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Free electron model in cluster structure theory.
Electronic structures of [MogSg(CN)¢]16—, [Mo,Seg(CN)(]6-,
[ResSg(CN)¢]4~, and Rh(CO),¢ clusters
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The results of quantum chemical calculations of the electronic structure and geometry of
octahedral clusters [MogSg(CN)]%", [MogSes(CN)4]", [RegSg(CN)g]*, and Rhg(CO),¢ by
the ab initio SCF (RHF) and DFT (B3LYP) methods with various basis sets are presented. The
electronic states of the clusters under study in ideal spherically symmetric potential were
classified in the orbital quantum number / (1s, 1p, 1d, 1f, 1g, 1h, 1i), / = 0—6. In real crystal
field with O, symmetry these states are split. The calculated new electronic states were matched
to the irreducible representations of the point symmetry group O;. The polarizabilities of the
compounds considered are 55—65 A3. A new model for the electronic structure of octahedral
clusters containing Mg groups was proposed. The model is based on the idea of free electrons

moving in spherically symmetric potential field.

Key words: octahedral clusters, electronic structure, polarizability, electron density distri-

bution, free electron "gel".

The electronic structure and bond nature in transi-
tion-metal clusters predetermine the physical and chemi-
cal properties, stability, reactivity, and the mechanisms of
reactions involving these systems.!—3 Recently, research
on coordination compounds based on chalcogenide octa-
hedral cluster complexes has been intensively develop-
ing.4—10 Often, structural units represent clusters com-
prised of Re, Mo, and W atoms. These compounds are
interesting by their ability to form extended linear, two-,
and three-dimensional structures. Linear structures can

also be formed involving transition-metals ions (Mn, Ni)
coordinated to terminal ligands of the cluster. Chemical
bonds in such complexes were analyzed by considering
the interactions of hybridized orbitals of the metal
atoms.3!1 The energy schemes of molecular orbitals
(MOs) for a number of different-type clusters of d-ele-
ments with strong- and weak-field ligands were obtained
from EHT 11-13 and X, 14 calculations. Modern quantum
chemical methods permit a more detailed analysis of the
nature of chemical bonds in clusters M, X, Y,,10-15=17
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An important characteristic of the electronic structure
of the M, X, Y, clusters comprised of heavy (4d, 5d) tran-
sition-metal atoms is the electron density distribution
within the M,, core. Repeatedly calculated parameters of
the electronic structure of various M, X,Y, clusters in-
dicate? effective electronic interactions between the
atoms M; these are the so-called M—M cluster bonds.
Sometimes, two-center M—M bonds are characterized
by a rather high multiplicity (up to four). The electron
density within the M,, polyhedron is always rather high
along the M—M edges; it corresponds to axially symmet-
ric M—M o-bonds. The electron density distribution over
the faces and within the M,, polyhedra of the M, XY,
clusters requires specific theoretical investigations. Knowl-
edge of parameters of the electron density distribution is
necessary for comparing the key characteristics of the
electron-nuclear structure of transition-metal clusters
MnXny with those of the cage and polyhedral hydrocar-
bons C,H,, and boranes B,H,, and a wide variety of their
derivatives.

In the text below we present the results of calculations
and analysis of one-electron MOs, atomic orbital (AO)
populations, and electron density distribution in and po-
larizabilities of the octahedral clusters [Mo6SS(CN)6]6—,
[MogSes(CN)¢]o~, [ResSg(CN)g]*~, and Rhe(CO) ¢ with
different ligands.

Calculation Procedure

Quantum chemical calculations of the electronic structure
and geometry of clusters were carried out by the ab initio SCF
method (restricted Hartree—Fock method, RHF) and density
functional theory (DFT, B3LYP approximation)!3 using two
basis sets (3-21G and 6-31G) for C, N, and S atoms; for Mo,
Re, and Rh atoms we used the SBK effective core potentials and
corresponding basis sets.! The molecular geometry was opti-
mized with allowance for symmetry restrictions. It was reason-
able to assume that the point symmetry group of the clusters
under study is octahedral (Oy). Indeed, it was established that
lowering of symmetry leads to optimized structures with some-
what higher total energies, although changes were rather small.

