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Abstract 

The early transition metals, especially Zr, Hf, Hb and Ta, exhibit a metal-rich chemistry that is often surprising in its 
structural and physical aspects. Unfamiliarity with this chemistry is illustrated by the discovery of several new binary compounds 
in the Ta-S, Ta-Se, Ta-Te,  and Hf-Te systems within the past few years. Some striking differences observed between the 
metal-rich chalcogenides of Zr and Hf or between Nb and Ta challenge basic presumptions about the similarity of these 
congeneric pairs. The factors controlling the structural anisotropy of a new class of tetragonal layered compounds that includes 
Ta2Se, Ta 2 xNbxS, Hf3T %, and ZrZTe ( Z ~  Si, Ge, Sn) are discussed. Strongly early-late transition metal intermetallic 
bonding leads to the formation of an expanding class of compounds that includes Ta,~MaS ~ (M~Fe ,  Co, Ni), Ta~M2Se ~ 
(M---Fe, Co, Ni), TasNiSes and the newly discovered hafnium tellurides, HfxMTe,, (M =--Mn, Fe, Co, Ni, Ru) and HfsMTe 3 
(M -= Fe, Co). Our efforts to dismantle solid-state Zr-halide cluster compounds is described. Ambient temperature molten salts 
help us achieve the controlled excision of [(Zr6Z)CLt~]" from solid state precursors; we describe the applications of electronic 
and NMR spectroscopies in characterizing clusters in solution. Finally, we discuss bonding in metal-rich systems, with particular 
emphasis on localized bonding descriptions for metal-metal bonds in extended metal-linked networks. Such localized 
descriptions increase our understanding of otherwise anomalous properties and illuminate the artificiality of separate "metallic'" 
and "covalent" bonding concepts. 

Keywords: Metal-rich chemistry: Early transition metals 

1. Metal-rich material 

The field of metal-rich chemistry, when it is thought 
of as "chemis t ry"  at all, remains outside the ex- 
perience and conceptual  f ramework  of most  chemists. 
Instead, the reaction chemistry of metal-rich com- 
pounds has often been relegated to metallurgists, 
while the study of these compounds '  physical prop-  
erties has been  left to the field of "metals  physics". We 
believe that, with notable exceptions, this has led to a 
strongly distorted view of the breadth of metal-rich 
chemistry, the nature of the "metall ic bond" ,  and of 
the potential  for metal-rich compounds  to do "inter- 
esting chemistry".  In this article, some of the principal 
themes that drive research in our group at Texas 
A & M  are discussed, including examples f rom the 
synthesis of early metal  chalcogenides, the reaction 
chemistry of zirconium halide clusters, and analyses of 
bonding in systems that help to illuminate the still 
misunderstood "metall ic bond".  

0925-8388/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved 
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2. New compounds 

2.1. Binaries and Pseudobinaries 

Binary, early-transit ion-metal  chalcogenides of sur- 
prisingly simple composit ion continue to be found. 
Recent  attention to this chemistry and advances in 
synthetic methodology have produced Ta2Se [1], 
Ta3S 2 [2,3], Ta2T % [4], and Hf3Te 2 [5]. In addition, 
Conrad and Harbrecht  have discussed the compound 
Ta6Te 5 [6], although no details about  its preparat ion 
or structure have yet been published. It is interesting 
that binaries with such uncomplicated compositions 
escaped detection until quite recently. Various reasons 
can be offered for this state of affairs. Metal-rich 
composit ions may have been examined; however,  since 
crystals of these refractory compounds  are difficult to 
obtain at lower temperatures ,  it may be that they were 
simply not characterized. Fur thermore ,  if one at tempts 
the synthesis of these compounds in silica or alumina 
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containers, the products are badly contaminated with 
silicides, silicates and oxides. At least some of these 
new compounds (Ta3S2, Ta6Tes) melt incongruently 
and cannot be formed in high temperature reactions 
that have been used traditionally in exploratory syn- 
thetic surveys. Finally, it is possible that investigators 
have simply assumed that there was little new to find 
in these systems. 

The metal-rich chalcogenides of Zr, Hf, Nb, and Ta 
challenge basic assumptions about the chemistry of 
these elements. The pair of elements Zr and Hf are 
generally believed to be more similar in their chemis- 
try than any other pair of congeneric elements and the 
similarities of Nb and Ta are nearly as close [7,8]. 
These pairs of elements have nearly identical radii 
(atomic or ionic), electronegativities, and elemental 
structures. Given all this it is rather surprising to find 
that distinctions exhibited within both pairs of ele- 
ments are fairly sharp when it comes to their metal- 
rich chemistry. Let us first consider binary and pseudo- 
binary chalcogenides. (The term "pseudobinary" will 
be used to describe compounds and involve solid 
solutions of congeneric transition metals.) 

The layered dichalcogenides MX 2 (M-~ Zr, Hf, Nb, 
Ta; X-=S, Se, Te), are quite familiar, even to the 
wider community of chemists. In the past 6 years, 
several surprising (pseudo)binary chalcogenides of 
these metals have been uncovered that also possess 
layered structures, but with transition metal contents 
greater than or equal to 60 at.%. Harbrecht discovered 
that the first of these remarkable layered compounds, 
Ta2Se, could be prepared in a simple arc melting 
reaction. As depicted in Fig. 1, the robustly metallic 
layers in this compound consist of four (100) layers of 
b.c.c. Ta sandwiched between two square nets of Se; 
these layers are stacked with Se centers of each layer 
directly opposite Ta atoms of an adjacent layer, but at 
rather long distances (3.82 A). In an alternative 
description, Ta2Se is formally an insertion compound 
related to bulk b.c.c, metal. After every four layers of 
Ta, two layers of Se are inserted. Isoelectronic Nb2Se 
has a very different structure [9,10], that has been 
described as built up from condensed octahedral 
clusters [11]. 

