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A useful measure of the total Mo-Mo bonding in diverse phases containing MogYg-type clusters
(Y = 8, Se, Cl, Br) is given by the Pauling bond order sum per electron (PBO/¢). These fall into
two classes: (a) strongly bonded examples with PBO/e values near 1.00 which contain either
discrete clusters with extra outer (exo) atoms or infinite confacial clusters, and (b) the rhombohe-
dral MogChs and M,MogChs Chevrel phases with reduced PBO/e values of 0.72-0.84 in which
face-capping chalcogenide (Ch) must also fill exo positions. The matrix effect in the latter which is
responsible for the reduced bond orders arises from a combination of particularly strong Mo-Ch
intercluster bonds and closed-shell Ch—Ch repulsions [3.31 A (S), 3.38 A (Se)], which force an
elongation of the Mo, trigonal antiprism and reduce the Mo—-Mo bonding. There is no distinction
between sulfide and selenide Chevrel phases in the degree of total Mo-Mo bonding as expressed
in bond orders. Changes in the structure on reduction are analyzed; the major effects come from
loosening of the intercluster Mo-Ch bonding and thence a decreased distortion (matrix effect)
together with a flexing of the MogChs host according to the size and charge of M. Distance
considerations indicate substantial covalency between some M and Ch2, especially Pb and Ag,
while cell volumes and Mo-Ch2 distances suggest significant constriction occurs in phases with
higher charged M, possibly owing to compression by the host lattice and coulombic contributions
to binding. Evidence for Mo-M bonding with M = Fe, Co, Ni is also noted. Intercluster
interactions and Mo-Mo bonding in MogSgBr; and in the mixed MogChs—Mo,Chn (n = 9,12)
cluster phases are quite consistent with those in the Chevrel phases, the total Mo-Mo bonding
per electron increasing with cluster condensation owing principally to reduce Ch—Ch repulsions.

Introduction

Some degree of metal-metal bonding is
a feature of a wide variety of inorganic
compounds. Recently some systematics
relating metal-metal bonding in different
structures and with a variety of metals
have been developed in terms of metallic
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bond orders (/). In a good fraction of the
examples the magnitude of the metal-
metal interactions are found to be
significantly limited by matrix or steric ef-.
fects generated by nonmetal packing, the
effect on metal-metal bond order without
exception being plausible and consistent.
Most importantly, anion—anion repulsions
(matrix effects) in a considerable number
of metal-rich halides and chalcogenides
are found to be sufficiently small—within
MgXg-type cluster groups, for example—
that the total amount of metal-metal
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bonding is much the same as the metal
when considered in terms of empirical
Pauling (2) bond order equation (1)

D, = D, — 0.60 log n ()

and the number of electrons involved.
Here the value of D,—twice the ‘‘single-
bond metallic radius’’—is based on the
known structure and valence of the
metal. For example, the 12-coordinate
separation in molybdenum metal is 2.800
A (3) and with six valence electrons the
single-bond distance is defined as 2.800 +
0.6 log (%) = 2.619 A. Starting with such
metal-based calibrations the sum of
metal-metal bond orders over all inde-
pendent metal-metal distances divided by
the number of electron pairs available for
bonding has been calculated for many
metal-rich compounds of transition groups
III-VI. The quotient is found to be re-
markably close to 1.0 for 30 or so exam-
ples which are also logically free of ma-
trix effects, principally those containing
discrete or extended clusters (/). Implicit
in the success of this approach is that
nonmetal participation in bonding (mixing
in the metal valence or conduction band)
is not important in determining metal-
metal distances and neither are the geom-
etry of the metal structure or the degree
of delocalization.

A prevalent feature of reduced molyb-
denum chemistry is the occurrence of
strongly bonded MgXg-type clusters, Mos
octahedra with typical nearest neighbor
distances of 2.6-2.8 A, in which each
face of the metal polyhedron is capped by
a halide or chalcogenide atom. Ideally
this generates a cube of nonmetal atoms
with the molybdenum atoms on or near
the cube faces. This construction is fa-
vorable for the development of strong
Mo-Mo bonds without any matrix effect
in the sense that the nonmetal separations
in the ideal cluster are sufficiently great
(22 dyo-mo) that they do not restrict the

approach of the molybdenum atoms to
one another, at least for nonmetals which
are no larger than sulfur or chlorine. Ap-
plication of this bond order equation to
(MogClg)Cl; proceeds as follows: Recent
data (4) indicate that each molybdenum
has two pairs of neighbors at 2.604 and
2.608 A, which, by the bond order equa-
tion, yield a sum of 2(1.06) + 2(1.04) =
4.20 for the bond order at molybdenum.’
With four valence electrons per Mo atom
left for metal-metal bonding the Pauling
bond order per electron (PBO/e) is
4.20/4 = 1.05% or, in other words, very
comparable to that in the metal itself in
the distance sense (Eq. (1)) when the rel-
ative number of valence electrons is
taken into account. Many other phases
with well-separated MogX; clusters be-
have similarly. On the other hand, the
approach of metal atoms is definitely re-
stricted by close nonmetal packing in, for
example, the layered MoS, or the W¢CISF
cluster (where chlorine now occurs on
the edges of the previous cube), and the
bond orders per electron are less than
0.5.

This impetus for the present study de-
rived from the observation that the bond
order sums per electron of 0.72-0.84
for the remarkable Chevrel phases
M, MogChg, Ch = S, Se (5-7), are dis-
tinctly lower than those for other MogXg
clusters, the larger values in this range
being associated with greater reduction
(larger x) or higher valent M. Consider-
ation of reasons for such a substantial dif-
ference in PBO/e values between the
Chevrel phases and the other molybde-
num clusters leads to the development of

'The only other significant Mo-Mo distances
within the cluster are the 3.69-A diagonals, for
which n = 0.02.

2This procedure effectively counts each bond
twice. Clearly the same result is obtained if the
bond order sum over independent distances per
cluster is divided by the number of electron pairs.
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appreciable insight into the character and
restrictions of bonding in the usual net-
work structures exhibited by the Chevrel
phases.

Results and Discussion

Bond Orders

Sums of Pauling bond orders per elec-
tron in compounds containing discrete
MogX s clusters are found to display an
amazing consistency, viz., (MogCly)
Cl,, 1.05, Hg(MogCly)Clg (8), 1.00;
(PyH*);(MogC1;S)Clg;  (9), 1.04;3 (Mo,
Cl,Se)Clg, (10), 1.01; MogS¢Cl, - 6Py
(9), 1.03; (Mo;Clg)CIZ™ [(Mog Clg)CIZ~ miss-
ing one vertex (/1)], 0.98. And to
these may be added PBO/e values
of 1.01 and 1.02 for the more reduced
Tl,MogSes and In,MogSes (12, 13), in-
finite chain structures of confacial mo-
lybdenum octahedra (Tl;FegTeq-type)
in which the absence of a matrix effect
is assured by minimum Se-Se separa-
tions of nearly 3.8 A. The values cal-
culated for other molybdenum compounds
fall hand in hand with expectations re-
garding increased matrix effects (nonmetal
repulsions) with more or larger anions,
e.g., (MogBrg)Br, - (OH,), (14), 0.94 (bor-
derline); (WsCl;2)Clg (15), 0.44; and 3R -
MosS:; (16), 0.38. For comparison with the
Chevrel phases the 19- and 20-electron
clusters (NbgIg)lg, (/7) and Cs(Nbglg)lg,
(/18) evidently exhibit a modest matrix ef-
fect because of the larger iodine atoms;
these require relatively longer Nb-Nb
bonds and even with a larger D; (2.708
A) correspond to PBO/e values of 0.80
and 0.81, respectively. The familiar edge-
capped 6-12 clusters such as NbgX% al-
ways contain relatively longer bonds and
exhibit lower bond orders than the analo-
gous NbgX; types unless X is small
(0, F).

