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Aspects of structure, bonding, physical, and chemical properties are discussed for (a) compounds 
containing discrete empty clusters and clusters with interstitial H atoms: Nb6IH, HNb6IH, HCsNb6IH, 
(b) metal-rich lanthanide halides and halide carbides, -nitrides and -hydrides, focusing on the role of 
interstitial atoms: Gd2Br2C2, Gd2Br2C, Gd3C13C, Gd10Cl18C4, GdloCll7C4, Gd10116C4, Gd2C13N, GdXHn 
(X = C1, Br, I; 0.6 < n < 0.9), GdBrD2; (c) metal-rich oxides of the alkali metals rubidium and cesium. 
Chemical bonding in the suboxide clusters Rb90 2 and Cs.O3 is discussed along the lines valid for (a) 
and (b) and covers recently described "hypervalent" species as Li6C, Li40, etc. © 1985 Academic Press. 
Inc. 

Introduction 

Metal cluster chemistry has developed 
remarkably in the last 20 years. There ex- 
ists multiple bonding not accessible to main 
group elements (1), and there exist unique 
physical properties, as observed with the 
"Chevrel"  compounds (2). But it seems 
even more important that different direc- 
tions of chemistry meet in the field of metal 
clusters. "Molecular chemists" prepare 
larger and larger clusters, like Ptn (n = 19, 
24, 38 . . . .  ) (3, 4) or Au55 clusters (5), thus 
entering the gap between the discrete mole- 
cule and the infinite solid, as "solid-state 
chemists" discuss typical solid-state struc- 
tures in terms of molecular entities (6-8) 
and try to cut infinitely extended cluster 

* Presented at the Symposium on Metal-Metal 
Bonding in Solid State Clusters and Extended Arrays, 
held during the American Chemical Society meeting, 
St. Louis, Missouri, April 9-10, 1984. 

0022-4596/85 $3.00 
Copyright © 1985 by Academic Press. Inc. 
All rights of reproduction in any form reserved. 

structures into finite pieces. Besides much 
experimentation and empirical approaches 
the growing interest in a quantitative trea- 
tise of chemical bonding including extended 
cluster structures is obvious (9-17), i.e., 
different chemical approaches and the 
physicists' view of structure are combined. 

Talking about filled clusters calls for a 
cavity; discussion will be restricted to units 
with octahedral M6 cores. On the basis of 
filling such clusters with nonmetal atoms 
and of condensing them, a somewhat uni- 
fied view of cluster formation with quite dif- 
ferent meta ls - -d  metals, lanthanides, and 
even alkali metals--is presented. Metal- 
rich compounds of metals which have only 
few valence electrons clearly reveal the 
borderline between cluster compounds with 
metal-metal bonding and conventional va- 
lence compounds where structures with 
cluster-like units occur due to strong 
metal-nonmetal bonding. 
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Electron-Deficient Clusters 

Clusters of the M6X8 and MrX12 types 
frequently occur with d metals of groups 4 
to 7. The first is favored with a high d-elec- 
tron concentration (22, 24, 30) (18), the lat- 
ter with up to 16 d electrons per M6 unit 
available for metal-metal bonding. Com- 
pounds with less than these "magic" num- 
bers of electrons offer fascinating chemical 
as well as physical properties. Compounds 
containing the Nb618 cluster might serve as 
an example. 

Investigations on Nb6Ii] (= Nb6IaI6/2) 
have been described in detail elsewhere 
(19-27) so here only those aspects are 
briefly discussed and attention is drawn to 
those original papers which (a) give insight 
into the intimate relations between chemi- 
cal and physical properties of this com- 
pound which both belong to it in the same 
way as front and back belong to a coin, (b) 
provide a feeling for the degree of quantita- 
tive understanding reached with d metal 
clusters, and last but not least, (c) provide 
qualitative arguments for an understanding 
of the cluster chemistry of the electron- 
poor metals of groups 3 and 4. In spite of 
having only (6 x 5 - 11 =) 19 d electrons 
for N b - N b  bonds the compound Nb6IH 
chooses to form the Nb618 cluster at the ex- 
pense of electron deficiency and lattice in- 
stability, and these two consequences are 
clearly reflected in the compound proper- 
ties: (i) chemistry: topochemical reaction 
with amines. 

