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Metal-metal bonding in transition-element and lanthanoid cluster halides is discussed with use of the results of electron 
density of states calculations for Nb14, Nb318, ZrC1, ScC1, GdC1, and Gd2C13. Nb14 is shown to be a semiconductor with 
an energy gap -0.4 eV separating the filled metal-metal pair bonds from higher d bands; the ionic charge configuration 
is approximately Nb2.0+(10.5-)4. In a single layer of Nb&, six electrons provide three low-lying metal-metal bonds while 
the uppermost electron sits unpaired in a localized state; neighboring Nb3 clusters are too widely separated to allow delocalization 
and metallic conductivity. The Fermi level in ZrCl lies in a deep minimum in the density of states, but there is a slight 
metallic overlap between the three occupied metal-metal bonding bands and the higher d bands. Charge transfers from 
metal to halogen are approximately 0.5 e for ZrCl and 0.8 e for ScCl and GdC1. A semiconducting band gap of -0.7 
eV is predicted for Gd2C13. 

Introduction 
The synthesis and characterization of binary compounds of 

low-valent transition metals’-5 and rare  earth^^-^ have been 
a rapidly developing area over the last two decades. Important 
new discoveries have been made concerning the metal-rich 
halides of these elements (as well as the chalcogenides and 
pnictidesg and the metal-rich oxides of alkali metalslO~ll). The 
structures and properties of these solids impose a severe strain 
on the conventional explanations of crystal packing, in terms 
of such concepts as the point-charge ionic model or the ra- 
dius-ratio rules which govern the packing of hard spheres. In 
general, these compounds cannot be readily understood in 
terms of the usual valences of the constituent elements. 
Metal-metal bonding leads to the formation of discrete M, 
clusters, with the number of metal-metal bonds increasing with 
the number of valence electrons on the metal atom. The 
concentration of valence electrons and the nonmetal to metal 
ratio (X/M) control the cluster size and the strength of 
bonding. Thus Nb14 contains bonded pairs of metal atoms 
M2,12-14 Nb318 contains M3 triangles15 and CsNb4Cll1 contains 
planar M 4  rhombuses.16 A very large number of binary 
structures may be described in terms of M6X8 or M6Xl, oc- 
tahedral clusters, condensed to share corners, edges, or 
In the present investigation we look a t  the electronic structure 
of some of these systems, with a view to interpreting the 
bonding concepts involved. In particular, we have calculated 
the densities of electronic states in Nb14 and Nb318 and in ZrC1, 
ScCl, GdCl, and Gd2C13. 
Method of Calculation 

The particular linear-combination-of-atomic-orbitals method 
used has already proved successful in accounting for the 
properties of transition-metal dichalcogenides,” tri- 
chalcogenides,18 and chalcogenide halides.19 The crystal 
potential is constructed from overlapping neutral-atom charge 
densities, with the exchange-correlation component approxi- 
mated by the usual local-density form with proportionality 
constant cy = 0.7. Interactions between numerical atomic 
orbitalsz0 are calculated in the two-center approximation. In 
a diatomic molecule AB free-atom orbitals would be postulated 
as solutions of a set of pseudo Schrodinger equations of the 
form21 

Here the suffix i labels the atomic site and quantum numbers 
of the orbital which satisfies an isolated atom Hamiltonian, 
HA or HB. V’is the perturbation in the potential, caused by 
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Table I. Neutral-Atom Energy Levels Used in the 
Calculations (eV) 

s -21.2 -16.5 -5.1 -4.9 -5.3 -4.3 
p -9.5 -7.7 -2.9 -2.8 -3.0 -2.6 
d -5.0 -2.1 -3 .1  -2.9 

the presence of the second atom in the molecule. Thus in eq 
1, V’is equal to H - HA for orbitals di centered on atom A 
and is equal to H - HB for orbitals on atom B, where H is the 
one-electron Hamiltonian for the complete molecule AB. In 
the second term in eq 1, S-’ is the inverse of the overlap matrix 
of basis orbitals. The effect of this term is to project out most 
of the perturbation, thus justifying our use of undistorted 
atomic orbitals as approximate solutions of eq 1 ,21 