Often comparison of the results of geometry optimization of
the clusters studied with experimental data is impossible due to
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Fig. 1. Molecular structure of cluster [MogSg(CN)¢]0~.

the lack of the latter. The results of our calculations of the
internuclear distances in the clusters [MogSg(CN)]6~ (Fig. 1)
and [MOGSeS(CN)6]6‘ are listed in Table 1. Experimentally de-
termined internuclear distances in compounds [Mo6SS(CN)6]6‘
and [MogSg(py)s] are respectively 2.711 and 2.644 A for Mo—Mo
and 2.573 and 2.462 A for Mo—S.%:20 Probably, the internuclear
distances optimized in our calculations are slightly overestimated.

Calculations of the electronic structure of the clusters
[RegSg(CN)g]*~ and Rhg(CO) ¢ were carried out using experi-
mental geometric parameters.®>2! The bond lengths in the
[RegSg(CN)g]4~ cluster were estimated by averaging correspond-
ing experimental data for several compounds containing the
[RegSg(CN)gl fragment with allowance for restrictions imposed
by octahedral symmetry.

All computations including the electron density and polariz-
ability calculations were carried out using the GAMESS pro-
gram package.?2

Results and Discussion

For all clusters studied we calculated the one-electron
energies and MO compositions.

The electronic structure of the [MogSg(CN)¢]¢~ clus-
ter includes a total of 146 occupied MOs. The lowest-

Table 1. Calculated internuclear distances () and effective atomic charges () in [MogXg(CN)¢]®~ clusters

Method Basis d/A g/a.u.
set Mo—Mo Mo—X Mo—C C—N Mo X CN
RHF  SBK/3-21G¢ 27320  2.5345 22681  1.1610 0239  —0415  —0.685
SBK/6-31GY 27351  2.5388 23054  1.1702  —0.127  —0.186  —0.625
B3LYP  SBK/3-21GY 27300  2.5455 22210  1.1845  —0.018 —0293  —0.592
SBK/6-31G®  2.8708  2.6312 22027  1.1960  —0.750  0.157  —0.427
ax=S.

bX = Se.
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energy MOs (95 orbitals) are mainly the core AOs
(Mo 3d-, 4s-, and 4p-AOs; S 1s-, 2s-, 2p-, and 3s-AOs;
and N and C 1s-AQs), as well as the 16- and 26-MOs of
CN groups. These MOs are symmetrized linear combina-
tions of the AOs or MOs of CN groups. Electrons local-
ized on these MOs can be treated, along with atomic
nuclei, as a molecular skeleton, which creates a potential
for the motion of other (valence) electrons that occupy
the upper-lying valence MOs (a total of 51 orbital). The
MO schemes obtained for the electronic structure of the
same cluster from the RHF and DFT calculations obey
an identical pattern. As an example, Fig. 2 shows the one-
electron MO energies and MO compositions for the
[Mo6SS(CN)6]6* cluster calculated by the RHF and
B3LYP methods. Here, position of each band is related to
the energy of the corresponding MO; the abscissa axis
shows (in relative units) the contributions of different
AOs to the corresponding MO, namely, the orbitals of six
Mo atoms, eight S atoms, and six CN groups; of course,
the sum of these relative contributions equals unity. In
discussing the results obtained it is appropriate and con-
venient to divide all valence MOs in the electronic struc-
ture of the clusters with respect to the type of interactions,
namely: (1) Mo—S interactions and (2) interactions in-
volving C and N atoms. In both cases the first group of
valence MOs (4ty,—5t,, or 9ty,—>5ty,) is almost com-
pletely composed of the Mo and S AOs. The only excep-
tion is the 13a;, MO with a nearly 30 % contribution of
the CN group orbitals. The second group of valence MOs
(11a;,—8ty, or 11a;,—4t,,) has rather large contributions
(up to 83%) of the AOs of CN ligands. The exceptions are
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the Sa, and 9e, MOs with zero or very small contribution
of the CN component. The results obtained for nine high-
est occupied MOs are in good agreement with the data!®
for two clusters, [MogSg(CN)g]’~ and MogSg(PH3)¢. The
MOs of the lower-lying group can be divided!® into MOs
composed almost completely of the Mo and S AOs and
MOs composed of CN group orbitals. The results of our
calculations indicate a much higher degree of mixing of
these orbitals. A possible reason for this distinction is the
use of different computational methods in our work (SCF
and DFT/B3LYP) and in the published study!®¢ (DV-X,).
But our results also permit discrimination of the MOs
composed almost completely of the Mo and S AOs, as
well as the MOs with large contributions of the CN com-
ponent.