Pseudobinary Ta2_xNbxS analogs of the Ta2Se type 
were soon found in Franzen's laboratories and in our 
laboratory as well [12,13]. The appearance of this 
layered structure in the mixed-metal system is striking 
in that no such layered structures are observed in 
either the Ta-S or Nb-S systems [14,15]. It appears 
that the driving force for the formation of this layered 
structure may be the opportunity that it offers for 
segregation of the metals. We find that in Tai 4Nb06S 
almost all the Nb is found in the outermost metal 
layers of the slab; X-ray refinements indicate that only 
about 5% of the inner-layer metal atoms are Nb. We 
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Fig. 1. The layered structure of TazSe. The relationship to the b.c.c. 
structure is emphasized by differences in shading of the Ta centers. 
Dashed lines indicate long Ta -Se  contacts between layers. 

attribute this segregation to the differential in metal- 
metal bond strengths--since these bond strengths 
should decline in the order Ta-Ta > Ta-Nb > Nb-Nb, 
a structure with surrounds Ta with the greatest num- 
ber of metal neighbours should be the most stable. 
The layered structure is a natural choice if the dif- 
ferential in M-S bond strengths is smaller than the 
metal-metal bond strengths. Franzen's group has also 
found that a five-layered material with the composi- 
tion Nbj.72Ta3.28S2 could be synthesized under special 
conditions and the same segregation of Nb into the 
exterior metal layers of the slab was observed [16]. 

Quite recently, we discovered a new material in the 
Hf-Te system, Hf3Te2, which a three-layered analog 
of TazSe. In a fashion similar to Ta2Se, Hf3Te 2 has 
layered structure in which slabs are made up from 
three square nets of Hf sandwiched between two 
layers of Te. These Te-Hf3-Te sandwiches are 
stacked, with very weak interlayer interactions, to 
form the full three-dimensional (3D) structure (Fig. 
2). Each of the outer Hf metal atoms makes four 
bonds to the Hf atoms in the central net (3.1229(4) oA) 
and one longer bond through the slab (3.4454(12) A) 
to a symmetry equivalent atom. Each Te is five 
coordinate with respect to Hf atoms in the same slab 
(Tel-Hf2, 4 x 2.9120(5); Tel-Hfl ,  1 x 3.0245(9) .A). 
This compound came as a surprise to us since the 
valence electron concentration (the number of elec- 
trons available for metal-metal bonding) is much 
lower than that of the Ta compounds already dis- 
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envi ronment  of darkened atoms is drawn in the most  detail. Note 
Fig. 2. The layered structure of Hf3Te 2. The Hf  Hf  distances that 
are short  enough  for appreciable bonding are indicated with full 
lines. H f - H f  distances between atoms in the same layer are rather 
long (3.684 A,) and are indicated with dashed lines. 

cussed. Also, isoelectronic Zr3Te 2 adopts a defect-WC 
structure as do the other known Group  IV chal- 
cogenides of the same composit ion [17-19]. 

The compounds  discussed above belong to a 
b roader  class of chalcogenides based on stacking of 44 
nets of atoms. There  is a transition f rom 3D to 2D 
structures in these materials that seems to be de- 
termined by the a dimension and the size of the 
chalcogenide. Three additional layered tellurides, 
Z r Z T e  (Z-= Si, Ge, Sn), are useful to compare  with 
these compounds  in order to illustrate this 2D vs. 3D 
dichotomy. ZrSiTe has a layered structure built f rom 
square nets to form slabs with an internal stacking 
sequence T e - Z r - S i 2 - Z r - T e  (Fig. 3) [20,21]. ZrSiTe 
and Z r G e T e  have been known for some time, though 
only for the former  has a single-crystal structure 
determinat ion been per formed and that was quite 
recent [21,22]. ZrSnTe  is a new m e m b e r  of this series 
and was only synthesized recently in our laboratory 
[22]. The internal structures of Hf~T% and ZrSiTe are 
somewhat  different; Hf3Te 2 has a central layer of Hf  
that is packed in the ab-plane at the same number  
density as the two adjacent metal  layers, while the 
central Si layer in ZrSiTe-type forms a square net that 
is rota ted by 45 ° and has a number  density that is twice 
the atomic number  density of the two adjacent Zr  

that interactions between layers (dashed lines) are essentially the 
same as in Ta2Se and Hf~Te:. 

layers. The reader  will also notice that the two outer  
metal  layers within the Hf3Te 2 slabs are stacked 
directly on each other while the two Zr  layers are 
displaced in the ab-plane by (1/2, 1/2, 0). Despite  
these differences, the pairwise interactions between 
layers in the Z r Z T e  series are the same as those seen 
for Ta2Se, Ta14Nb0.6S, and Hf~Te 2. Table 1 shows 
some key structural parameters  that aid in the com- 
parison of these interlayer interactions. 

As we move along the series of compounds 

Table 1 
lnteratomic distances (A)  in 
chalcogenides" 

several metal-rich layered 

Ta,.4Nb o uSe Ta (Nb) -S '  4 × 2.54 S ' -S  ° 3.23 
1 × 2.67 Ta(Nb) -S"  3.13 

Ta2Se Ta -Sc '  4 × 2.67 Se' S¢'  3.55 
1 x 2.84 Ta So" 3.82 

Hf~Te 2 Hf Tei 4 x 2.96 Te'  Te" 3.89 
1 × 3.13 H f - T e "  4,19 

ZrSiTe Zr  Te '  4 × 2.92 T ¢  Te" 3,73 
Z r - T e "  3,96 

Z rGeTe  ~ Zr T ¢  4 × 2.93 Te'  Te" 3,51 
Zr To" 3.26 

ZrSnTe Z r - T e  i 4 × 3.04 T e ' - T e "  3.54 
Zr  Te" 3.09 

" Bonds  to S', S¢,  and Te i are within a layer; bonds  to S", Se °, and 
Te ° are between layers; s i - s  °, Se' Se °, and Te~-Te ° are non- 
bonded contacts between layers. 