In a more complicated structure we draw Wigner-Seitz 
spheres around each atom and calculate the matrix elements 
between orbitals on any pair of atomic sites by integration over 
the corresponding atomic spheres, ignoring contributions to 
the potential arising from the presence of other atoms. For 
a crystalline solid the basis functions can be chosen as Bloch 
functions ski, and eq 1 takes the general form 

(2) 

where i and j run over all atomic orbitals in the unit cell. With 

Maki - Dkijakj = tia‘i 
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Figure 1. Schematic picture of the Nb14 structure. Nb16 octahedra 
share opposite edges in a linear chain. Nb atoms are displaced from 
the octahedron centers along the chain axis to form metal-metal bonds. 

the assumption of linear independence of the basis orbitals, 
the energy eigenvalues and eigenfunctions, Ekn and qkn, of the 
crystal are given by diagonalizing the secular matrix D 

( 3 )  
In practice the two-center interactions decay quite rapidly 

with site separation. For convenience we set all interactions 
to zero for separations beyond 5 A. The important shells of 
neighbors lie within this distance, and their interactions are 
included explicitly. 

The basis functions used in the present work include s, p, 
and d valence-level orbitals on the transition-metal or lan- 
thanoid atoms and s and p orbitals on the halogens. The 
neutral-atom energy levels for the appropriate atomic con- 
figuration are given in Table I. It is assumed that the 4f 
electrons on the rare-earth atoms are sufficiently localized that 
these orbitals can be entirely left out of the calculation, so that 
these rare earths behave just like trivalent transition elements. 
The use of neutral-atom energy levels and charge densities is 
of course a fairly severe approximation but a necessary one 
to retain computational simplicity for the more complex 
structures. The most vulnerable feature of this approximation 
is likely to be the relative positions in energy of the iodine 
valence bands compared to the metal d bands, where errors 
of order 1 eV might be expected; less sensitive are the indi- 
vidual features of the separate d subbands which are our main 
concern in studies of metal-metal bonding. 

Quite large ionicities are suggested by some of the results, 
and it may be argued that these are inconsistent with the use 
of neutral-atom energy levels, but the problem is partly one 
of semantics. Most of the transferred charge is contributed 
by transition-element s electrons rather than d electrons, and 
the diffuse nature of the s orbitals means that it makes little 
difference to the potential if we attribute this charge to the 
surrounding ligands. 

Nb14. Several niobium iodides have been synthesized and 
characterized by Corbett and Seabaugh'* including two dif- 
ferent forms of niobium tetraiodide. We deal here with only 
the low-temperature (T  < 348 "C) form, a-Nb14, the structure 
of which has been determined by Dah1 and Wam~1er . I~  The 
crystals are orthorhombic, space group Cmc2,, with eight 
formula units per cell. 

The most important aspect of the structure for present 
purposes is that it contains infinite chains parallel to the a axis 
of Nb16 octahedra sharing opposite edges (Figure 1). Nio- 
bium atoms are displaced 0.26 A from the center of the iodine 
octahedra to give alternate short ( 3 . 3  A) and long (4.3 A) 
Nb-Nb distances (cf. 2.86 A in niobium metal). Iodine atoms 
are arranged in the unit cell in an approximately, hexagonal 
close-packed array, with niobium atoms occupying one-fourth 
of the available octahedral interstices to form the linear chains 
by filling alternate rows of octahedral holes in alternate layers. 

Figure 2 displays the calculated density of electron states 
in the highest valence and lowest conduction bands, both for 
the full three-dimensional unit cell and for an isolated chain 
taken from the structure. The former histogram was calcu- 
lated by diagonalizing the (100 X 100) secular matrix at a 

detlDk - EknIJ = 0 
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Figure 2. Density of valence and conduction states in Nb14, calculated 
for an isolated chain and for the full three-dimensional crystal. The 
Fermi level EF lies in the gap which separates metal-metal bonding 
states at -4.9 eV from higher Nb d states. 
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Figure 3. One-dimensional energy bands near the Fermi level in Nb14: 
(a) observed single chain of Nb14; (b) a chain containing no Nb-Nb 
pairing along the chain axis. 

