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Borderline of Cluster Chemistry with Lanthanides*
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Abstract

Systems of discrete and isolated clusters fre-
quently occur with 4d and 5d metals, but also with
lanthanides. In their reduced halides, halide-carbides,
-hydrides, -nitrides, the lanthanides exhibit a broad
d metal chemistry with numerous condensed cluster
phases. Due to the valence electron deficiency of
these metals, the clusters are (with a few exceptions)
stabilized by interstitial non-metal atoms which
results in a borderline situation of salt-like com-
pounds weakly stabilized by metal-metal bonding.

The term metal clusters makes one think of transi-
tion metals with d-electrons involved in metal-metal
bonding. Such compounds are rather unexpected
with lanthanides because of the low valence electron
concentration of these metals. Yet there exists a
broad d-metal chemistry of the rare earth metals with
numerous M—M bonded compounds [1], which are
closely related in structure and bonding to cluster
compounds of the 4d and 5d metals. The common
features of structure and bonding can easily be ex-
plained with compounds of the metals of the d-series,
in particular with the valence electron-poor metals
in the first half of these series.

To create M—M bonds, metal-centered valence
electrons are needed. So the metal must be in a low
oxidation state. In the elements themselves, M—M
bonding is strongest with the metals Nb, Ta, Mo and
W, as indicated by their high melting temperatures
and large values of atomization energy. These metals
also exhibit a rich metal cluster chemistry [2]. The
halides of these metals in their lowest oxidation
states are characterized by octahedral units of M
atoms surrounded by halides in two characteristic
ways, M¢Xg and MgX,,. The environment of 8 X
atoms above all octahedral faces is preferred with
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24 electrons in M—M bonding states (i.e. in 12 two-
center, two-electron bonds along the edges of the
octahedron), and 12 X atoms above all edges are
preferred with 16 electrons filling the two-electron,
three-center bonds in the octahedral faces. What
happens in the case of electron deficiency? There are
two ways out of the dilemma.

(i) The clusters are stabilized by interstitial atoms.
The first such example found was Nbgl;,, which
absorbs hydrogen to form HNbgl,;, thus formally
increasing the number of electrons in M—M bonding
states from 19 to 20 [3]. In reality the cluster is
stabilized by building up a strong H—Nb multicenter
bond at the expense of weak Nb—Nb bonds. One can
extrapolate to the situation where all M—M bonds in
a cluster are removed and only strong bonding with
the interstitial atom is left.

(ii) Decreasing the number of non-metal atoms
around the central octahedral Mg unit finally leads to
a condensation of clusters [4]. The kind of condensa-
tion which is most relevant to metal-rich rare earth
compounds occurs via opposite edges of the Mg
octahedron. This type of condensation of (empty!)
M¢X;, clusters is frequently found with reduced
oxomolybdates. In the structure of NaMo4Os,
infinite chains of condensed clusters occur [5].
Recently, it was demonstrated that the chain can be
subdivided, leading to oligomeric clusters containing
4,5 or 6 condensed Mog octahedra [6, 7].

(1) and (ii) represent the structural principles in the
chemistry of binary and ternary metal-rich halides of
the lanthanides. The growing family of carbide
halides (Table I) is especially suited to discuss these
principles in terms of different degrees of condensa-
tion (isolated, oligomeric clusters, structures with 1D,
2D and 3D condensed clusters) and different types of
interstitial atoms and molecules (C, C,). Simple
counting rules on the basis of an ionic model help in
the understanding of the structural features [1]. They
are in accordance with the results of band structure
calculations for the special systems Gd;qCl;sC4 [8]
(x=17,18) and Gd,Cl,C, [9]. Bonding in the
carbide halides, as well as hydride halides or nitride
halides of the lanthanides, is understood on a rather
quantitative level.

Future work aims at the investigation of physical
properties, especially magnetic interactions, of the
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TABLE 1. Gadolinium Carbide Halides
Compound Structure Distance C species Number of metal- Reference
(Gd—-Gd) centered valence
(pm) electrons per
formula unit
Gd19Cl15C4a 321-409 Cf~ 0 10
GdoCly7C4 2 Gdg octahedra joining an edge 312-401 o 1 10
Gd0l1¢Cs 328-400 C5 2 11
Gd3X,7Ce? (IS 319-427 (o 1 12
GdglsC | eochain 333-398 c* 3 11
GdgX,C, 2 11 . 339-395 c+ 3 11
GdslsC | twin chain 331-391 c+ 2 13
Gd,X,C, P ) 345-400 C 0 14
Gd,Br,C 2 343-382 c* 0 14
wlayer 4—
GdClsC5 340-389 C 1 13
Gd,IC 338-386 oam 1 13
Gd;Cl3C 3 framework 329-368 ct 2 15
ax = Br, I. bx =, Br, I.

low-dimensional bonding regimes of lanthanides in

these new compounds. First results with Gd,Cls,
showing it is a 1D-Heisenberg antiferromagnet, look 7
promising. A further extension of the chemical work 8
is into the field of metal-rich compounds of actinides.

References

1 A. Simon, J. Solid State Chem., 57, 2 (1985).
2 H. Schafer and H. G. Schnering, Angew. Chem., 76, 833 13

(1964).

3 A.Simon,Z. Anorg. Allg. Chem., 355, 311 (1967).
4 A. Simon, Angew. Chem., Int. Ed. Engl., 20,1 (1981).

10

11

14

§ C. C. Torardi and R. E. McCarley, J. Am. Chem. Soc., 15
101, 3963 (1979).

Hj. Mattausch, A. Simon and E. M. Peters, Inorg. Chem.,
25, 3428 (1986).

A. Simon, W. Mertin, Hj. Mattausch and R. Gruehn,
Angew. Chem., Int. Ed. Engl., 98, 831 (1986).

S. Satpathy and O. K. Andersen, Inorg. Chem., 24,
3319 (1985).

G. J. Miller, J. K. Burdett, C. Schwarz and A. Simon,
Inorg. Chem., 25, 4437 (1986).

E. Warkentin, R. Masse and A. Simon, Z. Anorg. Allg.
Chem., 491, 323 (1982).

E. Warkentin and A. Simon, to be published.

A. Simon and E. Warkentin, Z. Anorg. Allg. Chem., 497,
79 (1983).

Hj. Mattausch, C. Schwarz and A. Simon, to be pub-
lished.

U. Schwanitz-Schiiller and A. Simon, Z. Naturforsch.,
Teil B, 40, 710 (1985).

E. Warkentin and A. Simon, Rev. Chim. Minér., 20, 488
(1983).