Values listed for Z rGeTe  are estimates. 
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Tal.4Nb0.6S---> Ta2Se---~ Hf3Te :, the distances between 
chalcogens in adjacent layers increase smoothly 
(3.23---> 3.55---> 3.89 A) by an amount consistent with 
the increasing van der Waals radii. In contrast, the 
interatomic distances between metal centers and chal- 
cogens on adjacent layers increase much more rapidly 
(3.13-->3.82--->4.19 .A), the import of which can be 
understood by comparison with the mean metal- 
chalcogen bond lengths within the layers 
(2.57--->2.70-->2.99 .~). Because the metal and chal- 
cogen identity remain the same in the ZrZTe series, 
comparisons are made even more simply. (Distances 
for the Ge compound are estimates based on lattice 
parameters and structural constraints; no single-crystal 
structural investigation has been performed.) As we 
move along the series ZrSiTe ~ ZrGeTe --~ 
ZrSnTe, Te-Te distances between layers decline 
(3.73-->(3.55)-->3.54 A) while interlayer Zr-Te dis- 
tances decline dramatically (3.96---> (3.26) ~ 3.09 .A). 
At the same time, Zr-Te bond lengths within the 
layers expand some (2.92--->(2.93)-->3.04 ,~). All of 
these data indicate that there is a rather abrupt, 
sterically controlled, crossover between compounds 
that are essentially 2D and 3D. In the ZrZTe series, 
bond length constraints on the central Z 2 square-net 
determine the spacing of the Zr and Te centers in the 
rest of the slab. When the Te-Te spacing in the slab is 
sufficiently large, steric crowding between Te atoms is 
lessened enough to permit the formation of interlayer 
Zr-Te bonds. The same crossover occurs in the new 
metal-rich materials. For Hf3Te2, the average Hf-Te 
bond length within the layer is bracketed by the 
distance for Zr-Te bonds in the ZrZTe series. The 
Hf-Te interlayer distance is 40% longer than the 
Hf-Te bonds; a similar ratio of distances holds for 
TaeSe. In Tal.4Nb0.6S, the interlayer Ta(Nb)-S dis- 
tance is only 22% longer and some weak interlayer 
bonding is implicated. Of the six compounds discussed, 
Hf3Te2, Ta2Se and ZrSiTe are quite 2D and are 
promising candidates for intercalation chemistry, if the 
activation barrier involved in initiating the intercalcu- 
lation reaction can be overcome. 

2.2. Interstitially stabilized c o m p o u n d s  

The strong bonding that occurs between early- and 
late-transition metals has been known for quite some 
time [23-26] but only recently have such "polar-inter- 
metallic" bonds been incorporated intentionally into 
ternary metal-rich compounds as part of a synthetic 
strategy. The Zr and rare-earth cluster halide com- 
pounds discussed by Corbett in another paper in this 
volume (and below) stand as particularly conspicuous 
examples where late-transition metals can be viewed 
as "interstitials" encapsulated by early metal poly- 

hedra (usually octahedra) within ternary phases. Thus, 
Zr6Cl14Fe is a compound in which Fe occupies the 
center of a Zr octahedral cluster and participates in six 
short Zr-Fe  bonds (average 2.43 ,~) [27]. The strength 
of the intermetallic bonding is indeed underscored by 
emphasizing that this thermodynamically stable com- 
pound does not possess any Fe-C1 bonds, certainly a 
counterintuitive result to many inorganic chemists! 
Such is also the case in the many metal-rich halides of 
Zr and the rare-earths that are now known wherein 
late transition metals are so encapsulated [28-37]. 

Harbrecht discovered a class of Ta and Nb chap 
cogenides in which Fe, Co and Ni are encapsulated 
within tricapped trigonal prisms (tetrakaidecahedra) of 
the group five metal [38,42]. The series of compounds 
Ta9M2S 6 ( M - F e ,  Co, Ni) was the first representative 
of this class of materials (Fig. 4) [38,39]. The environ- 
ment of the "interstitial" transition metals is similar to 
what one finds in the Zr-rich binary intermetallic 
Zr3Fe, and the numbers of electrons available for 
Fe-Ta and Fe-Zr  bonding in Ta9Fe2S 6 and Zr3Fe are 
similar (after accounting for the effective oxidation of 
the metal-metal bonding network by sulfur in the 
ternary compound). A striking feature of the Ta9Fe2S 6 
structure is the presence of channels and the general 
segregation of metals and non-metals into separate 
structural domains. It is as if these just are cluster 
compounds where the metal atoms happen to out- 
number the non-metals. Other compounds uncovered 
by Harbrecht of this general type include TaI~MzSe 8 
(M-= Fe, Co, Ni) [40] and TasNiSe 8 [42]. 

We have explored the Zr chalcogenide systems for 
signs of chemistry that is similar to the ternary inter- 
metallic chemistry reported by Harbrecht and have so 
far found no sign of any analogs. Hf, however, has 
yielded some new materials in this area. A set of 
compounds with the composition HfsMTe 6 (M ~-Mn, 
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Ta9M2S 6 

® 
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OM 
OOT  
® @ s  

= 1/2 o 
Fig. 4. The structure of Ta,M2S 6 compounds, with emphasis placed 
on the Ta polyhedra. The boxed illustration at left shows the chains 
shown in projection at right. 



44 T. Hughbanks / Journal of Alloys and Compounds 229 (1995) 40 53 

Fe, Co, Ni, Ru) adopts the structure depicted in Fig. 5, 
projected onto the ac plane. The HfsMTe 6 structure 
can be well described as an intergrowth of distorted 
M-centered tetrakaidecahedral  Hf  clusters and edge- 
sharing Hf  telluride chains. The Te atoms serve to 
sheath the 3D metal f ramework and produce large 
cavities within the structure. In this depiction only the 
meta l -meta l  bonding framework is shown. The chains 
of M-centered clusters in the HfsTe6M structure are 
built up from Hf  3 triangles stacked along the b-axis to 
form infinite chains of trigonal prisms. Each of the 
three square faces of these prisms is capped by 
another  Hf  atom. At  the center of each trigonal prism 
sits an M atom. The columns are linked by bonds 
between an Hf  atom of each inner trigonal prism and a 
capping Hf  of a neighboring chain's cluster, yielding a 
2D layer that propagates in the bc plane. The unit cell 
contains two such layers running in opposite directions 

O H f  O T e  ®M HfsMTe 6 

Fig. 5. A view of the structure of Hf~MnTe~. The chains of 
tricapped trigonal prisms that form the building blocks of this 
structure are evident. Only bonds between metal atoms arc indi- 
cated. 

and stacked along the a-axis. The portion of the 
structure connecting these slabs is closely related to a 
portion of the Hf3Te 4 structure (Nb3Te4-type) [43]. 