sample of six k points in the irreducible Brillouin zone and 
the latter by diagonalizing the (50 X 50) matrix at twelve k 
points in the one-dimensional zone. The results are essentially 
the same in either case. Iodine 5s orbitals form a band of states 
centered at  -16.6 eV and of width - 1.2 eV. The broader 
valence band centered at  -8 eV is composed predominantly 
of iodine p orbitals. This band is 3.6 eV wide for the single 
chain and broadens slightly to 4.1 eV when interchain inter- 
actions are included; a t  the same time the sharp one-dimen- 
sional band-edge singularities are partially smoothed as ex- 
pected in the three-dimensional crystal. There then follow, 
in order of increasing energy, a group of very narrow bands 
which are essentially the transition-element d bands. Since 
the interchain Nb-Nb distance is large (-7 A), there is very 
little difference between the bands calculated for a single chain 
or for coupled chains. One d band is split off at a distinctly 
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ATOMIC SEPAWTION CAI 
Figure 4. Rate of decay of the two-center interatomic matrix elements 
ddu, ddr and dd6 as a function of the separation between Nb atoms. 

higher binding energy than the others and forms the highest 
occupied band. The calculated energy gaps between the 
highest occupied and lowest unoccupied states are 0.41 eV for 
the single chain and 0.38 eV for the full three-dimensional 
structure. 

Figure 3 shows details of the one-dimensional energy bands 
in the vicinity of the Fermi level. It is easy to see how the 
doubling of the unit-cell length via pairing of N b  atoms es- 
tablishes a filled band of metal-metal bonds (comprised es- 
sentially of d,z orbitals pointing toward the neighboring metal 
atom) below the other empty d bands. In Figure 3b we see 
the d bands, without such a distortion, for an idealized chain 
in which N b  atoms sit exactly at the centers of the coordinating 
iodine octahedra. The d states split in the octahedral field into 
the familiar triplet and doublet, separated by - 1.2 eV. Within 
the triplet, the dZ2 orbitals pointing along the chain axis form 
the broadest band, extending from -4.8 to -3.9 eV. This width 
is readily understood from the rate of decay of the two-center 
ddu interaction as a function of the Nb-Wb separation (Figure 
4). For a separation of a/2  = 3.83 A, ddu is equal to -0.28 
eV and a purely dZ2 band in the regular one-dimensional chain 
would have a width of 4dda = 1.1 eV. Hybridization with 
the iodine p orbitals and N b  s and p orbitals reduces this 
slightly. In the distorted chain Nb-Nb separations are al- 
ternately 3.3 and 4.3 A, and the dZ2 band splits into bonding 
and antibonding subbands. The relevant ddrr interactions are 
then -0.56 and -0.16 eV; thus purely dZ2 subbands should 
extend in the ranges Ed - 0.56 f 0.16 eV and Ed + 0.56 f 
0.16 eV. Complicated rehybridization effects take place in 
the distorted octahedral field, but we can identify the lower 
subband with that at  -5.0 eV in Figure 3a. Complete occu- 
pation of this bonding band stabilizes the structure by lowering 
the average energy of the filled d states. An analogous Peierls 
distortion to a metal-metal-paired state is responsible for the 
different structures of ZrSe, and NbS3.18,22 

The electrical properties of Nb14 have been studied by 
several workers. Kepert and Marshall23 reported an activation 
energy for conduction of 0.12 eV at atmospheric pressure. For 
a Fermi level in midgap, this would suggest a semiconducting 
gap -0.24 eV, slightly smaller than the value calculated here. 
High-pressure  measurement^^^,^^ show that the resistivity 
decreases monotonically with pressure. The activation energy 
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Figure 5. Nbz pairs and Nb3 triangles in the crystal structures of Nb14 
and Nb& Light and bold open circles denote the hexagonal array 
of I atoms above and below the plane of the metal clusters. Intra- 
and intercluster Nb-Nb distances are 3.3 and 4.3 8, in Nb14 and 3.0 
and 4.6 A in Nb31s. 

decreases to 0.06 eV at 100 kbar and to 0.02 eV at 130 kbar. 
At about 150 kbar the temperature coefficient of resistivity 
becomes positive, and Nb14 shows metallic behavior with a 
typical linear temperature dependence of resistivity. Presum- 
ably under increasing pressure the separate chains are forced 
together, broadening the iodine valence bands and thus tending 
to push up the Nb bonding band. At the same time the 
compression of iodine-iodine distances within a chain forces 
the N b  atoms back toward the centers of the octahedra. 
Eventually the difference between successive Nb-Nb sepa- 
rations become3 so small that indirect band overlap occurs 
between the lowest metal-metal bonding band and the next 
higher d band. 

