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ABSTRACT: The bond description for cluster compounds is
commonly based on the molecular orbital diagrams, where the
whole material is characterized by the specific electron population
at various energetic levels. In contrast, this work is focused on the
distribution of valence electrons between different liganding
atoms, calculated first for a wide variety of octahedral metal cluster
compounds (mainly Mogs and Reg chalcohalides) by the bond
valence model. This distribution was found to be extremely
nonuniform for most of the materials; it depends mostly on the
ligand distances from the cluster center: The closer the ligand to
the center, the higher is its charge (defined as its bond valence
sum). To explain these results, a new model for the electrostatic
interactions in the cluster compounds was proposed: The octahe-
dral metal cluster with high polarizing power creates a strong
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electrostatic field, in which the adjacent separate anions behave as a part of a continuous dielectric medium, adjusting their charge to
the distance from the cluster center. The valence violations related to this adjustment are the source of the material instability.
Moreover, the bond valence analysis allows for the unveiling of the stabilization mechanisms existing in this type of cluster
compounds. It was shown that the formation of mixed chalcohalides with an unusual anion arrangement, and chalcogen linkers with
a reduced oxidation state, decreases the valence violation on the ligands. This work also illustrates additional ways of material
stabilization, such as ion insertion inside the clusters or into the interstitials between the clusters, an increase in the number of inner
ligands from 8 to 12, as well as increasing the connectivity of the structural units, MeXgLs and MesX;,Ls (Me is the transition metal;

X and L are internal and outer ligands, respectively).
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B INTRODUCTION

The term “metal cluster” was introduced by Cotton" in 1964
to define the groups of atoms with metal—metal bonds. Nowa-
days, metal cluster compounds, especially those with octahedral
clusters, are the subject of intensive studies because of their
remarkable physical (catalytic, electrical, magnetic, spectro-
scopic) properties.””” The well-known example is superconductive
Chevrel phases,” which are also used as cathodes for rechargeable
Mg batteries* because of their unique ionic mobility.” Another
example is the MogS;I¢ nanowires with a wide spectrum of
molecular-scale functionality.® The studies of the cluster com-
pounds are not related only to the field of inorganic chemistry but
rather to materials science in general: Chalcogen or halogen ligands
can be substituted for organic groups giving rise to a wide variety
of organo-metallic hybrids.>” In spite of the great previous efforts
to understand the chemical bonding in these unusual materials,>®
this work describes for the first time the effect of the unusually
high ligand polarization in the cluster field, evident from the
extremely nonuniform distribution of the anion charge around
the clusters. It will be shown that this distribution affects greatly
the material stability.
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In solids, the octahedral clusters of transition metals, Me, form
two structural units, MesXgLg and MegX,L (Figures laand b),
where the internal and outer (apical or terminal) ligands (X and
L, respectively) are presented typically by chalcogens and/or
halogens. Because of their high electron deficiency, clusters of Sc,
Sr, Zr, or Nb are often stable only in the presence of an additional
atom (Z = metal or nonmetal) or atomic groups in the cluster
center (Figure 1c).” The L component may be relatively easily
substituted for groups like CO, CN, or PEt3.2’7 The octahedral
clusters surrounded by ligands may exist in solids as separate
molecules, or be linked to each other and to additional ions or
molecules. As a result, the cluster compounds show a wide variety
of structural types with a whole spectrum of physical properties.
Bonding (and the physical properties) in these compounds
depends not only on the metal—metal and cluster-ligand inter-
actions, but also on the connectivity between the structural units
and their relationship with additional ions or molecules. For
instance, compounds with a high concentration of nonmetallic
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Figure 1. Three types of structural units, with face- (a) and edge-bridge
(b) arrangement of the inner ligands, and with an additional atom in the
cluster center (c).

atoms (X and L) and a large separation between the clusters are
normally insulators,"® while metal-rich Chevrel phases, M,MogXs
(M = metal, X = S, Se, Te), with additional Mo—Mo bonding
between the clusters, are superconductors® and unique ionic con-
ductors.’ However, even in Chevrel phases, within the same structural
type, the electronic and ionic transports differ drastically for various
compositions because of the different interactions between the
MogeXg hosts and the M-cation guests located between the MogXg
blocks (Crystal structure of Chevrel phases is presented in the
Supporting Information, Figure 18). b5

Recently we have shown that simple bond valence calculations
are very effective to characterize the cation insertion in Chevrel
phases, in particular, to describe the geometry of the available
sites and the possible routes for cation transport,”™ as well as to
estimate the lattice strains related to this process.'’ The calcula-
tion method is based on crystallographic data solely; it utilizes a
fundamental relation between the ion bond valence, S;, and the
bond length, R,-j:12

Sj = exp[(Ro — Ry)/b] (1)

where Ry and b are the empirical constants: Ry is a tabulated"?
bond valence parameter for the “cation-anion” pairs, while b is
usually taken to be 0.37 A.

The bond valence model was successfully applied not only for
common ionic solids but also for coordination compounds,"*
mostly for the determination of the cation oxidation state, V,
which can be defined as the bond valence sum (BVS):'?

V=2, (2)

In our previous work'" devoted to Chevrel phases, we did not
restrict the calculations to cations, but performed a full bond
valence analysis to study the charge distribution on the chalcogen
ligands around the Mog-cluster as well. It was found that this
distribution is extremely nonuniform for most of these com-
pounds, that is, the bond valence sum of chemically identical but
crystallographically different anions differs significantly from
their formal oxidation state (—2) (Supporting Information,
Figure 2S). Such valence violations are commonly assigned to
lattice strains."” In fact, existence of strains in the anion framework
around the Meg-clusters was suggested in the previous studies?"?
based on the analysis of the interatomic distances. Corbett'> even
introduced a special term “matrix effect”. The latter was defined

as a steric conflict between strong Mo—X intercluster bonding in
Chevrel phases and closed-shell anion repulsion. The attempts
were made to correlate the lattice strains to physical properties of
cluster compounds, such as chemical reactivity of structural
blocks™ or material stability.'>

However, these studies were not continued, maybe because of
the absence of clear quantitative characteristics of the lattice
strains, which were found later in the framework of the bond
valence model."”” In our previous work'' we correlated the
valence violations to instability of Chevrel phases, but the main
questions remained unanswered: What is the origin of the
valence violations? Do they exist also in other cluster-containing
compounds? If this is the case, the effect of violated ligand
charges should have a great impact on the material structure and
its physical properties, especially on the material stability.