In HfsMnTe 6, the Hf6Mn trigonal prisms which 
form the inner cluster core are shaped such that the 
short H f - H f  contacts are all in the triangular faces. 
These faces are distorted in an isosceles fashion 
forming one long (3.565 ,~) and two short (3.160 /k) 
H f - H f  contacts. The triangles are separated from each 
other  by the b-axis dimension, 3.761 A. This is much 
longer than the corresponding T a - T a  distances in the 
structurally related compounds discussed above. Dis- 
tances within the M-clusters of HfsTe6Mn and 
TasSesNi are compared in 1. The most significant 
difference between the clusters is the distortion of the 
triangular faces of Hf~Te6Mn. The shortest distances 
between triangularofaCes occurs in the related sulfide 
TagS6Fe 2 (3.297 A). This distance in the related 
selenides is somewhat longer (about 3.45 A). In 
Hf~Te6Mn, short H f - H f  distances between triangular 
faces are excluded by the packing requirements of the 
Te atoms, and the lower metal-based electron con- 
centration in the Hf  compounds is consistent with this 
feature. 

Very recent results indicate that compounds with the 
composition Hfl0M2Te 6 (M-=Fe,  Co) can also be 
prepared and similar double are built up from similar 
double chains of tricapped trigonal prisms [44]. 

It is clear that strong ear ly- la te  intermetallic bond- 
ing motifs can be successfully incorporated into ter- 
nary chalcogenides as a central feature. However,  in 
this chemistry, as in much of the metal-rich chemistry 
discussed, the differences between second- and third- 
row transition metal systems remain largely mysteri- 
ous. We do not understand why Hf  seems so much 
more inclined than Zr  to form the ternary chal- 
cogenides just discussed. Indeed, the situation for the 
halides seems to be the reverse: it is Zr  that has the 
richer cluster chemistry [45]. By the same token, it is 
not clear why binary metal-rich chalcogenides of 
niobium and tantalum display as many differences as 
they do, even after accounting for the differential in 
meta l -meta l  bond strengths. Of course, such mysteries 

3.16~/~ 3.111/~ ? .224 ]~ 

HfgMn Ta9Ni 
a b 

1 
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are sure to make synthetic exploration all the more 
rewarding for the surprises which continually appear. 

3. Low-dimensional metals as precursors; cluster 
excision 

In much of the above, we have described the results 
of synthetic exploration of metal-rich systems. If 
chemistry is to continue to progress fundamentally, 
and if fresh ideas are to flow continually into the field, 
such work must be sustained in the future. Neverthe- 
less, we must at the same time investigate the prop- 
erties and potential reactivity of these newly syn- 
thesized materials. In the absence of such investiga- 
tions, there is the danger that synthesis and structural 
characterization becomes an exercise in "butterfly 
collecting" and that fruits of synthetic efforts will be 
unexploited for their potentially interesting and useful 
properties. 

In one effort to extend metal-rich solid state chemis- 
try beyond its traditional domain, we and others [46- 
48] have had an interest in using a wide range of 
metal-rich solids as a rich source of metal-metal 
bonded molecules (clusters) and polymers (chains) for 
solution chemistry. If metal-metal bonded species can 
be extracted successfully from solids, certain advan- 
tages apply. Not least of these advantages is the fact 
that many solid-state cluster (and condensed cluster) 
phases are thermodynamically stable and can there- 
fore be prepared in high yields, nearly free from 
impurities. As a practical matter, it also turns out that 
many cluster-containing phases are the only com- 
pounds known in which their constituent clusters have 
been found. 

The use of solid state precursors for cluster chemis- 
try has a long history. Indeed, many methods for 
obtaining the six-metal cluster core species M06C14+ 
[49-53] and (Nb, Ta)6CI12 [54-60] relied on excising 
them from solid state precursor phases. Similarly, the 
trinuclear cluster Re3CI~2 can be obtained from the 
solid ReCI 3 (equivalent to [Re3C16]C16/2) [61-64]. 

The solid-state chemistry of Zr clusters is astound- 
ingly variable yet synthetically controllable. Among 
the halides (X ---= C1, Br, I), only one basic cluster type 
is known; this is a cluster with a centered octahedral 
core ((Zr6Z)X12, depicted in Fig. 6). The most signifi- 
cant source of diversity in this chemistry lies in the 
range of centering atoms (Z) that have been found 
capable of filling the cluster. A listing of these intersti- 
tials follows, along with some (Zr6Z)X~2-based com- 
pounds serving examples for the interstitials: 
H Zr6Cll2H [68], Li6Zr6C118 H [65] 
Be Zr6C112Be, KZr6Br13Be, (Na, Cs)aZr6C116Be 

[66-68], K3Zr6CllsBe [69] 

X a 

X i 

a = ausser(axial, terminal) 
i = inner (bridging) 

[(Zr6Z)Xlz]X ~ Cluster 

© 

• Zr 

O X =  el ,  Br, I 

o Z : interstitial atom 
= H, Be, B, C, N 

Mn, Fe, Co, Ni 
Al, Si, Ge, P 

Fig. 6. The basic [(Zr6Z)Xl2]X 6 cluster. The "inner, ausser" nota- 
tion is illustrated. 