Related crystal structures are found for niobium tetra- 
and t e t r a c h l ~ r i d e . ' ~ ~ ~  The smaller the size of the 

anion, the greater is the distortion in the ratio of Nb-Nb 
distances as the paired atoms may came closer together and 
bond more strangly. These stronger metal-metal bonds are 
reflected in the higher activation energies for conduction in 
NbC14 and NbRr4 compared to NbI,: 0.44,0.37, and 0.12 eV, 
r e~pec t ive ly .~~  

A useful, elementary way to assign the charge in an LCAO 
wave function to the various atomic sites involves dividing all 
overlap charges equally between the corresponding atoms.'' 
We can then assess the ionicity by filling the appropriate 
number of levels in the local atomic densities of states. From 
such a procedure it is found that approximately 0.5 electron 
is transferred from the N b  atom to each iodine atom, 

Nb& Like Nb14, the crystal structure of Nb3181S is based 
on the occupation by niobium atoms of octahedral interstices 
in a hexagonal close-packed array of iodine atoms (Figure 5). 
Niobium atoms occur in alternate layers, and one-fourth of 
the sites are left empty within each occupied layer. The result 
is a two-dimensional layer structure closely related to CdI2. 
The N b  atoms are displaced from the centers of iodine oc- 
tahedra to form triangular clusters of metal atoms. Nb-Nb 
distances within a cluster are 3.0 A, compared to the shortest 
Nb-Nb distances of 4.6 A between clusters. 

The densities of states calculated for the true two-dimen- 
sional structure and for an idealized structure with metal atoms 
in perfect octahedral positions (Le., without metal-metal 
bonding) are displayed in Figure 6. Only the iodine p and 
metal d bands are shown; the iodine 5s orbitals were also 
included in the basis and form bands of similar energy position 
and width to those of Nb14. The octahedral ligand field 
splitting of the N b  d states is again clear in Figure 6a, with 
a band of three states per metal atom extending from -5.0 to 

Nbz0"(Io5-)4. 
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Figure 6. Valence and conduction band densities of states calculated 
for Nb318. The upper histogram is for a hypothetical structure in which 
Nb atoms sit exactly at the centers of the coordinating iodine oc- 
tahedra; the lower histogram is for the real structure containing 
metal-metal bonds. 

-3.9 eV and a narrower band containing two states per metal 
atom between -3.4 and -2.9 eV. The broad valence band from 
-10 to -6 eV, which we may formally describe as the iodine 
p band, can contain 8 of the 15 electrons per formula unit 
coming from the metal electrons. The distortion into triangular 
clusters moves three metal d bands strongly down to energies 
between -6 and -5.1 eV in Figure 6b. These we can clearly 
label as the metal-metal bonds between the three pairs of 
atoms in Nb3 triangles. The fourth d band is separated by 
0.5 eV from higher d bands and is half-filled in undoped Nb318. 
However, the calculated bandwidth of this state is extremely 
narrow (0.04 eV), and the assumption that these states are 
delocalized cannot be justified; each state will be localized 
within a particular Nb3 triangle. An activation energy of 0.26 
eV has been measured for conduction in the ab plane of 
Nb31s.25 

Zr, Sc, and Gd Monochlorides. The structures of the 
metal-rich monohalides are of the hexagonal-layer type in 
which close-packed double layers of metal M atoms alternate 
with widely spaced double layers of nonmetal X atoms 
(XMMX..XMMX). These are closely related to the Ag2F,28 
Hf2S29 (MMXMMX),  and Cd12 (XMX..XMX) structures. 
For ZrC130-32 and GdC18 and similarly TbC18 the stacking 
sequence is abca..bcab..cabc while for ScCP3 (which is iso- 
structural with ZrBr34 and HfC134,35) the sequence is abca.. 
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(33) K. R. Poppelmeier and J. D. Corbett, Inorg. Chem., 16, 294 (1977). 
(34) R. L. Daake and J. D. Corbett, Inorg. Chem., 16, 2029 (1977). 
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ScCl Zr CI 

Figure 7. Stacking sequences of halogen (X) and metal (M) close- 
packed layers in the ScCl and ZrCl structures. The individual 
sandwiches (labeled A, B, and C) are the same in both structures. 