Quite similar results were obtained for the electronic
structure of the [RegSg(CN)4]*~ cluster.

In the electronic structure of the cyano clusters under
study the CN group orbitals are well known c-CN~- and
n-CN~-orbitals.

The electronic structure of the Rhg(CO) ¢ cluster in-
cludes a total of 163 occupied MOs (88 core and 75 va-
lence MOs). The valence MOs No. 89—136 are mainly
composed of the CO group orbitals with moderate contri-
butions of the Rh AOs. A total of 27 higher-energy va-
lence MOs (MO 137—163) are mainly composed of the
metal AOs and have 10 to 35% contributions of the CO
component.

NBO analysis!® of the MogSg fragment showed
that only for the S atoms it is possible to construct the
hybrid bonding orbitals mostly composed of the S3p AOs
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Fig. 2. MO energies and compositions of [MogSg(CN)]®~ cluster obtained from RHF (a) and B3LYP (b) calculations: Mog (I),

Sg (2), and (CN™)g group (3); o is the AO contribution.
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directed toward the Mo atoms. Deviations of these
hybrid orbitals from the line connecting the Mo and
S atoms reach 20—30°. The S lone electron pair orbitals
are mainly (by 77%) composed of S3s AOs. For the
Mo atoms, such directed bonding orbitals do not exist.
There are no preferred orientations for the localized or-
bitals mainly composed of various linear combinations
of the Mo4d AOs. Some of them are to some extent
directed toward the center of the Mog octahedron. Prob-
ably, mutual overlap of these orbitals in the central part
of the Mog octahedron can be treated as a covalent com-
ponent of the bonding in the octahedral clusters under
study.

Electron density distribution. The electron density dis-
tribution in the clusters in question was described using
the results of calculations with the SBK/3-21G basis set.
Difficulties in analysis of the electron density distribution
and redistribution upon the formation of the clusters are
due to the lack of information on the oxidation states of
the Mo and S atoms.

For all the clusters studied we performed the popula-
tion analysis. In this work, this is an auxiliary procedure;
therefore, the most widely used technique was employed,
namely, the Mulliken population analysis. The Mulliken
atomic populations for the clusters under study are listed
below.

Cluster M S C N
[Mo6SX(CN)6]6* -0.13 —-0.19 +0.08 —0.71
[Re6SS(CN)6]4* —0.55 +0.24 +0.18 —0.61

These values are in agreement with the concepts of
cluster formation from neutral metal and sulfur atoms
and negatively charged CN groups involving an elec-
tron density shift from the inner "sphere" comprised of
Mo atoms and from the outer "sphere" built of CN~ groups
toward the intermediate "sphere" comprising sulfur atoms,
namely, Mo — S « CN~.

In the Rhg(CO) ¢ cluster, the effective charges on the
equatorial and apical Rh atoms are —0.035 and +0.055,
respectively.

In the electronic structure of the central fragment,
MogSs, of the [MogSg(CN)4]~ cluster the charge density
of the electrons occupying the a;, MO is mainly localized
inside the Mog octahedron (Fig. 3). One of the most
important (in respect to spatial distribution mainly inside
the Mog octahedron) valence MOs, namely, the 12a;,
MO is mainly composed of the Mo s-AOs (with a large
contribution of the Mo p- and d-AOs). The electron den-
sity corresponding to this MO is localized on the edges
and in the interior of the Moy octahedron. The next va-
lence MO with the same symmetry, 13a;, MO, is com-
posed of the Mo d-AOs and corresponds to the aj, MO in
the electronic structure of the [MogSg(CN)¢]’~ and
MogSs(PH3)g clusters.16

Fig. 3. Molecular orbitals 12a;, () and 13a;, (b) of cluster
[MogSg(CN)l*~.