3Py = pyridine.
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FiG. 1. The Pauling metal-metal bond order sum
per electron (PBO/e) vs the metal-based electron
count per Mo, cluster in MogYy clusters. Lower
curve: Rhombohedral Chevrel phases M MogChs
(®,S; [J,Se); upper data: isolated and infinite confa-
cial Mog clusters labeled with counter cation and
nonmetal content of cluster (+). References in text.

Figure 1 shows the Pauling bond orders
per electron (PBO/e) for substantially all
the rhombohedral molybdenum sulfide
and selenide cluster phases as well as for
the other isolated and extended clusters
for which single-crystal: structural data
are available. (PBO/e for the missing
MogTes is 0.65.) Unless otherwise noted
the structural data for the former group
were taken from the recent excellent re-
view by Yvon (6). These PBO/e values
are shown plotted against the total as
well as the average number of metal-
based cluster electrons MCE (/9) (or va-
lence electron concentration VEC (6))
(top of figure), these being based on the
number of electrons remaining for metal—
metal binding in the cluster after valence
orbitals (valence bands) for the nonmetal
have been filled. For the ternary Chevrel
phases, an apparently well-accepted pre-
mise (6, 20) is that the cluster or MCE
count includes the valence electrons do-
nated to the MogX; substrate (conduction
band) by the third element, M. The oxi-
dation states deduced for the M element
are sensible but often based on unpub-
lished data. These were taken as stated
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except that the Nit listed for Niy 40Mo0gSs
was considered unreasonable and Ni?*
was assumed, analogous to Co?* and
Fe**.* The deviation seen in Fig. 1 for
phases involving these three ions and in-
dium will receive further consideration
later. But with these exceptions all of the
bond order results are remarkably uni-
form, and in particular, there is no
significant distinction between sulfides
and selenides. In other words the total
amount of bonding expressed as a bond
order sum over all distances is a seem-
ingly smooth function only of electron
count. The source of the differences in
bonding between the binary chalcides and
the isolated MogXs-type clusters will be
interpreted in terms of the substantial ma-
trix effect which pertains to all the
Chevrel phases and its change with elec-
tron count.

In the Chevrel phases the characteristic
Mo-Mo distances over which the bond
order sums are taken typically fall into
three classes. Using the binary MogSs as
an example (22), there is a short 2.698-A
distance in the triangles generated by the
3 (crystallographic ¢) axis that define op-
posite faces of a trigonal antiprismatic
(Ds3q) cluster, an intermediate 2.862 A be-
tween Mo atoms in different triangles,
and, with half the frequency, a long inter-
cluster distance of 3.084 A which is
so important for further delocalization.
Changes in these on reduction of the
sulfide cluster by added M are diverse: a
small and fairly irregular change in the
first, a substantial (7%) and fairly smooth
decrease in the second, and a general in-
crease in the third that is in detail quite
irregular. Ternary selenides are less weli
known but behave analogously in all re-

4 Data for NiyoMogSs (2/) have not been included
as the nickel occupancy and distribution between
sites was assumed rather than refined. However, the
structural parameters are appropriate to a higher
substitution level than in Ni; ; Mog Ss.

spects as far as is known. Clearly there is
some difficulty in any attempt to relate
the net effect of all of these distances to
the apparent degree of reduction of the
cluster unless some procedure such as a
bond order sum is employed.

A recent discussion of these bond dis-
tances (6) notes that the greater changes
in the second Mo-Mo distance above
(between the triangles) give some correla-
tion with the amount of cluster reduction
by M. However, this approach immedi-
ately runs into trouble in any comparison
of sulfides with selenides with the same
degree of reduction. As will become more
evident when the nature of the matrix or
steric effects in this structure type is con-
sidered, the third intercluster Mo-Mo
distance necessarily depends on the ra-
dius of the nonmetal. Therefore, if a fixed
amount of bonding (as expressed by bond
orders) is to be found with a given num-
ber of cluster electrons, the diminished
intercluster Mo—Mo bonding in the sel-
enides must be reflected in shortened in-
tracluster bonds. The good concordance
of total Mo—-Mo bonding in sulfides with
selenides shown in Fig. 1 suggests that
this view is correct. (Even if it is not, a
different result may obtain for the sel-
enides because of the significant and di-
verse nonbonding interactions which oc-
cur in these phases (vide infra).) But if
attention is focused solely on the one in-
termediate intracluster distance and not
on some measure of the total clusier
bonding, the conclusion is made that the
selenides are somehow more bonded than
the sulfides. In order to account for this
impression a rather unusual postulate was
advanced (6), namely, that in ali of the
selenides 0.12-0.20 fewer electrons are
actually transferred from metal to sele-
nium than are necessary to give them a
closed-shell configuration (filled valence
band), thus leaving more for intracluster
bonding. Or, in other words, the selenium
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but not the sulfur valence band was as-
sumed to overlap the metal conduction
band. A different approach which yields
the same hypothesis has also been ad-
vanced based on van der Waals radii of
the nonmetals (23). The net result seems
artificial and unreasonable and in any case
seems quite unnecessary when all the
Mo-Mo distances and plausible nonbond-
ing contacts are considered together.

The existence of a matrix effect in both
the parent binary molybdenum chalcides
MogChs and the resultant Chevrel phases
is strongly implied by the low bond or-
ders of Fig. 1. This is based on the gen-
eral observation (/) that in all other cases
in which a reduced bond order is found
one can discern a specific limitation on
the close approach of metal atoms that is
imposed by the nonmetal atoms. The
same applies to the Chevrel phases as
well but some unique features of the
structure need to be considered in order
that the source of the effect is clear. The
bond order data for the isolated halide
and mixed halide—chalcide clusters,
MogS:Cl; especially, which so nicely
group around 1.0 do make it clear that it
is not an intracluster Ch—-Ch repulsion
which limits the approach of the metals
to one another within MogSs or MogSe,
clusters as they often do with the more
crowded MgX,, clusters. On the other
hand, the intercluster Mo-Ch bonding
turns out to be very strong and essen-
tially structure determining.