Thus, the aim of this paper is to study the distribution of the
anion charges (defined as their bond valence sums) and the
factors affecting this distribution for a wide variety of cluster
compounds. The study is based on the calculations by the bond
valence model.'> The results are used to explain the structural
peculiarities of the cluster compounds, for example, the forma-
tion of mixed chalcohalides with anion ordering or chalcogen
cluster linkers with reduced valence. Additionally, we will corre-
late the valence violations found for the ligands to material
instability. This work is focused mainly on the chalcohalides with
Mog and Reg clusters, while compounds with other clusters are
presented for comparison.

B BOND VALENCE METHOD FOR CLUSTER COM-
POUNDS (MODEL 1)

The calculation method' in its application to cluster com-
pounds was described in detail in ref 11. Here we point out the
basic concepts of the method. To characterize the metal —metal
bonding in the clusters, we introduced a bond valence parameter''
based on the so-called VEC (Valence Electron Count or sum of
electrons involved in the cluster bonding), m. For compounds
composed of Meg-clusters, T-ligands (a generic label for X and L),
and additional M-cations, m is defined” as the sum of the valence
electrons of the six Me atoms and ¥ M"" cations minus the
number of the valence electrons of the ligands. For instance, for
Chevrel phases, M"" ,MogXs, m =6 X 6 + nx — 2 X 8. Since nx
for these compounds may vary from 0 to 4, the m values lay in the
range of 20 to 24.> In contrast to Chevrel phases, the VEC for
other Meg-cluster compounds is constant and equal to 24 and 16
for Me metals with 6 and S valence electrons, respectively (Nbgl,
with VEC = 19 is an exception) (Table 1).

The electrons related to the VEC are distributed among all the
Me—Me bonds. For instance, in Chevrel phases each Mo atom is
connected to five Mo atoms (four bonds within individual Mog-
clusters plus an additional bond between neighboring clusters),
with bond lengths, Ry, which can be found from the atomic
coordinates. Thus, we can use five eqs 1, which correlate the
unknown bond valence strengths, S, with known crystallographic
R;; data. In addition, according to eq 2, the sum ¥ S;; for the five
metal—metal bonds is equal to the Mo electron number, m/6. By
solving these six equations, we can easily determine the six
unknowns, S;, S,, Ss, S4 Ss, and Ry pe—aee (bond valence
parameter for a given compound).

The calculations of the anion charge were performed in two
steps. First, the valences for all the cation bonds were calculated
based on the formal cation oxidation state and the “cation-anion”
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Table 1. Continued
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GII
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Figure 2. Comparison between tabulated R (in red) and calculated Ry’
(in black) bond valence parameters for the Me—T and Me(cluster) —T
bonds, respectively (For Ry Me is an individual cation in common ionic
compound, while for Ry’ Me is one of the cluster atoms). Ry’ are the
average data of Table 1 for the Mog and Reg-cluster compounds (marked
by circles and triangles, respectively).

distances in the crystal structure. For instance, in Chevrel phase,
SnMogSg, Mo and Sn cations are bonded to five and eight sulfur
anions, respectively.® Using the Mo—S and Sn—S distances,” the
oxidation state of Mo and Sn (+2'/5 and +2, respectively), and
egs 1 and 2, we can calculate the valences, S;, and the individual
bond valence parameters, Ry, for the Mo—S and Sn—S bonds in
SHMOGSg.

The calculated bond valence parameters for a variety of cluster
compounds are presented in Table 1. Structural data for the
valence calculations can be found in refs 3a,16—23. Note that a
comparison of Ry with the tabulated"? parameters, Ry, provides
additional information on bonding (In Table 1, the tabulated R,
values are given in parentheses). For example, obviously lower
values of Ry for the Me—T bonds in the cluster compounds as
compared to the tabulated R, (Figure 2) testify to significantly
stronger interactions between cluster atoms and their ligands than
those for individual Me cations in common ionic compounds. As
can be expected, the difference Ry — Ry increases for larger and
more polarizable anions (More detailed discussion of factors
affecting the bond valence parameters for the Me—Me and Me—
T bonds in Chevrel phases can be found in our previous work'").

In contrast, interactions between anions and additional M-ca-
tions located between the MegTg blocks should be identical to
those of common solids (Compare, e.g,, Ryy—1 for MMogSg
(M = Sn, Gd), CsMo,,S;4, or Cu,MoCl;, with the tabulated
values). For the M—T bonds, the difference R, — R, is com-
monly related to the steric strains between the M-cations and
their anion environment. In the previous work"'! we have shown
that insertion of such big cations like Ba>" in the relatively rigid
anion framework of Chevrel phases results in high steric strains.
Thus, the lattice constraints associated with M—T bonding may
be also responsible for the material instability. To take them into
account, we should to use the Ry, 1 values instead of Ry 1
However, in this study we are interested in the anion charge
distribution around the clusters. It can be shown than the
replacement of Roy—r by Ry p—r has negligible effect on this
distribution, but disturbs the balance of the bond valence sums
(see Supporting Information, Figure 2S). Thus, the use of
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individual Ry'y;—7, convenient for each compound, provides a
clear advantage in this case: The calculations can be easily verified
by the charge balance.