We also studied the electron density distribution along
the edges and over the faces and some planes of polyhedra
in the [M0658(CN)6]6* and [Re6SS(CN)6]4* clusters. The
electron density along the edges of the Mog polyhedron is
high, being always at least 0.08 e (a.u.)=3. There is a small
but clearly seen maximum near the crossing point of the
line connecting the S atom to the center of the Mog
polyhedron with the Moj face. The electron density at the
faces of the Mog and Reg octahedra reaches a value of
0.05 e (a.u.)~3, being also rather high in the interiors of
these octahedra (0.04—0.06 e (a.u.)~3) and uniformly dis-
tributed (Figs. 4 and 5). This region can be approximately
represented by a sphere of radius 2 a.u. The effective
number of electrons in this volume is 0.06(4/3)nR? = 2.
The electron density in the interior of the Moy octa-
hedron corresponds to the MOs with a;, symmetry (see
above), being to some extent due to the overlap of the
molybdenum AOs.

Similar results were obtained for the [Re6SS(CN)6]4—
and Rh¢(CO), clusters. For all octahedral clusters stud-
ied, the results of calculations of the electron density
distribution along the edges and over the faces of the
polyhedra indicate the same key features.
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Fig. 4. The electron density distribution (in e (a.u.)™3) in the
horizontal Mo, plane of cluster [MogSg(CN)4]~
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Fig. 5. The electron density distribution (in e (a.u.)=?) in the
vertical Re, plane of cluster [RegSg(CN)g]*.

Polarizabilities of octahedral clusters. Nonzero elec-
tron density inside MySg and Rhg octahedra suggests a
high polarizability of the octahedral clusters in question.
We began with polarizability studies of the MogSg frag-
ment. First of all, the electron density distribution in
this fragment was calculated by the RHF method with
different basis sets (Table 2) in order to elucidate how
the basis set affects the results of polarizability calcula-
tions. It was found that the calculated polarizability of
the MogSg fragment increases by 4% only on going
from the SBK/3-21G basis set (relatively small basis set
without polarization and diffuse functions) to the extended
basis set, SBK(f)/6-31+G*. The weak effect of the basis
set on the polarizability shows that in electric field
the electron density is shifted not only along the chemi-
cal bonds but also within the interior of the Mog octa-
hedron.

Table 2. Polarizability of MogSg cluster obtained from RHF
calculations with different basis sets?

Basis sets Polarizability/A3

for Mo/S atoms 1 e
3-21G/3-21G 45.5 45.6
SBK/6-31G* 46.6 46.7
SBK(f)/6-31G* 46.7 46.8
SBK(f)/6-31+G* 47.3 47.4

4 Geometry was optimized with the SBK(f)/6-31G* basis set;
Ario—mo = 2-6157 A, dyyo_g = 2.4550 A,

b Calculatied from total energy changes.

¢ Calculatied from dipole moment changes.

Table 3. Polarizabilities (o) of clusters and CN groups obtained
from RHF calculations with different basis sets

Compound a/A3

SBK/3-21G SBK/6-31G

1 1 I I
[MogSg(CN)4]6~  57.0 — — —
[RegSs(CN)gl*~  61.9 61.8 63.6 -
Rhy(CO) 6 51.3 51.4 53.8 53.9
CN-¢ 253 253 3.2 3.02 (4.74)¢

1.04 1.0 123  1.233.27)%

@ Calculatied from total energy changes.

b Calculatied from dipole moment changes.

¢ Listed are the o (in numerator) and o, values (in denomi-
nator).

4 Results of RHF/6-31+G(3d) calculations!® are given in pa-
rentheses.

The calculated polarizabilities of all clusters under
study weakly depends on the basis set (Table 3). Besides,
in all cases the differences between the polarizabilities
calculated from total energy changes and from dipole
moment changes are negligible. The polarizability of the
[Mo()SS(CN)(,]G* cluster was also estimated using the group
additivity cheme

oy(IM0gSg(CN)4167) = oy(MogSg) + 204(CN-) + 4o, (CN-)

using the data?3 for CN~ groups (see Table 3). The esti-
mate obtained (~56 A3) is in good agreement with the
results of direct calculations. This means that the CN
ligands and the interior (central part) of the MogSg frag-
ment are polarized independently (or almost indepen-
dently).