Structural Differences

An important and fundamental differ-
ence between the MogX; chalcide phases
under consideration here and nearly all
other 6-8 type clusters has to do with the
source of the atoms which occupy the
exo (also called aussen, outer, or apical)
positions on the cluster. The nearest
neighbor atoms to each Mo atom within a

6-8 cluster are four other Mo atoms on
one side and four (inner) nonmetal atoms
approximately coplanar with the central
Mo atom. This leaves the part of the Mo
coordination sphere which is outward
from the cluster empty. A maxim of clus-
ter chemistry is that these outer or exo
positions are strongly bonding and are al-
ways occupied by some basic group. In
all of the examples cited above in which
PBO/e is close to 1.0 an extra basic mol-
ecule (H,0, Py) or halide fulfills this role,
either as a terminal ligand or bridging
between clusters. Examples are
(Mo CL{)Cl1322Clg ,*  (Py H);(MogCl, S)Cl2
and (MogeCl;Se)Clg,. Exo positions in
most niobium and tantalum 6-12 type
cluster derivatives are found to be simi-
larly occupied, but (NbgCly2)Cl; is an ex-
ception more analogous to the molybde-
num chalcides. Here there are insufficient
halides outside of the cluster for bridging
so that two of the inner halogens must
also be exo to other clusters [i.e.,
(Nbg Cly Cli)Cl35 Clg2° ] (24).

The molybdenum chalcides represent a
stoichiometric extreme in this respect,
lacking any extra nonmetal atoms whatso-
ever to occupy exo positions, but there is
also reason from other structures to be-
lieve that MogXs-type clusters also bind
atoms at these positions significantly
more tightly than do NbgX,, types. The
Mo-Cl distances involving exo, doubly
bridging halide atoms (a-a) in MogCl,,
and Mo4Cl,SeCl; are only 0.02 A longer
than those to the inner chlorides which
bond to three metals and only cap faces,
while those to halogens which are only
terminal are 0.09 A (MoeCl,;) to 0.02 A
(MogCl;SC13") shorter. In contrast, the
metal distances to bridging X* ¢ atoms in
6-12 clusters are between 0.1 and 0.2 A
longer than to X' atoms (NbgCly,,
TagClys H, TagClyg - 6H,0  (24-26)). In

5i = inner, a = outer terminal, a—a =
bridging.

outer
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other 6-12 clusters where ‘‘double duty’’
inner halogen also occupies outer posi-
tions in other clusters the elongation of
the inner M -X bonds is small (0.06 A,
NbeClu) to nil [SC(SCGCllz) (27)] and the
additional exo ‘‘bonds’’ formed are 0.2 to
0.5 A longer. Perhaps the less favorable
angles at face-capping nonmetal atoms in
6-8 type clusters result in less bonding
(charge transfer) to the metal, or the elec-
tronic requirements at the exo positions
in these are simply greater. In any case,
the exo bonding in MogX;s clusters is
significantly stronger, and this is evi-
dently enhanced in the MogChg chalcides
by their higher oxidation states (lower
electron count for metal-metal bonding)
relative to that in the dihalides.

The extreme example presented by the
binary and ternary chalcogenides is now
clearer. The isostructural MogSg and the
MogSes as well as the Chevrel phases de-
rived therefrom are unique in that the
compounds lack any additional anions to
occupy exo positions in the cluster. In
the Lewis sense the phases are highly
acidic. The compounds solve this by re-
quiring that six of the eight chalcide
atoms already each bound to three metals
(type Chl) also fill a fourth exo position
in a neighboring cluster, and vice versa, a
process which generates both a relatively
short Mo-Mo intracluster distance and
some of the evident matrix effects. The
shortness and therefore presumably also
the strength of this fourth intercluster
Mo-S1 bond in MogSs is especially re-
markable; at 2.425 A it is the same as the
shortest of the three between that sulfur
and the molybdenum atoms of the cluster
face it caps, 2.426 A (2.431 and 2.460 A
for the other two). The distances to the
remaining two sulfur atoms in the cluster
(S2, three coordinate) are the same as the
average to S1 (2.439 A). In the selenide
(28) the intercluster Mo-Sel distance is
0.03 A longer than within the cluster

while bonds to Se2 are 0.02 A shorter
than the others within the cluster.

Figure 2 shows two views, 90° apart, of
a portion of the MogS; structure (22). For
clarity Fig. 2a shows only four of six
clusters which bridge to each MogSs,
while 2b illustrates all six clusters about
the central one as viewed along the hex-
agonal ¢ axis (R3). For additional clarity
only a partial set of sulfur atoms is
shown on the outer clusters, namely,
those which are necessary for bridging or
important in nonbonding repulsions. A
point of 3 symmetry occurs in the center
of each cluster and at the origin (large M

Fig. 2. Two views of MogSg structure (22). (a)
One complete central cluster with four (of six) ad-
joining clusters, ¢ axis vertical, S2 atoms shaded.
One short intracluster nonbonding contact is dotted,
and one intercluster bridge is shaded. Only the S1 and
S2 atoms on outer clusters which have important
intercluster nonbonding distances (dashed) have been
included. Arbitrary-sized thermat ellipsoids, (b) Same,
down ¢ axis.
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site); two of the latter are marked with a
small solid circle. An important feature of
the structure are the rhomboids generated
by two each of the short Mo-S1 inter-
cluster and intracluster bonds, and these
are bisected by the intercluster Mo-Mo
bonds. One of these is shaded in the
figure. There are six rhomboids giving 12
Mo-S1 and 6 Mo-Mo bonds between
each cluster and its neighbors.

Nonbonding Repulsions and Matrix
Effects

Past considerations of the obvious elon-
gation of the molybdenum clusters in the
binary chalcides and the somewhat regu-
lar reduction in this distortion which oc-
curs on reduction with added M ions
have usually attributed these results to
‘‘electronic effects.”” A more detailed ex-
amination of the crystal chemistry allows
these to be understood much better. The
reduced bond orders for the parent
MogSs and MogSes can be ascribed to a
matrix effect from strong closed-shell re-
pulsions which in turn originate at least in
large part because of the unusually tight
intercluster Mo—-Ch bonding. Such effects
give rise to a substantial elongation of the
Mos unit along the 3 axis, a distortion
which diminishes but does not disappear
on reduction, apparently in response
mainly to lengthening of the exo Mo-Ch
bonds. This is not to say that these com-
plex structures can in any sense be com-
pletely understood. Their compiex inter-
connectivity, the many and changing
nonbonding contacts, and the role of the
interstitial M atoms are difficult to ana-
lyze collectively and in any quantitative
sense.