The next step was the calculation of the bond valence sums,
XS, for all the anions, where S; are the values found in the
previous step. For instance, in SnMo¢Sg there are two crystal-
lographically different types of sulfur ions. The first type, S;
(general position in the space group R3), is bonded to four Mo
and one Sn atoms (valences of 0.507, 0.483, 0.407, 0.36S, and
0.182 vu, respectively), while the second type, S, (position on the
3 symmetry axis), is coordinated by three Mo and one Sn
(valences of 0.570, 0.570, 0.570, and 0.459 vu, respectively).
Thus, the bond valence sums are equal to 1.944 vu for S; and
2.169 vu for S,. The formula unit includes 6 S; atoms and 2 S,
atoms, while their total negative charge, obtained in the calcula-
tions and equal to 16.002 vu, is very close to the theoretical value
of 16 vu. The close values show the correct valence balance in the
crystal structure.

The nonuniform anion charge is expected to impart material
instability, which can be characterized by the global instability
index (GII):"

GII = ((Xs; — V)H'/? (3)

Here, the average is taken over all the atoms in the formula unit. It
is commonly accepted'” that GII > 0.20 vu corresponds to unstable
material. The calculated GII for a variety of cluster compounds
are presented in Table 1. The details of the bond valence calculations
for all the materials under study can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Nonuniform Charge Distribution on the Ligands around
the Meg-Clusters. lonic Model II: Meg-Cluster As a Virtual Poly-
valent Cation. In the previous work,"" it was shown that the
nonuniform charge distribution for the X; and X, anions in
Chevrel phases is related to their different linkage to the Mes-
cluster. In addition, one can think that the violation of the valence
sum rule is related rather to the electron distribution inside the
cluster than to its interactions with the ligands. To clarify the role
of the linkage and the internal structure of the Meg-cluster on the
anion charge distribution obtained in our calculations, let us change
the bond valence model and treat the entire cluster as a single
polyvalent Me-cation located in the cluster center (Model II). In
contrast to the usual ionic model (Model I) described above, in
such a presentation, the linkage of all the anions to the Mes-
cation is the same; the influence of the internal cluster structure is
excluded, and the difference between the ligand charges may result
only from different anion distances from the cluster center, Mes—X.

For subsequent discussion it is important to note that the
radius of this virtual cation is relatively small. It can be estimated
by a comparison of the Me—X and Mes—X distances in the same
compound. For instance, in MogSs, the length of the minimal
Mo—S bond is equal to 2.43 A, while the minimal Mos— S
distance is 2.93 A. For MoCl,, these distances are 2.45 and 3.00
A, respectively. Similar values can be obtained for the Reg-
clusters (e.g., in ResSgBr,, the lengths of the minimal Re—S$
and Reg—S bonds are equal to 2.38 and 2.91 A, respectively).
Thus, the radius of the Moy or Reg-cation is only ~0.5 A larger
than that of the standard Mo or Re cation (For the Nbg-cation
this difference is about 0.7 A). Because of the relatively small

radius, r (~ 1.3 A for Mog or Reg and ~1.5 A for Nbg) and the
enormous charge, g (12 e in MogCly,, 16 e in MogSg, 18 e in
RegSsBr,, 11 e in Nbgl,;, and 14 e in K,NbgCl,), such a cation
should have an extremely high polarizing power, q/r*: 7.1 ¢/A” in
MogCly,, 9.5 e/A% in MogSs, 10.7 e/A” in ResSgBr,, 4.9 ¢/A” in
Nbgl,;, and 6.2 e/A% in K ,NbsClg (For comparison, the
polarizing power of Mg>" and Ti*" cations is equal to 3.7 and
9.8 /A’ respectively).

Figure 3a shows that both models I and II result in similar
charge distribution on the X; and X, anions in Chevrel phases.
For a variety of cluster compounds with a large separation between
the clusters, the similarity is rather qualitative than quantitative
(Figure 3b): For both the models, the valence input of the Me—
T bonds (cluster electron donation) into the anion charge (bond
valence sum) decreases exponentially with the ligand distance
from the cluster center, but for model II this decrease is more
dramatic: The separation of the outer L ligands from the Me¢-
cation is too high for appreciable Mes—L bonding. This limita-
tion of model II can be avoided by refining the b-parameter in
eq 1. As was shown by Adams,”* the b-values increase with the
difference between the anion and the cation softness. According
to the high cluster polarizability (see below), a softness of the
virtual Meg-cation should be also very high. In fact, for b close to 1
A, Model II gives the results, which are similar to those of Model I
(Figure 3c. The details of the combined refinement of the Ry’ and
b parameters can be found in the Supporting Information). As
can be seen, the fitting is almost perfect for Cu,MogT 4 (T = Cl,
Br, I) and K,Nb,Cl,, while for ResS,Br;, and CsgResSe; s there
is a nonsystematic shift between the curves.

It should be emphasized that, to avoid the uncertainty in the b
constant, we did not used model II in subsequent calculations.
However, the similar results obtained by the two models confirm
their validity. Moreover, based on model II, it can be suggested
that the Meg-clusters have an extremely high polarizing power,
and the main factor affecting the ligand-cluster interactions is the
anion distance from the cluster center. As will be shown below,
this distance is closely related to ligand bonding.

Anion Charge versus the Distance from the Cluster Center.
Figure 4 presents the charge (bond valence sum) of chalcogen
and halogen ions in various Mog and Reg cluster compounds as a
function of the ligand distance from the cluster center. As was
mentioned above, in Chevrel phases, which have no outer ligands,
the nonuniform charge is related to the structurally different X;
and X, anions (the upper part of Figure 4a). Remarkably, change
in the position of the S, anions in GdMo4Sg and SnMogSg, as
compared to that in MogSg, namely, its shift to the cluster center,
agrees well with the charge redistribution found previously (Sup-
porting Information, Figure 2S): The closer the ligand to the
cluster center, the higher is its charge.

The same correlation exists for other Me4-cluster compounds,
but here the main difference in the anion charge and location is
related to the inner and outer ligands. In fact, in spite of the similar
lengths of the individual metal—ligand bonds, Me—X and Me—
L, in the MeyXgL¢ structural units, the X atoms are ~0.8—1.3 A
closer to the cluster center than the L atoms, and their charges are
obviously higher. Note that the crystal structure of some materials
under study, such as AgMogBr;3, ResSe Clyo, and RegS Bri, is
composed of two symmetrically independent clusters. As can be seen
from Figure 4c, the charge distribution around the clusters (the
data labeled as AgMogBr,; and AgMogBr, 3, etc.) is very similar.