To study the electric field effect in more detail, we
calculated the electron density distribution in the clusters
in question in electric field applied along the M(1)—M(6)
axis (Tables 4 and 5). Changes in the electron density
distribution upon switching the electric field on (electric
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Table 4. Effective atomic charges (¢) in [Mo6SS(CN)6]6‘ cluster

(atomic numbering scheme is shown in Fig. 1)

Atom q%/a.u.

Iy 11¢ g
Mo(l) —0.127 —0.318 0.221
Mo(4) —0.127 —0.108 —0.119
Mo(6) —0.127 0.045 —0.138
S(7) —0.186 —0.308 —0.417
S(11) —0.186 —0.078 —0.040
C(1) 0.081 0.158 0.153
C4) 0.081 0.075 0.071
C(6) 0.081 0.006 0.004
N(1) —0.706 (—0.625) —0.808 (—0.650) —0.836 (—0.683)
N@4) -0.706 (-0.625) —0.703 (—0.628) —0.700 (—0.629)
N(6) —0.706 (—0.625) —0.596 (—0.590) —0.578 (—0.574)

@ Effective charges on CN groups are given in parentheses.

b With electric field switched off.
¢ In electric field (0.01 a.u.).
4 Optimized with electric field switched on.

Table 5. Interatomic distances (d/A) and bond orders (W) in
cluster [Mo658(CN)6]6* (atomic numbering scheme is given

in Fig. 1)

Atom pairs Starting structure Optimized
a
A—B dy s Wi s structure
I 11¢ da_ g  Wa_gp
Mo(1)—Mo(4) 2.735 0.637 0.484 2.975 0.224
Mo(3)—Mo(4) 2.735 0.637 0.654 2.739 0.703
Mo(6)—Mo(4) 2.735 0.637 0.785 2.643 0.917
Mo(1)—S(7) 2.539 0.731 0.388 2.637 0.635
Mo(6)—S(11) 2.539 0.731 0.733 2.529 0.686
Mo(1)—C(1) 2.305 0.457 0.388 2.361 0.419
Mo(4)—C(4) 2.305 0.457 0.455 2.297 0.446
Mo(6)—C(6) 2.305 0.731 0.529 2.243 0.577
C(1)—N(1) 1.170 2.582 2.503 1.182 2.489
C(4)—N(4) 1.170 2.582 2.585 1.169 2.597
C(6)—N(6) 1.170 2.582 2.636 1.162 2.641

4 The structure was optimized with electric field switched on.
b With electric field switched off.
¢ With electric field switched on.

field strength vector is directed from the lower to the
upper Re atom) are shown in Fig. 6. The most important
change is an antiparallel (with respect to the direction of
the electric field strength vector) shift of the electron
density. According to the group additivity scheme, main
changes occur within the My polyhedron. Additionally,
there is a number of subtle but important effects that are
inconsistent with the global electron density shift antipar-
allel to the electric field strength vector (see Fig. 6). In
particular, the electron density in the outer regions of the
Mg polyhedron markedly increases near the M(6)—Meq
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Fig. 6. Changes in electron density distribution (in e (a.u.)~3) in
vertical plane of Re, due to electric field effect.

edges and decreases in the regions of the M(1)—M,,
bonds, being almost unchanged near the M .,—M,, edges.
Correspondingly, the orders of the two-center bonds in-
crease for M(6)—M,,, decrease for M(1)—M,,, and re-
main almost unhanged for Moq—M (see Table 5). These
changes in the bonds orders are accompanied by antipar-
allel changes (a decrease, an increase, or almost con-
stancy) in the lengths of the same bonds calculated with
electric field switched on. Indeed, geometry optimization
of the [MogSg(CN)¢]®~ cluster in electric field showed
that the cluster geometry changes (compared to the un-
perturbed starting cluster geometry) in accordance with
the changes in the two-center bond orders (see Table 5).
The orders of other two-center bonds also change (see
Table 5).