The nonmetal contacts which appar-
ently require the elongation of the clus-
ters in the first place are principally of
the types Ch2-Ch1 between atoms in dif-
ferent clusters and Chl-Chl within each
cluster. What should be considered as a

short Ch—Ch contact must be considered
first. Obviously twice the conventional
van der Waals radii for sulfur and sele-
nium, ~ 3.7 and 4.0 A, respectively (2),
are inappropriately large since these are
based only on the apparent sizes of S~
and Se?” in very polar salts. It is gener-
ally (but not always (23)) accepted that
effective van der Waals radii of the more
covalently bonded chalcogenides, as cer-
taily pertains to these molybdenum com-
pounds, will be less than the above
values (as they are, for example, in Sei*
(29)). Suggestive values occur in the ele-
ments, where the shortest separations are
apparently 3.45 A in monoclinic sulfur
(30) and 3.44 A in trigonal selenium (3/).
However, these are apt to be anisotropic
in character and data from other metal-
(and electron-) rich chalcogenides are
probably more appropriate sources and
secondary bonding between the nonmet-
als is not likely to come into question. It
has been noted before (/) that matrix ef-
fects in the metal-rich sulfides appear in-
evitable when one lattice dimension (and
therefore the sulfur—sulfur repeat dis-
tances) fall as low as 3.32-3.36 A. A sim-
ilar effect occurs in selenides at ca. 3.44
A. In particular, minimum Ch-Ch separa-
tions in the neighboring niobium chalco-
genides seem to be the most appropriate
references, 3.35 + 0.01 A in Nb,,S; and
Nb;S; and 3.42-3.45 A in Nb,Se and
NbsSe, (and V;Ses (32). These are
somewhat less than twice the crystal radii
which have been considered appropriate
to ‘‘real” crystals, 3.40 and 3.68 A, re-
spectively (33), and presumably represent
‘“‘tight’’ packing.

The shortest distances in MogSg and
MogSeg are certainly significant by these
standards. Two seem particularly impor-
tant in the sulfide, 3.31 A (x2) for S1-S1
across the waist within each cluster and
3.34 A between each S2 atom and S1
atoms in three other clusters. Examples
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of these are shown dotted and dashed,
respectively, in Fig. 2. All other separa-
tions are =3.45 A. In the selenide the
intercluster (Sel-Se2) distances are rela-
tively shorter, 3.38 A (x3), but the first
type within the cluster is a less significant
3.50 A, these changes reflecting the larger
size of selenium and the longer Mo-Se
bonds, respectively. All other separations
in MogSeg are =3.58 A. In these terms
the elongation of the MogChy clusters is
absolutely necessary. Each end face of
the molybdenum trigonal antiprism is
tightly hinged to three other clusters be-
yond that face through 6 Mo-Ch (and 3
Mo-Mo) bonds, and it is this strong
bonding which brings each Ch2 atom cap-
ping the face to within 3.34 (S) or 3.38
(Se) A of Chl atoms lying across the
waist of those same three clusters (see
Fig. 2). Elongation of the cluster along
the threefold axis appears the only possi-
ble alternative to lengthening the appar-
ently strong intercluster bonds. In the
sulfide this distortion can be considered
to lead to the additional Si-S1 contacts
at 3.31 A around the waist of each clus-
ter. The latter presumably further limit
the cluster -elongation in relief of non-
bonding repulsions, and also imply some-
thing of the limited stability of the com-
pound. In these terms there is nothing
particularly unusual about the shorter
Mo-Mo bonds (higher bond order) in
MoeSe; relative to MogSs (Fig. 1).

Reduction to Ternary Phases

The strong binding each MogX; cluster
to six neighbors and vice versa takes
place through 12 short Mo-S linkages to
each cluster. This combination generates
a novel structure which (1) is strong yet
somewhat flexible, (2) contains substantial
amounts of free volume, and (3) exhibits
a significant matrix effect (restricted Mo—
Mo bonding). Evidences of these proper-

ties are provided in part by the structural
changes which occur on reduction of the
molybdenum cluster backbone with intro-
duction of the heteroatom into the parent
structure to form the so-called Chevrel
phases M MogChg. The larger M atoms
are introduced at the origin (small solid
dot in Fig. 2), while the smaller M atoms
are according to the structure analysis
displaced approximately laterally from
these into two sets of six roughly tetrahe-
dral interstices (see Yvon (6)). The re-
sponse of the lattice parameters and dis-
tances to these M atoms will be seen to
be rather diverse.

The openness and flexibility of the
structure are fairly easy to perceive. In-
terstices of the small-M type of sufficient
size to accommodate nickel are already
present in MogSs while the larger hole at
the origin could contain a cation of radius
~0.69 A in digonal coordination and with
appreciably more space laterally (e.g.,
Li*). That a far greater range of ion sizes
can be accommodated because of the
flexibility of the structure is demonstrated
by the range of c/a ratios achieved in both
sulfide and selenide. These values are
plotted against the presumed additional
degree of reduction (electrons added per
cluster) in Fig. 3a.

The distinction between small-ion spe-
cies (lower curve), where the host struc-
ture flattens on occupation of small ion
sites, and large ion phases, in which the
host elongates, is striking. (Indium and
especially silver behave in an intermedi-
ate way and appear anomalous in many
comparisons.) Nearly all of the lattices
actually increase in volume during these
substitutions so that the ¢/a function rep-
resents mainly the accompanying distor-
tions. Those few cases in which the vol-
ume change is substantially less than
expected apparently represent cases of
strong binding by higher field ions and
will be discussed later.
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c/a, hex.

* MxMogSg
o MxMogSeg

d (Mo-Ch1), inter, &

b ELECTRONS ADDED PER CLUSTER

F1G. 3. (a) Hexagonal c¢/a parameters as a func-
tion of the number of electrons added to MogChs
cluster. Ch = §,®, or Se,0). (b) Intercluster or exo
Mo-Chl bond length as a function of added elec-
tron count. (Small x refers to MogSegBr,—see
below.)

The magnitude of the change around
the large metal site at the origin with
changes in c¢/a is the easier to describe.
The flattening of the structure with small
ions, nickel for example, diminishes the
origin-S, separation at the large hole by
0.34 A from the value in the binary
MoeSs (2.36 A), while large ion La®* is
accommodated with an increase of 0.47 A
from the binary compound. Thus an in-
crease in ¢/a of nearly 18% accompanies
the change from nickel to lanthanum and
with only a small change in electron
count in the cluster. Small tetrahedral ion
interstices of a size sufficient to contain
Ni?* are still present in the large-ion deriv-
atives but these are probably all too close
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to the large M site to be sensibly oc-
cupied.

Superimposed on these flexings of the
Mo¢Chg substrate are a loosening of the
structure on reduction through a sig-
nificant (up to 0.17 A) increase in the
intercluster Mo-Chl (and therefore Mo-
Mo) bonds, as shown in Fig. 3b. This
relieves nonbonding repulsions and is ac-
companied by an 8.4% decrease in the
height (parallel to the threefold axis) of
the trigonal antiprism (a 5.4% decrease in
the corresponding Mo-Mo bonds) as the
geometry tends toward an octahedral
configuration of the metal cluster on re-
duction. The decrease in Mo-Mo bonds
just cited depends only slightly on the
small vs large classification of the intersti-
tial ion. Thus in the sulfides the exo Mo-
Chl distances change from 2.42 A in
MoeSs to 2.55-2.59 A with large M and
=23 electrons (MCE = 3.83), while at the
same time the increase in the average in-
tracluster Mo-S1 bonds is <0.04 A and
for the Mo-S2 distances in the capped
faces, only 0.03-0.04 A in the average
(0.08 A in the extreme). As with changes
in most other parameters those for Mo-
Chl intercluster distances characteristi-
cally split into separate groups, a more
rapid increase for large-M atoms (larger
¢/a or smaller @) and a somewhat slower
increase with small M (smaller ¢/a, large
a). And the iron, cobalt, and nickel clus-
ters are again out of place in that the
amount of increase in the exo bond
length is less than implied by the stoi-
chiometry. Both of these aspects will be
considered later. In the selenides the in-
tercluster Mo-Se bonds similarly increase
from 2.60 A in MogSes to 2.73 A in
LaggsMogSes, while all Mo-Se capping
distances vary only from 2.56 to 2.58 A.
Clearly the added electrons from M are
particularly effective in screening or di-
minishing the bonding of nonmetal atoms
in the outward pointing directions. Such
an effect on reduction is not unique to
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Fi1G. 4. (a) The shortest intracluster S1-S1 dis-
tances in M,Mo0eS;s as a function of number of elec-
trons added to the cluster by M. (b) Intercluster
Ch1-Ch2 separations as a function of cluster reduc-
tion, Ch = S,®, or Se,.