Thus, Figure 4 confirms the above analogy between the Mes-
cluster and a virtual cation with high polarizing power: According
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equal to 0.37 and ~1 A, respectively). Solid and dashed trendlines are
related to models I and II, respectively. These lines were drawn assuming the
exponential “charge-distance” response (see eq 1).

to the charge-distance correlation, it is logical to suggest that the
source of polarization around the cluster is located in its center.
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Figure 4. Distribution of the anion charge in a variety of cluster
compounds as a function of the ligand distance from the cluster center:

chalcogenides and halogenides with Mog- (a) and Reg- (b) clusters;
mixed chalcohalides with Mog- or Reg- clusters (c).

However, there is also a clear difference between the cluster and
the common cations with a high charge/radius ratio: The deform-
ability of the latter is typically very low, while the size and the
shape of the Meg-cluster are extremely sensitive to its charge, "'

11,25 . 2b . .
external pressure, = and environment.” For instance, Figure S
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Figure 5. Cluster deformability in a variety of Mog-cluster halogen-
ides: Correlation between the bond valence parameters calculated in
this work for the Mo—Mo and Mo—X (X are inner ligands, Cl, Br,
or I) bonds.

presents the correlation between the bond valence parameters
R, for the Mo—Mo bonds and those for the Mo—X bonds (X
are inner ligands, Cl, Br, or I) for a variety of the Mog-cluster
halogenides. As can be seen, the larger the anion cube around the
cluster, the bigger is the cluster size. Hence, in spite of the high
polarizing power, which is normally associated with “hard”
cations, the cluster size is very flexible. Interestingly, the Mos-
cation radius of ~1.3 A (see estimation above) is significantly
smaller than the distance of the Mo atoms from the cluster
center, equal to ~1.8—2.0 A (1.834, 1.842, and 1.847 A for
MogCly,, 1.967 A for MogSs), that is, the Mo atoms themselves
may be polarized by the cluster electric field.

To emphasize the unusual nature of the anion charge dis-
tribution around the clusters, it can be compared with the
structure of the electric double layer formed in the electrolyte
solution near positively charged metal electrodes. In the anion
part of the layer, the total negative charge decreases with the
distance from the electrode surface. Similarly, the Meg-cluster
with high polarizing power creates a strong electrostatic field, in
which the adjacent separate anions behave as part of a continuous
dielectric medium, adjusting their charges to the distancing from
the cluster center. The valence violations related to such adjust-
ment are the cause of the material instability.

Comparison with Previous Results. It can be expected that the
distribution of the valence charges between ligands presented in
this study will be similar to the distribution of the effective
charges around the clusters obtained by quantum chemical
calculations (in spite of the obvious difference in their absolute
values). In fact, Baranovsky et al.***" showed the high polariz-
ability (domains of 55—65 A?) of the whole MegXgLg structural
unit (including the Meg-core). Their conclusion was similar to
ours: The essential difference in the effective charges for chemi-
cally identical anions arises from the existence of the internal
electric field. However, they did not relate this field to the cluster,
but to the additional cation groups. Another distinction between
our results and those of quantum chemistry is related to the field
distribution: The effective anion charges calculated, for example,
by Arratia-Perez et al?* for some of the Res, Mog, and Wy
cluster compounds were commonly higher for terminal ligands
(see the data in the Supporting Information). Taking into account
the ligand distance from the cluster center, such results can be
interpreted as repulsion between the clusters and the anion
electrons. In contrast, for our valence distribution we can speak
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Figure 6. Effect of the cluster field on the distribution of the valence
electrons between anions for a variety of metallo-organic halides: Mes-
cluster (Me = Mo, W) contribution to the anion (T = F, Cl, Br, I) charge
vs ligand distance from the cluster center. The trendlines were drawn
assuming the exponential “charge-distance” response.

about attraction of valence electrons by the cluster, which seems
natural for the 77-donor ligands.

Higher electron density for the terminal anions was suggested
also by Tulsky et al.”” based on the different chemical activity of
these and inner ligands. However, the well-known®” robust
nature of the [Me4Xg] core in different solutions and high lability
of the axial ligands testify rather to the opposite: the bond
strengths (i.e., the valences) for the inner ligands should be
significantly higher than those of the outer ligands. This can be
confirmed by very simple estimation: close Me—X and Me—L
distances, typical for the cluster compounds, are related to similar
valences for each of these bonds (see eq 1). As the L and X
ligands in the MesXgLe units are commonly bonded to one and
three Me cations, respectively, the cluster donation to the bond
valence sum for the L anions (see eq 2) has to be almost three
times lower than that for the X anions.

In fact, the maximal charge of the inner ligands in the Reg
chalcogenides is about 2.4 vu, while the minimal charge of the
outer ligands is close to 0.8 vu (Figure 4b). A similar ratio (1.2
vu/0.4 vu) can be seen in Figure 6, which presents the Me
electron donation to the ligand charge for a variety of metallo-
organic halides as a function of their distance from the cluster
center. In addition, Figure 6 demonstrates nicely how higher
ligand polarizability (I > Br > Cl > F) compensates the cluster
field reduction, caused by a larger separation of the bigger anions
from the cluster center. As a result of this compensation, there is
no dramatic difference in the distribution of valence electrons for
different anions, but the iodides should be less stable not only
because of the weaker Mo—I bonding but also because of the
increased inhomogeneity in the ligand charge. The estimation
presented here takes into account only the metal—ligand inter-
action in separate [MegXgLe]”> ™ units (the comparison is valid
because of the same total charge (—2) of the units). Below we
will see the effect of other structural parameters on the anion
charge distribution.

