduction proper-
ties is then almost nonexistent. Furthermore, a lengthen-
ing of the Mo—Mo interunit distance of about 25% re-
sults in two very narrow bands (a; +e) at the Fermi level
with the advent of a real gap just above. It is obvious,
then, that the quasi-one-dimensional conductor character
has disappeared and we are reaching an insulator situa-
tion.

Finally, if we look at the discrete levels from right to
left in Fig. 11, we get an alternative way to discuss the
band structure of the chain. We have just to consider the
chain, not as a stack of Mo; layers, but as a linear face-
to-face condensation of Mog subunits.

IV. CONCLUSIONS

In this paper we investigated the intimate metal-metal
interactions of bare metal aggregates. We gave an esti-
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mate of their strength and discuss their electronic struc-
ture. We have focused on the dominant interlayer interac-
tions as the cluster dimension increases to the infinite
chain and we have then shown the occurence of a broad
conducting band winding around the stacking axis. Cal-
culations-are now in progress in order to extend this work,
particularly to emphasize the interactions of such metallic
systems with a ligand matrix of chalcogenide atoms.
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