this system, however; a very similar in-
crease in Nb-Cl¢ distance (2.47 to 2.62 A)
is known to accompany the two-electron
reduction of NbgCl;Cli~ to NbgCly,Clg™
(34).

The effect of reduction on the two
kinds of close S-S contacts discussed
earlier as regards the origin of the matrix
effect is now easier to appreciate. As
shown in Fig. 4a, the intracluster S1-S1
separation increases only moderately
(3.40 = 0.05 A covering all phases, great-
est with large-M ions), reflecting the flat-
tening of the metal antiprism and only a
slight increase in the length of the intra-
cluster Mo-S1 bonds on reduction (0.04
A over the range). The ‘‘nesting’’ con-
tacts Chl—Ch2, Fig. 4b, generally in-
crease, more so for the seemingly more
tightly packed MogSes, but the changes
are very uneven, the higher field ions ac-
tually achieving short and even shorter
S1-S2 contacts irrespective of c¢/a. (The
implied tighter binding of the structure by
these ions will be considered later.) And
other S-S distances now become

significantly short during reduction with
large M because of both the increase in
c/a and the tight binding, 3.42-3.45 A for
three more S2-S1 contacts between clus-
ters (3.51-3.54 A for Sn, Pb, and La sel-
enides) and 3.38-3.41 A in intercluster
S1-S1 distances with the heavier rare
earths. Some insight into the seemingly
diverse reaction of especially the Si1-S2
distances to reduction will be presented
shortly.

The end result on reduction, the distri-
bution of the effect of these diverse
closed-shell repulsions together with the
increased binding of the cluster among
the - three types of Mo-Mo bonds is
clearly complex, and the rate of increase
of the PBO/¢ likewise (Fig. 1). The struc-
tures for the low-field copper(I) phases,
where there are short nonbinding contacts
only around the waist of each cluster,
may represent closer to the optimal
configurations at the bridge. The net lev-
eling which is manifested in a relatively
smooth increase in the net PBO/e on re-
duction is still remarkable, as is the fact
that the selenide results are so similar to
those for the sulfides.

This increase in effective Mo-Mo bond-
ing on reduction will be seen to be just
the opposite to that expected for simple
“‘“first principle’’ systems. Ordinarily elec-
trons added to a partially filled manifold
of bonding levels would occupy higher
energy orbitals of lesser bonding capabil-
ity, and the effect per electron would de-
crease. The dominance of a strong matrix
effect clearly overwhelms the expectation
for a simpler system.

Some effects of the binding forces in
these phases can be seen in changes in
the intercluster bonding, especially in the
rhomboids which are generated by pairs
of Mo-Ch intercluster bonds and which
contain the intercluster Mo-Mo bonds.
These figures remain substantially planar
and only flatten or extend more or less
along ¢ in response to changes in c¢/a.
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Small twists of the Moj triangles also oc-
cur, 1.6° in the extreme, probably be-
cause of stronger binding by the intersti-
tial ions, especially the heavier rare
earths. However, this change can be bet-
ter seen in the angle defined by the cen-
ter of the cluster (C), a neighboring mo-
lybdenum atom vertex and the exo
bridging atom opposite (C—Mo—Chlb).
The sulfide data are shown in Fig. Sa.
Deviations of this from 180° measure the
displacement of the exo atom from what
is usually taken to be the optimum exo
position, more or less equidistant from
four adjacent sulfurs on the same cluster.
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FiG. 5. Structural parameters in M. MogCh; as a
function of the number of electrons added to the
cluster by M. (a) The angle (cluster center C-Mo—
S1 (exo or bridging) in M .MogSs. (b) The angle S2~
Mo-S1 (bridging). (¢) The distance ratio Mo~
Mo/Mo-Chl (exo) in the intercluster bridge.

For the sulfide phases the only significant
change from an angle of ~176° is seen to
occur again with the large-M substituents
as c¢/a increases. The selenide function is
quite similar for a more limited set of
compounds, starting at 173° and spreading
to 175.3° (Cup) and 169.8° (Laggs). It
seems plausible that the somewhat more
rapid increase in the length of the cluster
Mo-Ch bonds with the larger-M ions,
Fig. 3b, results from a bond weaken-
ing associated with greater deviation of
this exo bond from the ideal. The devia-
tions seen for Fe, Co, Ni in Fig. 3b pre-
sumably arise from a more fundamental
problem, a loss of charge from and weak-
ening of the bonding in the cluster, as
will be discussed later.

Another parameter graphically reflects
the swinging of the intercluster bridge
planes and behaves very much like, but
inversely to, c¢/a. This is the more acute
angle from Ch2, the unshared capping
atom on the threefold axis, through a
neighboring Mo to its exo bridging Chlb
from another cluster. This behavior is
shown in Fig. 5b for the sulfides. (Com-
pare c/a, Fig. 3a). The change seen here
is somewhat accentuated by changes in
capping S2-Mo distances which also vary
in a similar way (see below). The selenide
behavior is very parallel to that shown,
starting at 88.6° because of the longer
Mo-Se2 bonds.

The twist accompanying large changes
in ¢/a is easily seen in the shape of the
bridge rhomboids. One of the easier rep-
resentations to come by is shown in Fig.
5c, the ratio of the intercluster bridge dis-
tances Mo-Mo to Mo-Chl, twe edges of
a nearly isosceles triangle closely related
to the angle at the molybdenum in the
bridge. This angle (~102°) opens up with
small M atoms (by =<6°) and closes down
(=3.3°) with the largest ions, the Fe, Co,
Ni, In problems being intermediate. The
intercluster Mo-Mo distance itself always
increases on reduction as Mo-Chl
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(bridge) lengthens and the metal cluster
becomes more nearly regular and more
strongly bonded, with the least changes
(again) with the dipositive 3d metals and
the heavier rare earths.

Though the changes in nonbonding re-
pulsions between chalcogenide atoms dur-
ing reduction with various M atoms is
complex, these effects remain even after
the addition of nearly four electrons per
cluster, basically because of the frame-
work structure of the host. That this must
be true is shown by the striking increase
in amount of metal-metal bonding
achieved with even more (26) cluster
electrons and more Mo-Mo bonds in the
infinite chains of confacial octahedra in
L(MoeSeé ), Fig. 1. The structure now al-
lows full realization of the Mo-Mo bond-
ing potential as the minimum Se-Se dis-
tances are now 3.76 A. The exo bond to
nonmetal at each molybdenum is now re-
placed by pairs of edge-bridging chalco-
genide atoms around and coplanar with
the equilateral triangles of metal which
comprise the shared faces.