Electronic structure model for octahedral clusters. Ear-
lier,24 a study of the electron density distribution in the
cavities of adamantane C;yH ¢ and related molecules (in-
cluding ionic forms) showed that the electron density for
transannular interactions on the faces of the adamantane
cage, Cy, and within the molecular cavity is negligible
compared to the electron density along C—C edges. On
the contrary, in adamantane molecular cations and radi-
cal cations (adamantanyls), in particular, in the C,yH;5",
CoH4%", CoH3", and CyyH 2" fragments the elec-
tron density on certain faces and within some regions
inside the C,, cage is comparable with the electron den-
sity on the C—C edges. This distribution is similar to
electron density distribution in polyhedral boranes B, H,,.
The results obtained can be explained?4 by effective or-
bital interactions between the electron pairs of two-cen-
ter C—C or B—B bonds and vacant quasi-atomic va-
lence orbitals localized on transannularly arranged cen-
ters, C* or B.

Heavy transition metal clusters have a quite different
structure. In contrast to C atoms in the adamantane and
other cage or polyhedral organic molecules the M atoms
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forming the inner sphere have no hybrid orbitals with
appropriate shape and spatial orientation. The shape (in
other words, fashion) of the electron density distribution
over the cluster interiors, similar to the well-known
Thomson model of atom (positively charged atomic nu-
clei in electron "gel") gave us an impetus to develop an
improved model for the electronic structure of octahedral
clusters of the 4d- and 5d-elements.

First of all it should be noted that high electron den-
sity on the faces and edges of the central octahedra Mg
corresponds to a model in which electrons are distributed
over the surface of a sphere.2” This type of electronic
structure of clusters is often described using the free elec-
tron model and the tensor surface harmonics (TSH)
theory. The TSH theory developed in the framework of
the free electron model uses an explicit group-theory defi-
nition of the structure cluster MO.25—27 According to this
theory, the atoms M of the cluster core M,, are arranged
in the surface of a sphere (i.e., the centers of all atoms M
are at equal distances from the center of the sphere). Each
atom M is described by the angular coordinates 6; and ¢,
(i =1, ..., n). Electrons of the cluster freely move across
the surface of the sphere, thus simulating an idealized
cluster. The electron wave functions for M,, (the number
of such functions is n) are solutions to the Schrodinger
equation for a particle (in our case, atom M) on a sphere;
corresponding energies depend on 6, and ¢;. Since in real
clusters the atoms M form an aspherical polyhedron M,,,
the orbitals and energy of a real cluster are determined
from analogous characteristics of the spherical cluster us-
ing the perturbation theory with allowance for actual clus-
ter symmetry.

The results obtained in this work (high electron den-
sity in the cluster interiors) permit extension and devel-
opment of the TSH theory.

Consider four regions in the cluster:

1) inner sphere of radius 2 a.u.;

2) Mg sphere;

3) Sg sphere (of course, except for the rhodium carbo-
nyl cluster); and

4) outer spherical layer comprising negatively charged
CN~ groups or neutral CO groups.

As shown above, the electron density is manily local-
ized on the core AOs and can be considered constant
(fixed) inside corresponding atomic spheres. We added
electrons localized on the MOs of CN~ or CO ligands to
this fixed "core". All these electrons (atomic core elec-
trons and electrons occupying ligand MOs) and atomic
nuclei generate a potential in which the valence electrons
move. The potential can be considered spherical; more-
over, it has a nearly constant magnitude inside the cluster
core Mg. This model is similar to the concept of the state
of electrons within alkali-metal clusters.28 It is known
that solutions to the one-particle Schrodinger equation

Table 6. Correlation between irreducible representations of
spherical symmetry group O(3) and its subgroup Oy, (/ is the
orbital quantum number)

/ Irreducible representations

Spherical symmetry Point symmetry

group O(3) group Oy
0 S alg
1 P tiu
2 D t2g! eg
3 F Ay, Ly Ty
4 G alg, Cg, tlg’ t2g
5 H ey 2ty ty
6 1 alg, azg, Cg, tlg’ 2t2g