Table 11. Some Interatomic Distances in ScCl, 
ZrC1, and GdCl (A) 

no. of 
neigh- 
bors ScCl ZrCl GdCl 

M-M interlayer 3 3.22 3.09 3.55 
intralayer (a) 6 3.41 3.42 3.82 

M-C1 3 2.59 2.63 2.82 
Cl-Clintralayer (a) 6 3.47 3.42 3.82 

intersandwich 3 3.70 3.61 3.61 

cabc..bcab; the different types of packing correspond to dif- 
ferent sequences of similar four-layer XMMX sandwiches 
(Figure 7). 

Both  structure^^^-^^ belong to the trigonal R3m space group 
and have a 12-layer repeat distance in the c direction (cor- 
responding to 3 XMMX sandwiches). The lattice constant 
within the layer is just the intralayer nearest-neighbor distance. 
Using lower case letters a, b, and c to denote the relative 
displacement of layers perpendicular to the c axis and capital 
letters to denote the X atom positions in identical four-layer 
XMMX sandwiches, we can describe the unit cell sequence 
as ABC in ZrCl and ACB in ScC1. Both structures present 
identical trigonal antiprismatic coordination of metal atoms 
with respect to the three M and three X neighbors in adjoining 
layers of the same sandwich. The difference lies in the co- 
ordination of the X atoms by M (same sandwich) and X 
(adjacent sandwich) in adjoining layers; this is trigonal pris- 
matic for ScCl but antiprismatic for ZrC1. 

A very enlightening view of the sandwich structure and its 
reduction from other structures such as Gd2C12 and S C ~ C ~ , , ~ ~  
comes from considering MX as a condensed two-dimensional 
array of edge-sharing MsX8 

These metal-rich monochlorides show physical properties 
consistent with strong metal-metal bonding within the sand- 
wich and weak van der Waals like interactions between 
sandwiches. Thus they form graphite-like platelets with easy 
cleavage normal to the c axis but display high thermal sta- 
bilities and high melting  point^.**^^-^^ The small size of 
available crystals and their reactivity and laminar nature make 
direct measurements of their highly anisotropic electrical 
conductivity difficult, but photoelectron spectra for both ZrCl 
and ZrBr have established unambiguously their metallic 
character in terms of a nonzero density of states at the Fermi 
level EF.34 

Some of the typical coordination distances are shown in 
Table 11. Since intersandwich distances are relatively large, 

(35) A. S. Izmailovich, S. I. Troyanov, and V. I. Tsirel'nikov, Russ. J .  Inorg. 
Chem. (Engl. Transl.), 19, 1597 (1974). 
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207 (1979). 
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Figure 9. The Gd2C13 structure36 projected on a plane normal to the 
chain direction. The shaded atoms were used in a linear representation 
of the crystal; this one-dimensional cell contains the four C1 atoms 
capping triangular faces of the Gd octahedra, together with four 
bridging C1 atoms normally shared between two chains. 

Figure 8. Single-sandwich densities of valence-band and conduc- 
tion-band states for ZrC1, ScC!, and GdC1. The shaded regions in 
the histogram for ZrCl represent the transition-metal contribution 
to states in the C1 s and p bands and the CI contribution to states 
in the Zr 4d band. 

we consider here only the electronic structure of a single 
four-layer sandwich in order to greatly reduce the size of the 
secular matrix. Furthermore, the metal atoms constitute the 
filling inside the sandwich and metal-metal bonding should 
not be sensitively influenced by interlayer halogen interactions 
(although it has been observed that the cohesive forces between 
sandwiches are considerably stronger in ZrBr and ScCl than 
in ZrC133234). Discussions of the possible causes behind the 
different stacking sequences of sandwiches have been given 
e l ~ e w h e r e . ~ ~ , ~ ~  

The  calculated electron densities of states for the single 
sandwiches are shown in Figure 8. Each was calculated from 
a grid of ten regularly spaced k points in the irreducible 
Brillouin zone. The unit cell contains two MX formula units 
to give a secular matrix of order (26 X 26). 