Valence Violation and Structure Instability. As was remarked
by Lee et al.”™ in their review, the existence of broad families of
cluster structures in the solid state might be at first sight
surprising because of their almost axiomatic instability (Note
that, in the absence of clear thermodynamic data for cluster
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compounds, a common criterion of the material stability is the
difficulty of its preparation. For example, MosSg cannot be
prepared by direct solid state synthesis, but only by metal
extraction from more stable compounds like NiMogSg or
Cu,MogSs). A comparison of bonds in these and known stable
materials might be even more astonishing, because these bonds
seem to be very similar. For instance, in Chevrel phases, the lengths
of the Mo—Mo bonds, which change from 2.65 to 2.86 A are
obviously close to that of the Mo metal (2.78 A). As was shown
above (Figure 2), the Me—T bonds in cluster compounds are
even stronger than those in common ionic solids. The question
arises: What is the origin of cluster compounds’ instability, for
example, why is MogSg metastable, in contrast to very stable
mineral molybdenite, MoS,?

It was commonly accepted to correlate the material stability to
the Meg-cluster shape.® According to Yvon,™ the cluster sym-
metry increases with the cluster electron number, that is, the
compounds with VEC = 24 should be the most stable. However,
the synthetic studies seem to be in contradiction with this
statement: For such cations as Li", Na™, Mg”, Cd*", and so
forth, it is relatively simple to obtain the Chevrel phases,
M"" MogTg, with nx =1 or 2 by the direct high temperature
synthesis, but compounds with nx =4 can be prepared only by
chemical or electrochemical cation insertion into the MogTs (T =S,
Se) hosts at ambient temperatures.** Moreover, the constant
VEC = 24 is associated with a wide variety of cluster compounds
with completely different stability; thereby it seems clear that the
cluster VEC and shape are not the major factors in this case. In
the previous work,"" we have shown a good qualitative correla-
tion between stability of Chevrel phases and anion valence
violation, which was found to be minimal for nx =1 or 2. Thus,
it is logical to suggest that the valence violations in the anion
cluster environment are responsible of the material instability.

Numerous synthetic works of the past few decades showed
different ways of structure stabilization such as insertion of
additional cations between the cluster units or inside the clusters;
partial chalcogen/halogen substitution; cluster units’ linkage by
chalcogen groups with reduced oxidation state, and substitution
of terminal ligands by organic groups. However, the effectiveness
of these methods was rather sporadic, “with only limited rational
planning””® because of unknown structural mechanism of stabiliza-
tion. In the subsequent parts it will be show that this mechanism
can be understood as a minimization of valence violations.

B DIFFERENT MODES OF STRUCTURE STABILIZATION

Cation Insertion. The most obvious way to change the non-
uniform charge distribution on the ligands is by the insertion of
additional cations between the structural units. It can be expected
that the polarizing power of these cations will partially balance
the strong electrostatic field formed by the cluster. To illustrate
the effect of cation insertion for Chevrel phases on the valence
distribution, Figure 7 presents separately the electron donation
from the additional cations (area marked by gray) and that from
the Mo atoms of the cluster to the anion charge (bond valence
sum) as a function of VEC. As can be seen, the minimal valence
violation for S and Se is associated with the insertion of a single
mono or divalent cation per formula unit (VEC =21 or 22), and
such Chevrel phases are commonly the most stable.""

To demonstrate the effect of cation insertion on the valence dis-
tribution in other cluster compounds (case of constant VEC = 24),
Figure 8 presents the electron donation of the M-cations (in red)
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Figure 7. Redistribution of valence electrons, caused by cation inser-
tion, for two crystallographically different anions in Chevrel phases,
M, MogXg (X = S, Se) as a function of the cluster electron number
(VEC). The spots are the values calculated for different compounds. The
anion charge (bond valence sum) of sulfur and selenium are marked by
black and blue, respectively. The valence contribution of the Mog-
clusters to the ligand charge is shown in red. The gray area is the cation
input to the anion charge. The VECs related to the minimal valence
violation (anion charge of 2 vu) are marked by green lines.

and the Mo atom (in green) to the charge (in blue) of crystal-
lographically different anions in six materials, with the general
formula M,MeT . Since the bond valence sum depends mostly
on the ligand coordination, we added the number of the Me—T
bonds to the commonly used upper indexes “i” (inner) and “a”
(outer) in the chemical symbols (the lower index indicates the
crystallographically different anions). As can be seen, the cluster-
ligand coordination in all six compounds is the same. In
Cu,MogT 4 (T = Cl, Br, 1), the selective contribution of the
Cu" cations into the bond valence sum of the outer ligands
results in increased homogeneity in the anion charge: The global
instability index changes from 0.18 for the chloride to 0.23 for the
iodide. In contrast, a Cs" ion inserted into similar structures
contributes not only to the charge of the outer ligands but also to
the inner ones. This leads to the less homogeneous distribution
of the valence electrons between the ligands and high instability
index (GII = 0.26—0.34 vu). Thus, this mode of material stabiliza-
tion is especially effective when the inserted cation is bonded only to
the outer ligands.

Increasing Connectivity of Structural Units. In the M, MesT 4,
compounds discussed above, the separated MegT 4 units are
linked to each other by inserted cations or cation groups. More
frequently, the cluster units are interconnected by common
anion or anion groups. Three different types of cluster linkages
are presented in Figure 9a (additional linkage modes by anion
groups will be discussed below): The bridging anion may be (i)
in the apical position for the two adjacent clusters (Lz(“)) ; (i) in
the apical position for one of the clusters, but in the inner
position for the adjacent one (L*4); and (iii) in the inner
position for both clusters (Lé(“)). The number of Me-atoms
bonded to the bridging anion is two, four, and six, respectively
(see the number in the upper index of the ligands). A higher
coordination number results in a larger electron donation by the
Me-atoms to the anion charge (bond valence sum).