Iron, Cobalt, and Nickel Phases

The behavior of these sulfides appears
anomalous not only with respect to bond
orders (Fig. 1) but also in many other
structural dimensions (e.g., Figs. 3a, 4b,
5¢). The small-ion Chevrel phases for
which refined positional parameters are
available for the rhombohedral cell are
limited to only these three plus the
copper(I) sulfides and selenides. The
crystal structure analysis indicated that
the added metal in these is disordered
over two sets of sixfold distorted tetrahe-
dral interstices. The anomalously low
bond order sum for the Mo—Mo bonds in
the iron, cobalt, and nickel sulfides were
calculated on the basis of the only rea-
sonable assumption regarding oxidation
states, the transfer of two electrons per
M atom to the cluster matrix. The shorter
M-S distances in the Fe, Co, Ni, Cu

phases are all reasonable for the assigned
oxidation states based on provisional
sulfide radii (35); 2.24-2.37 A for the first
three in site one, 2.19-2.35 A in the less
occupied site two, and 2.28-2.42 A in
Cu;66M0¢Ss. These are also similar to
those found in other phases, e.g., Ni;S;
(2.25, 2.28 A), y-NiS (3 at 2.24 A) (36)
and Cu,S (2.28-2.32 A) (37). But a most -
striking feature which does not appear to
have been discussed before are the re-
markably short M-Mo distances indicated
by the structures for these small atoms,
increasing in number and decreasing in
length from Cu: 3.07, 3.13 A, Fe: 3.01
(x2) A, Co: 3.02, 3.04, 3.09 A to Ni:
2.97, 3.01 and 3.07 (x2) A. All but the
last distance for Ni occur only with M
atoms in type two positions, and all other
M-Mo distances for the dipositive exam-
ples are >3.50 A.

A quantitative judgment regarding these
short distances is difficult to achieve, but
for the purposes of comparison it will
simply be assumed that the bond order
for a heterometal separation can similarly
be judged from the Pauling equation (1)
using the sum of the appropriate single
bond metallic radii. For the 3d elements
these are, computed as before, Fe: 1.183,
Co: 1.162, Ni: 1.154, and Cu: 0.954 A (v
= 1). With R, for Mo of 1.310 A these
yield bond orders of 0.14 to 0.09 for each
of the Fe, Co, Ni distances cited and
=0.05 for all of those to copper. Those
for Fe, Co, and Ni are in the right order
and aggregate to more than enough to ac-
count for the bond order discrepancies
seen in Fig. 1. Of course the numbers
should not be taken too literally, for there
is no good evidence that the tail of the
bond order function utilized is very accu-
rate at such distances. But the distances
and the Mo-Mo bond orders for all of the
Chevrel phases are certainly consistent
with a significant transfer of charge and
electrons from the cluster to only the
nearer and higher field Fe, Co, and Ni
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atoms (but not the diamagnetic Cu™).
Magnetic properties of the first three
should be appreciably affected; they have
been found not to be superconducting.
Single-crystal data for the corresponding
Fe, Co, Ni selenides are not available but
the postulated M-Mo bonding should, if
correctly assigned, be less because the
corresponding nonmetal interstices will
probably be further removed from the
cluster with the larger selenide.

In connection with the structure of the
small ion phases it is worth noting that
the indicated low fractional occupancies
of the M(1) and M(2) sites, e.g., 13 and
10% in Ni; 4sMo0gSs, respectively, would if
correctly interpreted be necessary be-
cause of the many short M-M distances
which would otherwise result. For exam-
ple, there are seven different nickel site
separations between 1.27 and 2.30 A
(2R,). At low loading these sites are pre-
sumably randomly occupied so as to
avoid filling adjacent sites. The occur-
rence of a recognizable superlattice with
the rhombohedral Ni, [MogSs phase (38)
may be a manifestation of ordering of the
light atoms. Only four Cu-Cu distances
in the sulfide phases are less than 2R,
because of the larger lattice dimensions,
but similar effects seem likely at high
loading.

Radii and Binding of M Atoms

The probable presence of significant
amounts of covalent and coulombic bind-
ing in different examples of the Chevrel
phases can be judged from radii compari-
sons together with changes in c/a ratios
and other parameters already presented.
Except for the rare earth elemenis the
M-S bonds represented would generally
be considered as rather covalent. It is in-
teresting to note that, with the same ex-
ceptions, the M elements involved are
geochemically classified as chalcophilic,
that is, sulfide as opposed to oxygen (sili-
cate) seeking (39). And the observed M-

S distances with the small ions are quite
consistent with a recent set of sulfide-
based radii (35). But the digonal coordi-
nation found at the large M site (with six
additional neighbors =0.2 A more distant)
is virtually unknown for the rare earth
ions although it does occur in a few
sulfides of elements such as Sn and Ag.
Notwithstanding, the M-Ch2 separations
in the rare earth metal phases are de-
scribed quite well by the sum of the stan-
dard (33) crystal radii. Figure 6 compares
the observed M-Ch2 distances for large
M with the crystai radius sum for coordi-
nation number six (1.23 A was estimated
for Sn(IT)). An empirical reduction of the
sum by 0.06 A describes the M-S2 sepa-
rations in the less covalent rare earth
metal phases very weil, and the La-Se
relationship is also satisfactory when the
85% occupancy is allowed for. Some of
this agreement is probably accidental;
presumably a reduction in cation radius
would occur on reduction to two coordi-
nation, but polarization (and size reduc-
tion) of the sulfur by the three molybde-
num atoms to which is is also bonded
certainly must also be a part of the
result.

More significant are the impressively
smaller M—-Ch separations found in the
Sn, Pb, and especially the Ag phases rel-
ative to standard six-coordinate crystal

d {M-ch2), A

oAg
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Fi1G. 6. Observed M-Ch2 distances (A) for large
M in M MogChg vs the sum of six-coordinate crys-
tal radii (from (33)) @,S; O,Se.
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radii (which have been deduced largely
from oxide and fluoride structures). These
decreases appear to be typical examples
of the effect of reduced coordination and
of ‘‘covalent shortening’’ (33). The bond-
ing in many tin(I) and lead(II) com-
pounds is characteristically covalent (37)
and, as will be shown, the behavior of
silver is even more extreme. Still the dis-
tances observed in these phases are quite
consistent with those found in other
sulfides (35). The observed Sn-S separa-
tion of 2.74 A compares well with 2.79 A
recently deduced for two-coordinate tin in
SnTaS, (40) while it is somewhat larger
than the nearest neighbors in SnS and
Sn,S; (2.62-2.74 A for four-coordinate
Sn) (37). The observed distance in
PbMogSs, 2.78 A, compares favorably
with 2.73 A for the three-coordinate lead
in PbN,S;-NH; (37). And AgMogSs,
which shows the greatest deviation from
the ideal or ionic radii of silver, by ca.
0.6 A, is actually behaving quite typically
by sulfide standards. The observed Ag-S
distance, 2.41 A (2.43 A if displaced 0.3
A off the axis as suggested by its thermal
ellipsoid (4/)), compares very well with
separations for two-coordinate silver
found in both AgSCN, 2.43 A, and
(AgsS)NOs, 2.41 and 2.55 A (37). And it
is the AgMogzChy phases which also show
otherwise inexplicable deviations in many
other parameters previously examined,
most particularly the low c/a ratios (Fig.
3a), where it is seemingly misassigned as
a “‘large ion.” In fact the silver phases
are the only ones in which the size of the
molybdenum face bonded to Ch2 actually
increases in dimensions relative to that in
Mo,gS; and MogSes (by 0.005 and 0.039 A,
respectively), implying that this covalency
polarization also affects the cluster bond-
ing and lowers the Mo-Mo bonding (Fig.
1). (Perhaps silver lies below E; in this
state.)