In each case the C1 3s and 3p states are prominent in bands 
centered a t  -22.5 and -10 eV, respectively. The decreasing 
width of the bands as we proceed from ZrCl to ScCl to GdCl 
reflects the increasing intralayer lattice constant a and the 
higher d level in Sc compared to Zr. Atomic Gd 4f orbitals 
have been omitted from the band structure calculation, but 
from the initial atomic calculation for a neutral 4f configu- 
ration they should form localized levels a t  about -12.2 eV. 

States between -8 and -2.5 eV are essentially composed of 
transition-metal or lanthanoid d orbitals. The presence of 
strong covalent-like metal-metal bonding is particularly evident 
in ZrC1, where the Fermi level EF falls a t  -4.5 eV in a deep 
(but nonzero) trough in the density of states n(E).  The local 
coordination of C1 and M atoms about each metal atom is such 
as to drive substantially down in energy three of the ten d 
bands per unit cell. W e  can tentatively identify the double 
occupation of these three bands with the establishment of 
strong bonds between each Z r  atom and its nearest-neighbor 
Z r  atoms in the adjacent layer. 

The similarity of the scandium and rare-earth monochloride 
crystal structures to the ZrCl structure is at  first sight sur- 
prising, as these have formally only two rather than three 

electrons per metal atom available for metal-metal bonding. 
We  might perhaps have expected a symmetry-lowering dis- 
tortion in which each metal atom would become more strongly 
bonded to two of its interlayer neighbors a t  the expense of the 
third. In fact, even in the trigonal environment the Fermi level 
for the reduced number of electrons falls below the sharp 
maximum in this energy region of n(E) ,  and the ZrC1-type 
sandwich is still stable for these trivalent metal chlorides. As 
a consequence of the smaller number of metal-metal bonding 
electrons, the difference between interlayer and intralayer 
M - M separations is less marked than for ZrC1, and the trough 
in n(E)  a t  about -5 eV for ScCl and GdCl is about 0.2 eV 
narrower than for ZrC1. 

The main features of the calculated density of states for 
ZrCl are quite consistent with the X-ray photoelectron spectra 
measured by Daake and C ~ r b e t t ~ ~  for the valence region of 
ZrC1. The experimental spectrum shows C1 3s and 3p and 
Zr 4d peaks centered 17.3, 6.4, and 1.2 eV, respectively, below 
the Fermi level. The calculated C1 p band lies about 1 eV too 
high in energy. Photoemission peak widths at  half-maximum 
are approximately 2.7 eV for the p band and 2.1 eV for the 
d band. 

It is also of interest to assess the extent to which valence 
and conduction bands are truly "p bands" and "d bands". A 
procedure for sharing the charge in each wave function be- 
tween the different atomic sites was introduced in the dis- 
cussion of Nb14. The local atomic components of the density 
of states resulting from such an assignment are shown for ZrCl 
in Figure 8. I t  i s  clear that states near EF really are pre- 
dominantly d states and that the charge transferred to the 
halogen is considerably less than a full electron. The charge 
states obtained by pouring in the requisite number of electrons 
in this case are Zro5+Clo5 and for the other two monohalides 
considered are Sc" s+C1° 8 -  and Gdo *+Clo *-. 

Gd2Cl3. Gd2Cl3 crystalli7es in an unusual structure' con- 
taining infinite linear chains of metal octahedra which share 
opposite edges and are elongated in the chain direction. 
Chlorine atoms are located off triangular faces of the oc- 
tahedra and as bridges between the chains of octahedra. The 
structure may be as a linear condensation of M6X8 
octahedral clusters into single chains, analogous to the double 
chains of edge-sharing M6Xs clusters in sc7cllo,37 the layers 
of edge-sharing M6X8 clusters in S C C ~ ~ ~  and GdCl,* and the 
single chains of trans-edge-sharing M6X12 clusters in 

The complete structure contains two chains, or four formula 
units, per unit cell, and the (120 X 120) matrix dimension for 

(38) K. R. Poppelmeier and J. D. Corbett, J .  Am. Chem. Soc., 100, SO39 
(1978). 
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Figure 10. Calculated density of states for a single chain taken from 
the Gd2C13 structure. Metal-metal bonding states between -5.8 and 
-4.6 eV are separated from higher d bands by a 0.7 eV semiconducting 
gap. 

a full band structure calculation would be inconveniently large. 
Instead we concentrate on the one-dimensional electronic 
structure of a single chain, [(Gd,C18)2-],. This contains the 
backbone of metal octahedra from one of the chains in the unit 
cell and the chlorine atoms capping triangular side faces of 
the octahedra, together with the four bridging chloride ions 
which are shared between two chains in the full structure 
(Figure 9). Our single chain preserves the local environment 
of each metal atom in the real crystal. 