B Zr6Br12B, Zr6CI13B, Zr6CI14B, (Cs-Na) 
Zr6C114 B, (Na, K)eZr6CI15B, CsKZr6C115B 
[66, 70, 77], Zr6112B (K, Cs)Zr6114B [72], 
Cs3Zr6Cl16B [67], RbsZr6CI~8B [73] 

C Zr6CllaC, (Cs, Rb, K)Zr6CI~sC [66], Zr6112C , 
Zr6I~4C, (K, Rb, Cs)Zr6I~4C [74], Cs3Zr6C116C 
[67], Rb4Zr6Cl,sC [65] 

N Zr6CI15N [71] 
AI Cs0.7Zr6114Al [72] 
Si Cs0.3Zr6114Si [72], Zr6114Si [75] 
P Zr6I~4P , (Cs, Rb)xZr6114P [75] 
Mn CsZr6114Mn, Zr6112Mn [28,29], Li2Zr6CllsMn 

[76] 
Fe Cs0.63Zr6Ii4Fe, Zr6IlaFe [28,29], LiZr6CI15Fe 

[76] 
Co CsxZr6114Co [28,29], Zr6CllsCO [76] 
Ni Zr6C115Ni [76] 

Some compounds have been grouped together 
because they are stoichiometrically related, even if 
they do not have the same structure, for example the 
cluster connectivity in KZr6Clt~C is different from 
that of the (Rb, Cs)Zr6CllsC pair of compounds. 

A problem that surfaced early in attempts to excise 
Zr-clusters from solids was the observed oxidation of 
certain clusters and uncertainty about the identity of 
the oxidant involved [77,78]. Thus, Rogel and Corbett 
isolated (EtaN)nZr6CI~sBe-2CH3CN from the solid- 
state precursor K3Zr6CI15Be, indicating a net two- 
electron oxidation of the Be-centered clusters on 
dissolution. Similarly, these workers isolated 
(Et4P)aZr6CIlsB-(EtnP)2ZrCI6, containing the 13e 
cluster [(Zr6B)CI1s] 4- and the ZrC126 - ion, from the 
precursor solid RbsZr6CI18Br, a 14e- cluster com- 
pound. In both cases, the oxidant(s) were not iden- 
tified. However, the highly charged clusters 
[(Zr6B)C118] 5- and [(Zr6Be)C118] 6- should be strong- 
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ly reducing and the possibility that the solvent 
(CH3CN) had been reduced was suggested [77]. 

There  exists a rather unique solvent system that we 
have found to be useful for the dissolution of Zr  halide 
cluster compounds. The room-temperature  melts 
ImC1-A1C13 (2, Im-= 1-methyl-3-ethylimidizolium) can 
effectively dissolve all those compounds that are 
known to be readily soluble in acetonitrile and several 
that are not. 

This solvent system [79-83] has been, and will 
continue to be, useful for several reasons. (a) Most 
obviously, the melt is liquid at ambient temperature  
[84,85]. This makes handling convenient, and allows us 
to do chemistry at temperatures  where the clusters' 
reactivity is lower and the likelihood that glass con- 
tainers will be attacked is virtually nil. (b) Like 
acetonitrile, this solvent allows a good spectroscopic 
window for the study of electronic spectra (at ambient 
temperature).  For example, the spectrum of 
[(Zr6Fe)CI~2CI~] 4 cluster is virtually identical in 
ImC1-A1C13 and acetonitrile from the near IR region 
to 36 000 cm -~ in the UV. The ImC1-AICI~ liquid 
system has the additional characteristic that it may 
eliminate the enhanced solvation effects that are often 
observed for polar solvents such as CH3CN and 
(CH3)2SO [86]. (c) There  seems to be less sensitivity 
of ImC1-A1C13 melts to reduction by the some of the 

tZr  7 ~ ' " +  strongly reducing ~ 6LjV.dl2 clusters [86-89], for 
example the (Zr6Be)Cllz cluster has a noticeably 
greater stability in Imel-AIC13 solutions. The useful- 
ness of these ionic liquids for the electrochemical 
study of several well known inorganic cluster systems 
has been demonstrated; these include [Mo2Cls] 4 [90], 
[ (Mo6C18]C16]  2 [91],[R%Cls] 2 [88],[Re2Cls] 3 [92], 
[Re3CI,2] 3 [88], [W2C19] 3 , and [(Nb6CII2)CI~]" 
[93]. 

When clusters are to be excised from a solid phase, 
Lewis bases are necessary to fill exo coordination sites 
on the cluster which are occupied by intercluster 
halide bridges in the solid state. For  this reason, 
successful cluster excision occurs for an ImC1-A1CI~ 
melt rich in the organic salt (ImCI:AIC13 ~ 7 : 3 ) ;  the 
excess of C1- over AICI 3 makes the melt basic in the 
Lewis sense. Conventional  MICI-AICI3 melts ( M ~ -  -- 
alkali metal)  are not suited for cluster excision at low 
temperatures,  because although some have reasonably 
low eutectic temperatures  (around 100-150°C), the 

~ - - ~  + AICI 3 

C 2 H 5 ~ ~  N ~  CH 3 

CI" 

2 (ImCl/A1Cl3) 

eutectic compositions are acidic (M~CI:A1C13<I). 
Under  basic conditions (MICI:A1C13 > 1), where clus- 
ter solubilities might be appreciable, the melting 
points are high. In short, ImC1-A1C13 molten salts are 
advantageous for cluster excision because they can be 
made basic while remaining in the liquid state. 

It has been generally observed that the most readily 
dissolved cluster-based compounds are those in which 
intercluster linkages are minimized [46]. Holm and 
coworkers report  that they are able to excise intact 
Re6SesCl~ and Re6Se6CI~ ~ clusters from the respec- 
tive 1D Re6SesCI 8 and the 2D Re6Se6C16, but that the 
3D solid Re6SevC14 resists dissolution [47,48]. We were 
therefore surprised to discover that 3D linked com- 
pounds Zr6XI4Fe (see Fig. 7) are soluble in the ImCI-  
AIC13 ionic liquid. Deep blue and violet solutions are 
observed for the Fe-centered chloride and bromide 
clusters respectively, and we find that the UV-visible 
spectrum obtained for the [(Zr6Fe)BrlzCl~] 4 cluster 
closely resembles the spectrum we reported for the 
chloride cluster (see Fig. 8) [94]. The Z r - X  ~ a inter- 
cluster linkages found in these halide-poor solids are a 
necessity for a 6-12 cluster compound with a net 
halide: Zr  ratio of less than 15:6 (see Fig. 7). 