(ii) physics: spin-crossover transition. 
(i) With amines (RNH2; e.g., R = H, 

CH3, C3H7) a crystal of Nb6Ill breaks up 
into very thin lamellae within seconds. The 
amine first attacks the most strained I 
bridges between layers of interconnected 
clusters. After some days, compounds of 
composition Nb6Is(RNHz)6 are formed (27). 
The reaction with amine thus takes the 
strain from the framework of intercon- 
nected NbrI8 clusters in Nb6In and adds 

electrons to the cluster via a redox reac- 
tion. The cluster in Nb6Is(RNH2)6 contains 
22 electrons; a part of the Nb6Ill is oxidized 
to an amorphous solid. Having in mind the 
interesting properties of compounds con- 
taining bare MorX8 clusters (X = S, Se, Te), 
a compound with bare Nb618 clusters should 
be important. Until now we were not able 
to cleave off the neutral amine ligands with- 
out decomposition of the cluster. Heating 
the compound under vacuum leads to a loss 
of only four of the six ligands, and unfortu- 
nately the residue is amorphous and non- 
metallic. Nb6Is(RNH2)6 contains Nb6Is clus- 
ters in the lowest oxidation state known. 
Experiments to form a compound which is 
i sotypic with Li4Re6Sll (28)--an intercalate 
of Li atoms into a framework of the Nb6IH 
type--again were not successful, possibly 
due to size effects. 

(ii) Nb6I~: undergoes a phase transition at 
274 K. The relation between high- and low- 
temperature forms fulfills Landau's criteria 
(Pccn ~ P21cn) for a second-order transi- 
tion (25). The transition occurs due to a 
lattice instability clearly involving the inter- 
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FIG. I. Inverse magnetic susceptibilities of Nb6IH 
and HCsNbdu showing doublet-quartet transitions 
which occur smoothly with HCsNbdu and are accom- 
panied by a structural phase transition with Nbdu. 
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connecting I bridges as well as due to the 
electron deficiency of the cluster. The 
structural feature of the transition is a twist 
deformation of the M6 unit relative to one of 
its quasitrigonal axes accompanied by a 
loss of the inversion center. This deforma- 
tion is assisted by the very anisotropic vi- 
brations of the interconnecting I atoms. 
The energetic feature of the transition is a 
close approach of HOMO's  and LUMO's  
with increasing temperature leading to a de- 
coupling of an electron pair and a change 
from a doublet to a quartet ground state 
(22, 23). However,  the energy gain due to 
this "spin-crossover"-- the  first observed 
for a metal cluster compound--cannot  be 
the driving force for the phase transition. 
In fact the large entropy change in the 
transition indicates significant vibrational 
changes, most probably connected with a 
soft-mode behavior of the interconnecting 
iodine and the niobium atoms. 

With respect to the lattice instability it is 
interesting to compare the behavior of 
Nb611~ with that of a compound which al- 
lows the characteristic twist deformation of 
the Nb618 cluster without the necessity of 
symmetry breaking. CsNb6Ill (29) can be 
made an odd-electron system by incorpo- 
rating hydrogen (29), and the compound 
CsNb6IllH shows essentially the same spin- 
crossover as Nb6IH (Fig. 1). But as the Cs 
compound is trigonal, the twist deformation 
of the cluster occurs continuously within 
space group P6322, and consequently a 
smooth change of the magnetic moment is 
observed as a function of temperature (30). 

Filled and Condensed Metal Clusters 

Nb6Ill absorbs hydrogen to form Nb6IllH 
(21). It becomes nonmagnetic at low tem- 
perature and the phase transition, now ac- 
companied by a change from a singlet to 
triplet state, is shifted to 324 K. Except for 
the structural transition this behavior is 
similar to that of CsNb6Ill (30) which must 