The resulting density of states in the C1 p bands and Gd d 
bands shows the interesting form in Figure 10. The three 
lowest d bands hybridize to much lower energies than the 
remaining seventeen, and it is the double occupation of these 
three low-lying bands that stabilizes the structure. A gap of 
0.7 eV separates the highest occupied and lowest unoccupied 

states of the single chain, and we might therefore expect to 
find a semiconducting gap which is only slightly smaller in 
the real crystal. The measurement of the conductivity along 
the axis of a one-dimensional metal is of course notoriously 
difficult, but certainly no metallic conduction has been ob- 
served in Gd2C13.6*7 Very recent experimental evidence from 
photoemission and from temperature-dependent conductivity 
studies provide further support that Gd2C13 is a semiconduc- 

No simple covalent bond picture of the three lowest bands 
appears to be possible in this case. Only one Gd-Gd approach 
(the 3.35-A edge shared by adjoining octahedra) per formula 
unit is perceptibly shorter than the others (-3.8 A), and the 
upper two filled bonding states per octahedron are complicated 
hybrids which cannot be assigned simply to atom pairs. 
Conclusion 

We conclude that an LCAO calculation of the one-electron 
band structure can give a good quantitative account of met- 
al-metal bonding in transition-element and rare-earth con- 
densed-cluster halides. For each of the compounds considered 
the Fermi level lies at or near a deep minimum in the density 
of states, separating metal-metal bonding states from higher 
d states. It is the occupation of the metal-metal bands that 
stabilizes the rather unusual crystal structures formed by some 
of these compounds, especially Gd& where the linear chain 
of edge-sharing distorted Gd octahedra provides a semicon- 
ducting gap of 0.7 eV in what one might have expected’ to 
be a d band continuum. 

Registry No. Nb14, 13870-21-8; Nb31s, 12030-01-2; ZrC1, 

t0r.39 

14989-34-5; SCC1,17775-46-1; GdCl,40603-48-3; GdZClj, 12506-69-3. 
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New Pd(I1) and Pt(I1) carboxyl- and amine-substituted catecholato complexes of the type L2M( 1,2-O2C6H3-4-R) (L = 
COD, M = Pt, R = C02H or CH2CH2C02H; L = PPh3, M = Pd or Pt, R = 

CH2CH2NH2) have been prepared and characterized by elemental analysis and IR and NMR spectra. The possibility 
of forming a covalent bond with organic molecules through the free organic function of metal catecholates, for metallo- 
immunoassay (MIA) application, has been tested by preparing several amide derivatives. Thus bis(phosphine)palladium(II) 
and -platinum(II) carboxyl-substituted catecholates have been converted to their respective active esters and subsequently 
reacted with amines. Amide derivatives were obtained also with the new palladium(I1) and platinum(I1) amine-substituted 
catecholates, by reaction with phenylacetic active esters. All the isolated products were characterized by elemental analysis 
and IR and NMR spectra. A different chemical behavior has been found in the case of the bis(phosphine)palladium(II) 
catecholato complexes, in which displacement of phosphine occurred in the presence of amines. 

bpy, M = Pt, R = C02H; L = 

Introduction 
In the last decade there has been a continuous expansion 

in the work of metal complexes associated to biological de- 
rivatives for medical, pharmacological, and biological appli- 
cations. 

Moreover, a recent nonisotopic system, designated as me- 
talloimmunoassay (MIA),’ had opened an interesting new 
dimension for the use of transition-metal atoms in their form 

of organometallic compounds. The feasibility of MIA has been 
demonstrated,2 and its principle is based on the replacement 
of radioisotopes with organometallic compounds as labeling 
agents for in vivo and in vitro immunological reactions. A 
necessary chemical requirement for MIA is the formation of 
stable “tailor-made” metallo antigens. As already mentioned? 
one approach for coupling transiton metals to organic mole- 
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Calabria; G.D., Institute of Chemistry, University of Udine, 33  100 Udine, 
Italy. 
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