with spherically symmetric potential can be classified in
the eigenfunctions of the L2 operator (ls, lp, 1d, 1f,
1g, 1i). Corresponding one-electron energy levels are de-
generate (degeneration multiplicity is 2/ + 1, /= 0—6). In
the cluster field with O, symmetry these levels are split
and new one-electron states in the cluster field are trans-
formed using the irreducible representations (IRs) of the
O,, point group (Table 6). Therefore, we can determine a
set of n/ states with inclusion of splitting of the cluster
field and match them to the calculated MOs. This MO
scheme (after exclusion of the MOs with large contribu-
tions of CN~ groups) was constructed for both cyano
clusters studied, [MogSg(CN)4]®~ and [RegSg(CN)g]*~
(see Fig. 2). The proposed correlation between the cal-
culated energy levels for octahedral molybdenum,
rhenium, and rhodium clusters and the energy levels cor-
responding to the spherical potential model is shown in
Fig. 7. It should be noted that certain IRs are unique; for
instance, the a,, IR is included in the f-subset only while
the ay, IR is included in the i-subset of states. These
features of MO assignment to different /-subgroups illus-
trate the order of energies of different states of the spheri-
cal symmetry group O(3). The resulting MO scheme dif-
fers from that known for sodium clusters, namely, the
MO energies increase with the orbital quantum number /,
whereas for the Na, clusters the 2p, 2d, efc. states dis-
appear.

In this work we put forward a model for electronic
structure of octahedral clusters of 4d- and 5d-elements.
Clusters are represented by sets of positively charged
atomic cores "immersed' in a specific "gel" of freely mov-
ing electrons. In this case (especially taking into account
the results of the electronic structure calculations for clus-
ters in electric field, which indicate a high polarizability
of the M, X, Y, clusters) one can conclude with ease that
the electron-nuclear structure of the clusters in question
can be readily modified and is quite susceptible to exter-
nal perturbations. Namely, changes in the internuclear
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Fig. 7. Correlations between the energy levels calculated for
point symmetry group O;, and proposed for spherical symmetry
group O(3).

distances, changes in the spatial distribution of the va-
lence electron density and with respect to the energy spec-
trum in the cluster do not require large energy expendi-
ture and occur with ease as a response to the action of
extermal factors on the cluster. Experimental data®2! on
the addition of additional ligands or monomuclear com-
plexes to such clusters confirm this conceptually im-
portant conclusion. Indeed, octahedral clusters of the type
[MgXg(CN)¢]9~ have a highly symmetric structure. But
the addition of a mononuclear complex Mn(H,0)s>*
or Ni(H,0)s>" to the trivalent rhenium cluster
[RCGSCS(CN)6]4* leads to distortion of the regular octa-
hedral structure of the central polyhedron Re¢ and the
differene between the Re—Re internuclear distances
reaches 0.02—0.04 A. The results of our special calcula-
tions of a modified rhodium carbonyl cluster show that
replacement of a CO group in the Rhg(CO) ¢ cluster causes
a marked changes (up to a few tenth of an Angstrom) in
the geometric parameters of the cluster core.

In this work we compared the electron density distri-
butions in three clusters, namely, [MogSg(CN)4]%~,
[RegSg(CN)¢]4~, and Rhg(CO)6. The first two clusters
have electron donor ligands and differ only in the number
of valence electrons. The rhodium cluster has strong
n-acceptors ligands. Because of this the character of the
electron density distribution in the M—L space of the
octahedral clusters in question is fundamentally different
for the Mo and Re clusters on the one hand and the Rh
cluster on the other hand. Nevertheless, the electron den-
sity distribution over the octahedral M core and polariz-

ability of all three clusters are very similar, which indi-
cates a high strength of the M—M bonds in clusters, rather
weak dependence of characteristics of these bonds on the
nature of ligands and a highly conservative charactter of
the bonds in the Mg core.

Thus, we presented a convenient and quite correct
model for electronic structure of octahedral clusters of
heavy transition metal atoms. The model treats the clus-
ters as sets of nuclear cores "immersed" in a "gel" of freely
moving electrons, The model also seems to be applicable
to clusters containing different numbers of atoms in the
central fragment M,, and characterized by another sym-
metry of arrangement of the M atoms in the cluster space.
The model proposed includes the TSH model as a limit-
ing case corresponding to negligible electron density in
the cluster interior.

All calculations were carried out at the Petrodvorets
Telecommunication Center.

This work was financially supported by the INTAS
(Grant 2000-00689).
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