Indium presents several problems. Al-
though the six-coordinate radius for

indium(III) used in the figure is too large,
the sum of four-coordinate radii (2.46 A)
is only 0.02-0.10 A larger than observed.
The largest of the distances shown in the
figure is based on the observed partial
displacement of the indium from the large
hole toward the small ion site, as sug-
gested by abnormal size of the thermal
ellipsoid normal to ¢ (41). That notwith-
standing, the In** ion, which is only ca.
0.1 A larger than four-coordinate Fe?*
and Cu®* (sulfide radii (35)), still remains
0.25-0.30 A further removed from the S1
atoms which would complete a tetrahe-
dron than it is from S2. A ‘‘large-ion”
description might therefore seem better
but in some structural parameters the
phase tends to group with the small ion
results. Indium(III) probably represents
the lower size limit for a ‘‘large’ ion,
thereby actually reducing c/a. Significant
covalence would be expected chemically
for this element and oxidation state and is
suggested by Fig. 6. Assumption of
indium(I) in the Chevrel sulfide would
cause many of the structural parameters
considered to fit much better with those
of other phases but not with respect to
bond orders; however, the indium(I) ion
appears to be 0.7-0.8 A larger than
indium(III) (based on the shorter dis-
tances found in the chlorides (42)) and as
such would not fit. Photoelectron spectro-
scopic data for this phase could be a use-
ful confirmation of the oxidation state as-
signment. This applies even more so to
the less well defined InMogSes recently
reported (43), especially in view of the
relatively large In-Se distance cited
(without error limit) (compare also In,Se;
(44) and RbgIn,Se (49)).

An interesting alternate eXxplanation
comes to mind regarding the apparent
partial (25-509%) delocalization of the sil-
ver and indium from the large ion hole
toward the six inner tetrahedral sites.
This might be considered to represent an
approach to a lattice instability (41) or,
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alternatively, to arise from a compression
by the tightly bridged binary host. But it
is at the very least a remarkable coinci-
dence that the angle at silver in the
AgsS(NO;) and AgSCN compounds cited
above, 157° and ~165°, respectively, are
so close to the 166° value calculated for
the estimated lateral 0.30 A displacement
of Ag from the origin in AgMogSs and
AgMogSes. Perhaps these displacements
really represent a preference for certain
bond angles in covalent bonding in cases
with low coordination, i.e., ~152° for In,
aided perhaps by compression by the ma-
trix, whereas the behavior of Cu, Ni, etc.
represent a more conventional, three- or
four-coordinate limit for smaller ions.

Volume and Constriction Effects

A definite constriction of the MogSs
matrix when lanthanum is substituted by
the heavier rare earth metal ions is ex-
plicit in several of the structural parame-
ters. Most impressive is its effect on the
hexagonal cell volume relative to expecta-
tion based on the volume of the parent
MogS: phase plus that of the added ion
according to crystal radii. The ratio
Voos/ Veare for the sulfides is shown in Fig.
7, using four-coordinate sulfide radii (35)
for the small ions, Ag and In and six for
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FiG. 7. Ratio of observed hexagonal cell volume of
M;MogS; to volume calculated for MogSg plus 3 %
M vs number of electrons added to the cluster by
M.
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the remainder (33). In effect the covalent
shortening with the former group is now
included and what remains is any addi-
tional constriction. The dashed line ap-
proximates the result if the added ions
were ~75% effective in filling space, that
is, approximately close packed. The ions
which have the higher charges or polar-
ization, namely Gd, Er, Ho, Co, and Ni
appear to provide a definite constriction
of the cell, although the behavior regard-
ing Co and Ni is clouded by their appar-
ently significant interactions with molyb-
denum discussed earlier. Parailel effects
with the heavier rare earth metal ions are
seen in angles in and to the bridge and
the exo position (Fig. 5) and, most partic-
ularly, in the shortest intercluster S1-S2
distances which evidently restrict the ap-
proach of clusters and generate the ma-
trix effect, Fig. 4. A significant and pre-
sumably coulombic contribution to the
binding in phases containing the rare
earth metals seems clear. Sulfide phases
containing the nominal U**, Th**, and
Y3* also show this constriction judging
from their molar volumes (6) and ion
sizes. On the other hand, the copper
phases have been suggested to involve
only weak binding by the interstitial
metal (47), and this seems consistent with
their volumes and the cluster parameters.
These effects are less marked in the
smaller collection of selenides.

A recent study shows that densities of
Cu,MogSs phases clearly extrapolate to a
value for MogSs about 2% higher than the
experimental density (46). This is consis-
tent with the present analysis in terms of
a sizable matrix effect from nonmetal re-
pulsions. In particular, the very short in-
tracluster S1-S1 distance of 3.31 A which
evidently limits compression of the metal
antiprism appears similarly out of line,
since extrapolation of these data for the
Cu MogSs phases, Fig. 4a, gives an ex-
pectation value ~0.02 A smaller. This is
not a limiting factor in the selenides.
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In contrast to the behavior with cop-
per, the introduction of large and higher
charged metal ions such as the rare earth
elements forces an elongation in c/a but
with an increased Madelung contribution
to stability in return. The Mo-Ch2 dis-
tances, Fig. 8, show an unusual trend
which can be interpreted as reflecting the
increased binding. Ordinarily one would
expect a slight increase in the Mo-Ch2
distance as the cluster is further reduced
and the metal cores become better
screened, as occurs with d(Mo-Chl). (Al-
though introduction of a large M atom
increases the coordination number of Ch2
this has a negligible effect on the radius
of sulfur (35).) But what is actually seen,
Fig. 8, is a diminished Mo-Ch2 distance
with large ions. An obvious explanation
is that the compression applied by the
matrix in response to introduction of
large M atoms and an increased coulom-
bic interaction actually shorten the Mo-
Ch2 distances.