For instance, in the layered compound, MogCl,,, the terminal
ligands, Cl;"* and Cl42(“), are bonded to one and two clusters,
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respectively. As a result, the Cl4z(a'a) charge is twice as much as

that of Cl;" (Figure 9b). In Nbgl;;, with a three-dimensional
cluster linkage, all the terminal ligands are of the bridging type

L2, Consequently, their charge is relatively high (Figure 9c).
In both compounds, the direct connection between the clusters
results in a more homogeneous charge distribution and material
stabilization: GII is equal to 0.24 vu for MogCl;, and 0.18 vu for
Nbgl;. In CsMo;,S14, the linkage of the cluster units is very
similar to that in Chevrel phases. The difference is that the S,
anion is not bonded to one cluster, but is shared by two adjacent
clusters, that is, its coordination number changes from three to
six: $,% — 8,50V, Because of the higher connectivity, the GII
decreases from 0.18 vu for MogSg to 0.06 vu for CsMo ;>S4
(Figure 9d). In this case, the S,° ) connectivity results in a

1909

superposition of electrostatic fields existing around two inter-
connected clusters. Consequently, the fields partially cancel one
another i 1n the pomts equidistant from both clusters (Note that
the L and L°0 linkages are highly symmetric. For example,
the separation between the bridging anions and the two clusters
is 4.33 and 4.35 A for MogCl;,, 4.94 and 5.00 or 2 x 4.91 A for
Nbgl;; and 2 X 3.19 A for CsMo1,S14).

However, in some compounds the higher connectivity of the
structural units increases the difference in the ligand bonding.
For example, as we saw above, the nonuniform distribution of the
valence electrons around the cluster in the Chevrel phase, MoSg
is related to the different bonding of the two inner anions, S, it
and S, (Figure 9d). A similar effect takes place in the layered
ResSesCl,, where additional bonding in the Reg-cluster layers
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Figure 10. Effect of the chalcogen-halogen arrangement on the violated
anion charge: (a) Substitution of two sulfur atoms (marked as X, in the
inset of Figure 2a) for Br in the Chevrel phase, MogSs. (b) Two
compounds with purely halogen outer ligands and random chalcogen-
halogen distribution in the inner ligands. The filled columns (in blue or
blue plus red) present the total anion charge (bond valence sum); their
red part shows the valence excess as compared to the formal oxidation
state; the empty part is the valence deficiency. The X and Y axes are the
same as in Figure 8.

increases the inhomogeneity of the ligand charge and destabilizes
the material: GII = 0.24 (Figure e, left). In contrast, the bond
rearrangement (8,400 — g% C1'* — B2 agsociated with
the formation of cluster chains in ResSegBr, (Figure 9e, right)
and RegSgBr, results in structure stabilization: GII = 0.12.

It seems that the opposite influence of the L4 connectivit)g
on the anion charge as compared to that of the L2 apd 150
linkages arises from the asymmetry of the former. In fact, in
MogSs the bridging 814(“) anion is much closer to one of the
clusters than to the other: The distances are 2.93 and 4.39 A
respectively. In ResSegCl,, the distances of the bridging Se34(“5
and Se44(i'a) anions from one of the cluster are 3.11 and 3.12 A,
while those from the second cluster are 4.46 and 4.50 A. Thus,
the interactions of the bridging anion with one of the clusters
should be fundamentally stronger, that is, the clusters’ fields
cannot cancel each other out.

Mixed Chalcogenide/Halide Compounds. One of the unu-
sual properties of the cluster compounds is the straightforward
formation of mixed chalcohalides. In the latter, divalent chalco-
gen and monovalent halogen ions may be substituted for each
other, but they also show a clear tendency for maximal separation
on the inner and outer ligands, respectively.”*" We did not find
any plausible explanation for this phenomenon in previous
studies devoted to these compounds. However, the atomic arrange-
ment can be simply understood as the ligand adjustment to the
strong electrostatic field of the cluster: It is clear that a minimum
violation from the formal oxidation state should be realized in
compounds, where chalcogens (—2) and halogens (—1) will be
located close to and far away from the cluster, respectively.

A well-documented example is the stabilization of the Chevrel
phase, Mo4Sg, by halogen in compounds such as MogSeX, (X =
Br, I).>° In the earlier works>*® it was assigned to the higher VEC
(20 and 22 vu, respectively), but recently'" we have shown that
the replacement of one type of sulfur anions (S,) by Br is related
to a dramatic decrease in the valence violation (Figure 10a): The
global instability index, GII, changes from 0.18 vu for MogSg to
0.05 vu for MogSeBr,. Another example is the existence of the

mixed compounds with the general formula ResQg—, Y5 2, (1 =
0—4). Three of these materials, ResSegCl,, RegSegBr,, and
Re4SgBr,, were discussed above (Figure 9¢). For all of them,
the inner and outer ligands are presented by the chalcogen and
halogen atoms, respectively, while their charges of 1.9—2.3 vu
(for S or Se) and 0.5—0.8 vu (for Cl or Br) are convenient for the
valence electron gradient existing around the clusters.

Figure 10b shows the bond valence sums and the valence
violation for anions in two additional materials, ResS4Br;o and
MogSeCl, o, where divalent chalcogen and monovalent halogen
ions are randomly distributed between the inner sites. Because of
the difference in the anion charges, such substitution should be
problematic for common ionic compounds. However, as we saw
above, the area between the clusters has a flexible density of
valence electrons, and thereby it allows for the Q*~ — Y
replacement. In fact, the bond valence sums of the inner ligands
(~1.7—1.8 vu for ResS,Br;q and ~1.2 for MogSeCl;,) are
relatively close to the average formal oxidation state of the anion
mixture (1.5 and 1.12S5 vu, respectively). Outer ligands with
charges of ~0.6 and 0.7 vu are presented by monovalent halogen.
As aresult, the global instability index, GII, of these compounds is
relatively low (0.25 and 0.1S vu, respectively), especially for the
latter compound with a higher connectivity of the outer ligands.