Other  compounds that resist dissolution in CH3CN 
at ambient temperature are cleanly dissolved into the 
ImC1-A1CI~ melt. Li2Zr6CI I sMn dissolves quickly into 
the melt at 160°C and when the solution so obtained is 
mixed with CH3CN and then layered with E t 2 0 -  
hexane, (Im)5[(Zr6Mn)Clls ] • 1.5CH3CN crystallizes at 
the interface. The structure of the [(Zr6Mn)Cl~s] 5 
cluster is comparable with the structure of the cluster 
in the starting material. 

® F e  
Q CI 
O Zr 

i i-a a-a 
Zr6CI14Fe = [(Zr6Fe)ClloClz,2]C14/2 (Nb6Cl14 type) 

Fig. 7. Intercluster linkages are emphasized in this depiction of the 
common (Zr~Z)Clt4 structure type. Only halides that serve to bind 
the central cluster to its neighbors are indicated. The tight coupling 
provided by C1 ~a linkages makes these compounds difficult to 
dissolve in conventional solvents. 
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Fig. 8. The  U V - v i s i b l e  spec t ra l  b lue  shif t  tha t  a c c o m p a n i e s  b r o m i d e  
to  ch lo r ide  r e p l a c e m e n t  is ind ica ted .  Th is  shif t  is man i fes t  as a v io le t  

to  b lue  co lor  change  in the  so lu t ion .  

We have observed that ImC1-AIC13 melts enable 
the exchange of inner halides on the clusters (Fig. 8); 
such exchange occurs in hours at temperatures near 
100°C and even at room temperature over a period of 
days [95]. This exchange reaction was first observed to 
accompany the excision of [(Zr6Fe)Br4~] clusters from 
Zr6BrlaFe. The X-ray structure of the compound 
[Im]a[(Zr6Fe)Cll8 ], resulting from the excision of 
clusters from Zr6BrlnFe in an ImC1-AIC13 melt, shows 
that both ausser and inner bromides (Br a and Br i) are 
displaced by chlorides from the melt. 

After  a means of dissolving cluster compounds 
without cluster decomposition is devised, the identity 
of the product is confirmed with the least ambiguity by 
isolating crystals of a cluster-containing product and 
determining the crystal structure. Despite this, other 
spectroscopic information is necessary if one hopes to 
understand the chemistry occurring in the dissolution 
process and reactions conducted in solution (intention- 
ally or not). The NMR characteristics of some intersti- 
tials allow one to monitor the dissolution of these 
cluster compounds in a fairly direct manner. Fig. 9 
below shows one solid-state and one solution 11B 
NMR spectrum. A solid-state MAS spectrum for the 
precursor RbsZr6C118B is shown an the left, and a 
solution spectrum taken after dissolving RbsZr6CI18B 
in a basic AIC13-ImC1 ionic liquid appears on the 
right. The chemical shifts observed in each case are 

187 

Rb5Zr6CI18B 
(starting material) 

190 180 170 
ppm 

ImCi/AICI 3 

184.0 

[Zr6CI18B] 5- 

I I 
184.5 183.5 

ppm 

Fig. 9. Exc i s ion  of c lus te rs  f rom sol id  s ta te  p recur so r s  can  be  
fo l lowed  by  N M R  for c lus te rs  e n c a p s u l a t i n g  a p p r o p r i a t e  nuclei .  The  

chemica l  shif t  and  n a r r o w  l ine w id th  of the HB s ignal  are  charac-  
ter is t ic  of  a c lus te r  c e n t e r e d  by boron .  

quite similar and strongly indicative of B encapsulated 
within a metal [(Zr6B)C118] 5 cluster [96-101]. The 
very narrow line width (2.3 Hz) for the spectrum taken 
in the A1CI3-ImCI ionic liquid is consistent with the 
symmetrical environment in which the quadrupolar 
I~B nucleus sits, but broadens considerably in samples 
where incidental cluster oxidation has taken place. 
This is presumably due to accelerated relation of I~B 
nuclei caused by contamination with paramagnetic 
13e- [(Zr6B)C18] 4- clusters. 

Hussey and coworkers' observations of the solubility 
behavior of the [M06C18] 4+ ion in ImCI-A1C13 melts 
indicates a generalized amphoterism that may be 
useful for using these melts as crystal growth media 
[91]. MoCI 2 (equivalent to (Mo6CI~s)CI~C14f2 a) has low 
solubility in a neutral (50:50) ImC1-A1C13 melt, but its 
solubility increases markedly in both basic and acidic 
melts. In basic melts, the cluster is clearly dissolved as 
the [M06Cl14] 2- ion; in acidic melts it is likely that the 
cluster is solvated by A1C14 or AI2C 7 ions: 

[ ( M 0 6 C 1 8 ) C 1 6 ]  2 ( 1 ) < + I m C l  

basic 

a - a  a 
( M o 6 C 1 8 ) C 1 4 / 2 C 1 2 ( s )  
neutral (ImCl: AICI 3 =50 : 50) 

+AICI 3 
> "[(Mo6Cl8)(mlCl4)6] 2- (1) '' 

acidic 

We have found that in ImC1-AICI 3 melts, 
[(Zr6Z)C112] (6-n)+ cluster cores experience significant 
perturbation when they are titrated from the basic 
to acidic regimes by addition of AICI 3. It is likely 
that this is due to the formation of 
[(Zr6Z)Cll 2] (A1Cln)6---UV-visible spectra are 
strongly blue shifted when compared with spectra 
observed for [(Zr6Z)CI12]CI n clusters in the basic 
ionic liquid or in acetonitrile (Fig. 10). The magnitude 
of these spectral shifts is much larger than is observed 
when ausser chlorides are substituted by any number 
of other ligands we have examined (e.g. amines or 
phosphines) [94,102]. This is a simple consequence of 
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F ~ Fig. 10. The blue shift that occurs when the [(Zr,, e)Cl~2 ] cluster is 
titrated into acidic melts  is illustrated. Molecular  orbital calculations 
are consistent with the interpretat ion that this is due to binding by 
the very weak AICI~ donors. 

the very low donor  strength of the AIC14 ion and the 
orbital character of the cluster H O M O  (Fig. 10). 