Delk and Sienko (47) have observed
that a rather good correlation exists be-
tween T, and c/a ratios for Chevrel phases
containing the rare earth elements. Not
surprisingly, a number of other parame-
ters in these structures also vary as does
c/a, viz., the angle S2-Mo-S1 (bridge)
and the Mo-S1 bridge, S1-S1 intraclus-
ter, and the Mo-S2 distances just consid-
ered. In fact the Mo-Ch2 distances (Fig.
8) provide one of the better variables in
paralleling 7. for large ions, though the
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Fic. 8. The Mo-Ch2 distances in M MogCh, as
a function of the number of electrons added per
cluster.

comparison is greatly limited by the avail-
ability of single-crystal data. According to
the above analysis this distance reflects
something of the tightness of packing and
strain in the ¢ direction owing to both the
nature of the host structure and a cou-
lombic contribution. Delk and Sienko
considered the c/a ratio in a similar way
but viewed an increase in that parameter
in the opposite way as reflecting a weak-
ening of interactions out c.

Good structural data for large-ion
phases with Sr, Ba, Sc (?), Sm, Eu, U,
Tl, etc. would help clarify these aspects
of the crystal chemistry in the region
where high 7, occurs and then is lost.
And data on other phases containing
smaller ions, e.g., Li, Zn, Cd, Al, Ga (?)
would doubtlessly improve the under-
standing of those structures.

Other Phases

Some related compounds offer consid-
erable support for the ideas developed
earlier, especially as regards the origin
and behavior of the matrix effect in the
MogChjg host.

Mog¢SeBr,. Substitution of the larger
bromine into the unique S2 position on
the threefold axis give a more reduced
(22-electron) cluster which exhibits a sub-
stantially reduced c/a ratio (28). The
structural parameters are very much like
those of the copper sulfide phases at the
same degree of reduction and are marked
with a small x in Figs. 3, 4, 5a, and Sc.
Although S1-S1 contacts about the waist
of the cluster are fairly typical for copper
at that electron count, the short Ch2-
Ch1 intercluster contacts, which forced
cluster elongation in other phases (Fig.
2), are now very much in effect with the
larger bromine and in effect require a low
c/a ratio. The distance of 3.37 A for Br—
S1 compares with an average of ca. 3.40
A for distances judged eariier as ‘‘tight”’
in other phases and about 3.5 A as a rea-
sonable expectation for a ‘‘normal’
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mixed bromine-sulfur contact based on
Fig. 4b. The consequence of such a rela-
tively short Br-S1 contact is in accord
with earlier discussions, a greater distor-
tion of the cluster and a greater matrix
effect. This exhibits itself in a PBO/e
value of 0.75 for the ideal stoichiometry
(MCE = 3.67) (or 0.76 for the reported
bromine deficiency, MogSe(Br1.7:S0.23)).
But in this case it is the shortest Mo—Mo
distance in the cluster which is enlarged,
that within, not between, the Mo trian-
gles, presumably in response to the more
lateral effect of the large bromine. The
increase is 0.04 A relative to the Sn, Pb
and Cu; gMogSs and Cu;MogSes and 0.02
A with respect to MogS; itself. In this
case the cluster comes much closer to oc-
tahedral symmetry.

Substitution of small ions in this phase
should be possible, a change which has
been accomplished in Cu,MogS¢l: (49). A
new range of ‘‘large’’ ions at the origin
does not seem likely inasmuch as the Br-
Br separation is only 3.91 A and the con-
tact distance would be about 3.5 A.

Mixed clusters. Two recent examples
have been well described structurally,
(In*),[(MogSes)(MogSe)]*~  (50)  and
(T1")4[(M0gSs)(Mo012S14)]*~ (51). The 9-
and 12-atom molybdenum clusters repre-
sent intermediate degrees of cluster con-
densation between the discrete MogChy
examples and the infinite chains
L(MosCh3) and behave accordingly with

MogSes:  charge 0 to —2,
Mo,Se;;: charge —2 to 0,
MogSs: charge 0 to —~2,
Mo;S14:  charge —4 to -2,

Even in these ranges the results are in
accord with expectations—the MogChy
groups show a significant loss of bonding
because of the indicated matrix effects
and give typical PBO/e values in the

PBO/e = 0.81 — 0.74
PBO/e = 0.85 — 0.90

PBO/e = 0.81 — 0.73
PBO/e = 0.92 — 0.96

respect to bond orders. The intercluster
connectivity in these two phases is' com-
parable to that in the simpler binary and
ternary systems already considered; the
€xo positions at Mo (but only those in
the end triangles in the Moy, and Mo,
groups) are filled by chalcogenide atoms
from the other type of cluster, and vice
versa, thereby again generating long inter-
cluster Mo-Mo bonds, and the interclus-
ter interactions and nonbonding repul-
sions fulfill a similar role. The important
intra- and intercluster Se-Se interactions
in the MoeSes group at 3.55 and 3.59 A
are comparable to those in Cu;MogSes,
and the cluster is elongated much as it is
in AgMogSe;. In the more reduced sulfide
the equivalent of the S1-St intracluster
contacts at 3.40 A (misprinted in (51))
plus intercluster S-S contacts at 3.44,
3.45, and 3.48 A (3 each) are all
significant, and the MoeSs cluster is elon-
gated about midway between that found
in AgMoeS;s and Cu; sM0gSg. On the other
hand, the middle portions of the Moy and
Mo, clusters involve increasingly fewer
nonmetal repulsions (Ch-Ch = 3.47, 3.67
A, respectively) and the metal atoms
there are accordingly more tightly bound.
Although there is no way to assign
charges to the individual clusters and
thereby to calculate bond orders for each
cluster the probable limits show the same
results:

} 0.84 net,

} 0.89 net.

range of 0.73-0.81. In the actual com-
pound this is averaged with larger and
increasing PBO/e values of 0.85-0.96 for
the less hindered and better bonded Mo,
or Mo,; unit. Thus the overall averages of
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0.84 and 0.89 for MCE values of 3.60 and
3.78, respectively, are significantly above
those for the remainder of the Chevrel
phases in Fig. 1. The less well-defined
clusters in In_3(MoeSes)(MosSe 1) (52)
give quantities which are roughly compa-
rable to those in the above selenide. In
bond order terms there is certainly no ev-
idence for Mo-Mo antibonding effects ac-
companying cluster condensation, as has
been claimed (43), rather just the oppo-
site as antibonding effects arising from
the nonmetal diminish.

A rhenium cluster. A 6-8 cluster of rhe-
nium has been described which appears
quite analogous to that in the molybdenum
sulfides, viz., in NasReeS2 (53). The clus-
ter and its connectivity are described as
[(ReeSs)S§2(S$)e2]*. Since there are extra
sulfide and disulfide groups to bridge be-
tween the 6-8 clusters, a matrix-free
result should be found, and bond order
calculations support this expectation com-
pletely. The question of how many va-
lence electrons are involved for rhenium
must be considered first. Conventional
wisdom describes the above cluster as a
24-electron RegS%*, isoelectronic with that
in MogClgCly. In effect this assumes all
seven valence electrons of the element
are involved. If D, for the metal is calcu-
lated on the same basis (2.610 A) the
Pauling bond order in NaResS;; is a very
satisfying 0.99. Comparable bond order
results are also obtained from data re-
cently reported for KiRegS;; as well as
for the sodium phase (54).
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