Changes in the Formal Oxidation State of Chalcogen
Atoms. As was mentioned above, the cluster units can be linked
by additional chalcogen groups. The typical feature of the latter is
the unusual oxidation states of the chalcogen, when the total charge
of the whole group, consisting of two, three, or even seven atoms,
is equal to —2. As far as we know, the origin of this phenomenon
was not discussed in previous studies, but, as in the case of mixed
chalcohalides, it can be easily understood as one of the ways of
minimization of valence violations. In fact, the area between the
clusters with a distance of more than 4 A from their centers is the
region of low density of valence electrons, which should be very
favorable for the formation of the unusual anion groups.

For instance, in CsgRegS1,, the formal oxidation state of all
sulfur anions is —2, and the calculation shows a strong valence
violation (GII = 0.45), especially for the nonbridging terminal
ligand S,'* (Figure 11a). In contrast, in the selenides, MyResSe;,
(M = Rb, K, TI), the Ses'® anions form the (Se,)*” pair,
connecting two adjacent clusters (Figure 11b). A similar
(S,)*™ pair exists in the sulfide, Rb,;ResS ,. As a result, the GII
of these compounds are relatively low (Table 1). In compounds
such as ResTe s and ResSegTe, the clusters are bridged by seven
covalently bonded Te atoms, which form the quasi-planar
butterfly like configuration with a total charge of —2. To use
the bond valence model, we presented this linker as a Te*" cation
surrounded by two (Te;)*” groups, with the structural formula
Te* T [Re*"¢Te* §]*"(Tes)” . Such a presentation might seem
artificial, but it agrees well with the “distance-charge” correlation
found in this work: the distances of crystallographically different
anions from the Reg-cluster center in RegTe;s are 3.3 A for the
inner ligands, 4.6 A for the outer ligands, and 6.5 A for the central
atom in the butterfly group. The bond valence calculations
performed in accordance with this structural formula result in a
relatively low GII of 0.22 vu (Figure 11c).

An interesting case of ligand charge adjustment to the cluster
field can be found in the crystal structure of Cs;Re4S 3 5, determined
by Bronger et al,'® who described the cluster linkage in this
compound as a combination of two S>~, three (S,)*~, and one
(S3)° bridges (See ref 2a, p 1593). In our calculations, we
replaced the triatomic (S3)*~ group by a $** cation coordinated
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by two monovalent sulfurs (Figure 11d), with the structural
formula Cs,8*"5[ResSs](S*)2(S7)s. Such a presentation
agrees with the distancing of the crystallographically different sulfur
atoms from the cluster center (2.9—3.0 A for the inner ligands;
42—44 A for the outer ligands and 5.3—5.4 A for the gt
cation), resulting in a relatively low GII of 0.18 vu. Note also that
a partial occupation of the site in the crystal structure (occ = 0.5),
found by Bronger et al."® for the central atom in the triatomic
group, is typical for cations, but not for anions.

Thus, the bond valence analysis allows for the determination
of a stabilization mechanism in any cluster compound of this type.
For instance (Figure 12), in AgMogBr,3 (GII = 0.23) two of the
terminal ligands, Brg'* and Brg'?, are stabilized by cation insertion,
while the third (Br72(“)) is common for the two adjacent clusters.
In Eu,RegS 5, a favorable combination of the cluster linkage and
the cation input into the charge of the terminal ligand, S32(“) ;
results in a relatively homogeneous distribution of the valence
electrons (GII = 0.15). In Cs,ReqSe5 (GII = 0.24), the oxidation
state of two terminal li§ands, Ses" and Se,", is reduced to —1
(structural formula Cs™4[Re*"¢Se* 5] [Se* (Se,)*,]), while
the third (Seéz(“)) is common for two clusters. In CsgRegSe s,
the terminal ligands, Se;'?, have a reduced oxidation state of —1
(structural formula Cs4[Re**¢Se* 5] [Se* (Se,)> 3]), but an
unfavorable cation charge distribution, as well as the presence of
an additional anion separated from the Re4-cluster (Note that Se,
atom is not connected to the cluster, but only to the Cs cations),
results in a relatively high GII of 0.32 vu.

Compounds with [MegX,,] Structural Units. As was men-
tioned in the Introduction, compounds with Nb or Ta clusters
differ from those of Mo, Re, W, and so forth by the number of
inner ligands: 12 instead of 8 (the exception is Nbgl;; discussed
above). The increase in the coordination number is possible
because of the larger cluster dimensions. In fact, Table 1 shows
that the bond valence parameter of the Me—Me bonds, Ry ez is
equal to 2.76—2.77 A for the Nbg-chlorides (see data for
K NbCl,g, Li,NbgClyg, LiNbeCly5) and only 2.60—2.61 A for
the Mog, Res, and Wy-chlorides (see data for MogCly,, Cus,.
MogCly4, (TBA),MogCl4, RegSe4Clyg, (TBA),W4Cly,). The larger
dimensions are related to the weaker Me—Me bonds within the
cluster: VEC = 16 instead of 24. The Me—ligand bonds for Nb in
these compounds are also weaker than those for Mo, Re, and W.
For instance, according to the data of Table 1, Ry/r.—cy is equal to
2.20 A for Nb, 2.12 A for Mo and Re, and 2.14 A for W.

In contrast to the [MegXg] structural units, each of the 12
inner ligands is bonded only to two Me-atoms: X* — X*. This
leads to the larger separation of the ligands from the cluster
center (e.g,, ~3.0 and 3.5 A for the chlorides with Mos- and Nbs-
clusters, respectively). It is clear that this change in bonding
should result in a more homogeneous distribution of valence
electrons between anions around the Nbg-clusters: The cluster
electron donation to the charge of the terminal ligands is only
twice as small as that for the inner ligands (Compare with the 1:3
ratio for the [MegXg|Lg structural units). Thus, in the case of a
similar connectivity between the clusters, compounds with
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[MegX;,] units should be more stable than those with [MesXg]
units (this estimation does not take into account the weaker
Me—Me and Me—ligand bonds). In fact, as can be seen in
Figure 13, GII is equal to 0.05 for K4NbsCl;s, 0.06 for Li,NbsCl,,
and 0.08 for LiNbgCl; 5. These values can be compared respec-
tively with GII = 0.18 for Cu,Mo,Cl,, (Figure 8), GII = 0.23 for
AgMogBr;3, and GII = 0.1S for Eu,ReqS;; (Figure 12), because
these compounds have a similar cluster connectivity.
Compounds with Centered Clusters. As was mentioned in
the Introduction, octahedral clusters of Sc, Sr, or Zr are stable
only in the presence of additional atoms in the cluster centers
(Figure 1c). To illustrate the use of the bond valence model for
such type of materials, we performed calculations for two of