We think the future for the use of ionic liquids for 
the investigation of metal clusters is bright. In fact, we 
are beginning to investigate whether meta l -meta l  
bonding chain compounds might not also be solubil- 
ized in ionic liquids. In many instances, the bonds 
which bind chains together in the solid state are of the 
same type as the bonds that cross-link clusters in 
compounds which we have already been able to 
dissolve. When one examines the broad range of 
metal-rich compounds in which we find low-dimen- 
sional meta l -meta l  bonded arrays (clusters, chains, 
and layers), the incentive for developing means where- 
by we can carefully dismantle them is strengthened. 

4. Bonding and properties [103-105] 

An examination of the structures of the metal-rich 
compounds discussed above reveals that while many 
such compounds have low-dimensional structures in- 
sofar as their meta l -meta l  bonded connectivity is 

concerned, they still possess unbroken and undistorted 
meta l -meta l  bonded networks. This generates the 
strong impression that these materials will be metallic 
electrical conductors, at least along the direction(s) in 
which these networks propagate. While this assump- 
tion is usually correct, we now know several cases 
where compounds with extended meta l -meta l  bonded 
networks are semiconductors. From a theoretical point 
of view, this means that there must be some formal 
way in which the delocalized band description of 
meta l -meta l  bonding in the compounds can be trans- 
formed into a localized description in which electrons 
can be said to occupy bond orbitals in pairs. It does 
not mean that the localized description necessarily 
involves two-center-- two-electron bonds; indeed, it is 
probably this fact that makes an intuitive recognition 
of a localized description more difficult than for Zintl 
(octet-rule) compounds. 

4.1. Localization of metal-metal bonding electrons in 
MoS: 

MoS 2 and Y2C13 are two simple binary compounds 
which demonstrate how an extended meta l -meta l  
bonded network may exhibit localized meta l -meta l  
bonding. We first present, in some detail, how a 
localized meta l -meta l  bonding scheme emerges within 
the layers of M o S  2 [103]. MoS 2 is a material build up 
by the fusion of M o S  6 trigonal prisms (MoS 2 =- 
MOS6/3) into layers, which are in turn stacked (up the 
z axis) with van der Waals gaps between the layers. 
The semiconducting behavior of this d 2 compound has 
been traditionally explained by invoking a gap be- 
tween the Mo dz2 orbital (assigned to the valence 
band) and {dxy, dx2 y2} orbitals (assigned to the con- 
duction band). However,  for the trigonal prisms such 
as they are found in MoS 2 and in most compounds 
where such trigonal prismatic coordination is manifest, 
the prism height-to-base ratio is such that the dz2 
orbital and {dxy, dx2 y2 } orbitals are nearly degener- 
ate. This means that the band gap cannot be explained 
by the local "crystal-field" splitting between d~2 and 
{dxy, d~2 y~}. It also means that we can freely take 
linear combinations of these three d orbitals for 
purposes of examining any M o - M o  bonding effects, if 
such combinations bet ter  illuminate the nature of the 
meta l -meta l  bonding. 

As it turns out, the localized valence and conduction 
band orbitals of MoS2-1ike layers (including MCh 2 
(M ~ Mo, Ta, Nb; Ch ~- S, Se), LnX 2 (X =-- halides), 
and LiNbO2) are easily understood if we start with 
three equivalent "hybr id"  orbitals constructed as 
linear combination of the dz2 and {dxy, dx2 ~y2} orbi- 
tals: 
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0- I = - ~  dz2 + dx2 r2 

- 1  1 1 
0-2 =- -~-dz2- - - -~dx2-y2  - - - ' ~  dxy (1) 

- 1  1 1 
0 - 3 = ~ d z 2 - - - - - / - ~ d x 2 _ y 2 q - ~ d x y  

These orbitals project into the square faces of the 
prism (depicted in 3). With these orbitals we can 
understand how the meta l -meta l  bonding in a trigonal 
prismatic layer can at once be fairly strong, extend 
over the infinite 2D layer, and yet involve localization 
of the d electrons which is consistent with a semicon- 
ducting state. Each M o S  6 trigonal prism is imbedded 
within a layer and fused to six adjacent prisms in the 
manner  illustrated in Fig. 11. The square faces of each 
S o S  6 prism abut the faces of empty S 6 prisms, the 
center of which also lies at the center of an S o  3 
triangle. Every such S o  3 triangle in the layer has three 
hybrids of the type just discussed that extend toward 
its center from the Mo atoms at the vertices. Thus, 
each such S o  3 triangle forms a three-center  bonding 
sys tem-- two d electrons per Mo center reside in each 
of the three-center- - two-elect ron bond orbitals. 

The  scheme 3 is more  than just a schematic descrip- 
tion of the meta l -meta l  bonding in MoS2-1ike layers. 
We have constructed Wannier orbitals from the val- 
ence and conduction band wavefunctions that yield 
local bond orbitals which can be considered as fully 
representative of the band orbitals from which they 
arise (i.e. the electron density obtained from the set of 
Wannier orbitals for a given band is exactly the same 
as the full set of band orbitals for the same band). 
These are plotted for the (MoS2-1ike) PrI 2 layer in Fig. 
12. Clearly, the valence band has three-center  bonding 
character  and the pair of local orbitals for the two 
overlapping conduction bands is just the two antibond- 
ing orbitals in the three-center  system. When the layer 
has the proper  electron count (two per metal center, 
or rather, two per three-center  bond),  the system is a 
semiconductor.  

We have presented a few details concerning local- 

~~~Y~-'~x 
(Y 3 (Y 2 CY l 
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• ¢'~ 
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MX2 ~ " , ,, :: 

i¢ 

Fig. 11. One MX 2 layer is illustrated for metals with t r igonal-  
prismatic coordination. The geometrical situation involved in the 
formation of three-center- two-elec t ron bonds in such MoS2-1ike 
compounds is depicted at bottom. 

ized bonding in MoS2-1ike systems because there are 
features which are general and are worth emphasizing. 
(a) The issue of whether  an extended meta l -meta l  
bonded system is a metallic (electronic) conductor is 
distinct from the issue of whether  the meta l -meta l  
bonding is strong or weak. The band gap in an MoS 2- 
like layered compound may actually be larger if the 
meta l -meta l  bonding is stronger because the mean 
valence-conduct ion band splitting arises from the 
splitting between the bonding and antibonding orbitals 
in the three-center  system. In LiNbO2, the N b - N b  
distances (2.90 A) are comparable with elemental Nb, 
but the compound is still semiconducting with an 
appreciable band gap. (b) In systems where meta l -  
metal bonding is significant and forms an extended 
network, a semiconducting state will still prevail if the 
structure allows for sufficient spatial localization of 
electron pairs. If the words "me ta l -me ta l "  were re- 
placed by the word "covalent"  in this statement, most 
chemists would regard it as obvious. Two problems 
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Fig. 12. Contour plots for local orbitals derived from the valence 
and conduction bands of the MoS2-1ike layered material, PrI 2, are 
shown. The valence band 3c bonding orbital is shown at bottom in a: 
the two antibonding counterparts derived from the conduction band 
are plotted at top in b. 

remain, however. The first is the lingering idea that 
meta l -meta l  bonding is somehow cleanly distinct from 
covalent bonding. It is not. There is no compelling 
reason to maintain the concept of the "metallic bond"  
as distinct from the "covalent  bond".  The second 
problem is that it remains difficult to recognize intui- 
tively the circumstances under which " the structure 
allows for sufficient spatial localization of electron 
pairs". A few more examples will serve to illustrate 
this difficulty. 

4.2. Localization of  metal-metal bonding electrons in 
other systems 

Y2C13 possesses an extended 1D chain structure in 
which the Y- Y  bonded framework is often described 
as the result of condensation of octahedral clusters at 
opposite edges to form a linear chain (Fig. 13) [106]. 
The Y- Y  bonded contacts short enough to imply 
significant bonding are those between Y atoms at the 
shared edges (3.27 .~) and between apical and basal Y 
centers (3.65 A); these bonds are indicated at bot tom 
in Fig. 13. The Y-Y  contacts parallel to the chain 
propagation axis are too long (3.83 A) to be consistent 
with such bonding- - the  "oc tahedra"  are then useful 
only in a rough description of the structural connec- 
tivity and do not describe the " locat ion" of the bonds. 
YECl3-type compounds (analogs exist for Gd [107] and 
other  lanthanides) are all semiconductors; the band 
gap for Gd2CI 3 is 0.85 eV [108]. Band structure 
calculations yield a very good estimate of this band 
gap; the calculations show that the Y 4d bands split 
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Fig. 13. Chains imbedded in the structure of Y2CI, are illustrated. 
At top, both Y-Y and Y-CI linkages are shown. At bottom, Y-Y 
contacts are indicated with heavy lines. 

such that three narrow overlapping bands lie isolated 
below the remainder of the 4d bands to accommodate 
the six d electrons available for meta l -meta l  bonding 
per Y4Cl6 unit. Three well localized orbitals per unit 
cell, constructed from the wavefunctions for the three 
low-lying 4d bands, illuminate the structural origin of 
this compound's  semiconducting properties [104]. One 
of the local orbitals indicates the presence of a two- 
center- two-electron bond between Y centers that form 
the junction of the distorted octahedra; the other two 
orbitals are four-center- two-electron "molecular orbi- 
tals" that spread across rhombuses as indicated in Fig. 
14. 

Especially important for understanding the non- 
metallic state that holds for both Y2C13-type and 
MoS2-type compounds is the near mutual ortogonality 
of the set of local orbitals for the valence and conduc- 
tion bands. Not only are the local orbitals orthogonal 
to other local orbitals situated in the same unit cell, 
they have very little overlap with orbitals localized in 
adjacent cells. This is the reason that the valence and 
conduction bands do not "spread in energy" to close 
the band gap. This is fundamentally the same reason 
that any saturated organic polymer, such as poly- 
ethylene, is an insulator; the localized C - C  bonds have 
an insufficient mutual overlap to close the gap be- 
tween the o- and o-* bands. 

Challenges to our understanding of some "surpris- 
in~ semiconductors" have not yet been met. Meta l -  
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reveal that these compounds are small-gap (0.16 eV) 
semiconductors [109]. This behavior is nicely consis- 
tent with the calculated band structure for Y4BrnOs 
using the extended Htickel method, in which a calcu- 
lated valence-conduction band gap of 0.18 eV is 
found. Despite this satisfying computational agree- 
ment, the kind of structural understanding of the 
origins for the band gaps that we have extracted for 
MoS 2 and Y2C13 has not yet been attained for this 
system. How do the electrons localize in this system? 
As it turns out, we know that some localized bond 
orbitals can be constructed. Unfortunately, that knowl- 
edge does not give us an efficient algorithm for doing 
so. It is precisely this kind of understanding which we 
hope to acquire in probing structure-property rela- 
tionships as chemists. Finally, whether or not our 
abilities to grasp intuitively these structure-property 
relationships in metal-rich materials improves, exam- 
ples such as these do show that the conceptual sepa- 
ration between the metallic and covalent bond is 
artificial and should be eliminated. 

Fig. 14. The three local orbitals responsible for Y-Y bonding in 
Y2CI~ are illustrated. Two identical four-center- two-electron bond- 
ing orbitals like that plotted at left spread over the bonds are 
indicated at top. A simple two-center- two-electron bond connects 
the two atoms at the junction of the edge-fused Y6 octahedra. 

metal bonds make up the central structural backbone 
of the chains found in the RnBr4Os (R~Y,  Er) com- 
pounds (Fig. 15) synthesized in Corbett's laboratories 
[34]. Measurements conducted in our laboratories 

Acknowledgments 

This research was generously supported by the 
National Science Foundation through grant DMR- 
9215890 and by the Robert A. Welch Foundation 
through grant A-1132. I am especially indebted to the 
students and postdoctoral associates at Texas A&M 
who have conducted the research discussed herein: 
Sung-Jin Kim, Kirakodu Nanjundaswamy, Marcus 
Bond, Kyeong-Ae Yee, Charles Runyan, Jr., Kyun- 
gsoo Ahn, Yunchao Tian, Robert Abdon, Chwanchin 
Wang, and Jerry Harris. 

 Br4Os 

: 0  

: 0  
Os:  Q 
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