Ag[MogBrg]Brs Eu,ReS;]S,

e — o GII=0.15

~

83 8,3 §,26e2)

CS4[ResseB]SQE CSG[RGGSQS]SGT
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N~ &
e
§ \ \ \ \
\ \

T -
Se13‘ Se i v i
ey Sef’ﬂe T e
D47 Beslt gg 2(e-a)
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Figure 12. Complex effects of cation insertion, ligand linkage, and
reduced oxidation state of chalcogens (the latter are marked by arrows)
on the anion charge. The presentation style is the same as in Figure 8.

them, with the following structural formula: Sc[CoSc4l;,] and
[C0Zr¢Cl;,]Cly (The Co atom is in the cluster center). In the
former compound, six Sc atoms form the cluster, while the
seventh atom in the formula unit is a normal Sc** cation located
in the interstitial site between the CoScg-clusters. The cluster
linkage is similar to that of Chevrel phases: One anion, % isina
simple inner position (two Sc—I bonds), while the second one,
L,>%%, is bonded to two clusters (the inner position with two
Sc—Ibonds for the closest cluster and the apical position for the
adjacent cluster) (see the left-hand inset in Figure 13b). In
CoZrClys the linkage is achieved by terminal ligands, which are
common for two clusters (see the right-hand inset in Figure 13b).

If we use the presentation of the clusters as single virtual
cations, the radii of the CoScg and CoZrg cations should be about
2.1 and 1.8 A, while their charges are 9 and 15 vu, respectively.
Thus, the polarizing power of these “theoretical” cations g/r*
should be equal to 2.0 e/A” and 4.6 e/A% and we can expect a
relatively low anion polarization, especially around the CoScq
cluster. It should be emphasized that, for this structural type, the
exact electron distribution inside the cluster is unknown. The Co
atom in the cluster center can be formally regarded as an anion
with an oxidation state of —9. In this case, all 9 cobalt electrons
should be distributed between the Co—Sc or Co—Zr bonds, and
they should not assist in the Sc—Sc or Zr—Zr bonding. This
assumption results in Ry/s.—g. = 3.071 AorRy ;. 7.=3.108 A, as
well as in the valences of 0.32 and 0.43 vu for the Sc—Sc bonds
and 0.375 vu for the Zr—Zr bonds. The opposite limiting case is a
full transfer of the valence electrons from the cobalt to six Sc or
six Zr atoms, related to Ry'g.—sc = 3.328 A or Ry/ 7,7, = 3.365 A,
as well as the valences of 0.65 and 0.85 vu for the Sc—Sc bonds and
0.75 vu for the Zr—Zr bonds. The latter scheme is more expedient to
the general model of cluster polarization (described above), where
the positive charge is concentrated in the cluster center.

In any case, the uncertainty in the electron distribution inside
the cluster does not affect the ligand char§e calculations based on
the known formal oxidation state of Sc> ' or Zr*". Figure 13b
shows the relatively close bond valence sums for two crystal-
lographically different anions in Sc;Col;, (GII = 0.09) and
ZrgCoClys (GII = 0.08). Such a distribution arises from the
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157‘" 7Gn=;—i 15
1 - 1 y s
05 05

Li,[NbeCl,JCl,

LilNb,Cl,,Cl,
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Figure 13. Distribution of the anion charge in compounds with [MesX,] (a) and [ZMegX;,] (b) cluster blocks. The insets show the anion linkage. The

presentation style is the same as in Figure 8.
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favorable bonding combinations. For Sc;Coly,, this is the addi-
tional charge transfer from the S cation to the first anion, I,%,
and the bridging position of the second anion, 123(”). For
ZrsCoClys, the difference in the bond valence sums for the two
anion types is not big because of the same bond number for the
inner and apical bridging ligands. However, one can see the
ligand polarization by cluster in this compound: The charge of
the Cl, anion is clearly lower than that of the Cl; anion. This
agrees with their distance from the cluster center: 5.09 and 3.58
A, respectively.

B CONCLUSIONS

In spite of the great previous efforts to understand the
chemical bonding in the Me4-cluster (Me = metal) compounds,
this work shows for the first time the high polarizing power of the
clusters. Because of the strong electrostatic field around the
clusters, the adjacent separate anions behave as part of a
continuous dielectric medium, adjusting the valence to their
distance from the cluster center: The closer the anion to the
cluster center, the higher is its charge. The study was based on a
new approach: in contrast to the common bond description by
the molecular orbital diagrams, we used the bond valence
calculations, which allow to determine the charge of each
separate anion (defined as its bond valence sum) in the crystal
structure. The great advantage of such calculations is their
simplicity: The method uses a fundamental relation between
the bond lengths and their valences, and it needs only the
knowledge of crystallographic data and cation charges. The
calculations were performed for a wide variety of chalcogenides
and halides with Mog and Reg clusters. Compounds with other
clusters were presented for comparison.

The study shows the importance of the discovered effect,
namely, its influence on the structural and physical properties. It
explains such unusual structural features of these compounds as
the straightforward formation of mixed chalcohalides, anion
ordering, or reduced oxidation state of chalcogen in the cluster
linkers. The violated valences or lattice strains caused by anion
polarization are the source of the material instability; thereby all
the materials under study were characterized by the global
instability indexes. Different structural ways of material stabiliza-
tion were elucidated. We hope that this study will help to design
new clusters compounds and to modify existing ones for uses
such as catalysis, energy storage, and superconductivity.
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