be formulated as Cs+Nb6Ii-1. Hydrogen 
therefore adds an electron to the Nb618 clus- 
ter in Nb6II~H. The electron number in 
CsNb6Ill, too, can be increased by one in 
CsNb6II1H (29) changing the compound to 
paramagnetic also at low temperature as 
discussed in the last section. Superficially, 
both Cs and H act as electron donors, yet 
their function is quite different. The exter- 
nal Cs atom simply adds its electron into a 
bonding cluster state, whereas the H atom, 
incorporated in the central cavity of the 
cluster, increases the total number of elec- 
trons but still strongly participates in them. 
The interpretation of the bonding as given 
before (26, 31) will not change in its essen- 
tial parts even when the H atom is slightly 
displaced from the central cluster position 
(32). According to this interpretation the in- 
troduction of a hydrogen atom into the clus- 
ter does not change the number of bonding 
states but only changes their relative ener- 
gies. In essence, cluster stabilization comes 
from a strongly bonding state with mainly 
hydrogen character. The bonding of hydro- 
gen atoms in the metallic hydrides, e.g., in 
PdHx and NiHx is explained in a similar way 
(33, 34). Here, the metal-hydrogen bond- 
ing states essentially come from low-lying 
filled band states of the metal which can 
overlap with the s orbital of the H atoms 
and the added electrons fill band holes at 
the Fermi level. A similar bond picture 
holds for carbides (35, 36). 

To summarize the consequence: Elec- 
tron-deficient metal clusters gain stability 
by incorporating nonmetal atoms. This re- 
duces (peripheral) metal-metal bond 
strength but builds up strong central metal- 
nonmetal bonds. The extreme of this view 
might be compared to the inverse situation 
of a weakly bonded C16 octahedron. Intro- 
duction of a W atom leads to the stable en- 
tity WC16 by opening all C1-CI bonds and 
forming strong W-C1 bonds (37). 

M6X8 and M6X12 clusters play an impor- 
tant role with halides of low-valent 4d and 
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5d metals of groups 4 to 6. With Mo and 
especially Re the valence electron concen- 
tration is sufficiently hight to allow for the 
M6X8 cluster with the divalent chalcogens, 
too. It seems logical that the same type of 
cluster is formed with electron-poor transi- 
tion metals and/or multivalent anions pro- 
vided the metal-to-nonmetal ratio is large in 
the compound to yield a sufficiently high d- 
electron concentration for M - M  bonding. 
As a consequence the nonmetal content 
might be so low that the clusters have to be 
condensed via M-M bonding. A large num- 
ber of metal-rich compounds between d 
metals and p elements can in fact be dis- 
cussed in terms of condensed M6X8 or 
M6X12 clusters (7). Condensation occurs via 
corners, edges, and faces of the M6 octahe- 
dron leading to metal-metal-bonded units 
of infinite extention. It is assuring to see 
evidence growing for the validity of such a 
qualitative concept both from the theoreti- 
cal and experimental points of view. 

Band-structure calculations for TiO and 
NbO (15, 16) are in agreement with the as- 
sumption of M - M  bonds in frameworks of 
condensed M6X12 clusters (7, 38). The band 
structure of the chain of corner-sharing oc- 
tahedra in TisTe4-type compounds reveals a 
close relationship to the bonding in the iso- 
lated M6Xs cluster (17, 39); detailed band- 
structure calculations have also been per- 
formed for the edge-sharing case as in the 
anion Mo3S~- (10-12, 14). Tracing back the 
band structure to the bonds in a discrete 
M6X8 cluster is difficult here because the 
environment of the M6 core in the isolated 
and condensed units (bond angles and the 
occupation of nonmetal positions) differ 
considerably. On the other hand, cluster 
condensation is reflected as chemical evi- 
dence in the field of ternary molybde- 
num chalcogenides, where a number of 
intermediates with general compositions 
Mo3(n+1)X3(n+l)+2 between the isolated 
Mo6X8 cluster and the infinite Mo3X3 chain 
have been synthesized recently (40). Be- 

sides the individual view, i.e., the conden- 
sation of quasimolecular units, the collec- 
tive view is also in its right. Franzen (41, 
42) has pointed out that the extended 
metal-metal-bonded parts in metal-rich 
compounds exhibit a local order as in the 
elements themselves. Band structures of 
such compounds should contain features of 
both the pure metal and the isolated cluster. 

Clusters with Lanthanides 

A series of metal-rich lanthanide halides 
varying in halogen-to-metal ratio X/Ln < 2 
has been prepared and structurally charac- 
terized. All these phases contain octahedral 
Ln6 units which are isolated forX/Ln = 1.71 
and condensed into chains for X/Ln = 1.60, 
1.50, 1.25, double chains for X/Ln = 1.43, 
1.17, or layers for X/Ln = 1.00 (7, 31, 43- 
54). The arrangement of X atoms around 
the Ln6 units is equivalent to that in the 
M6X8 and M6XI2 clusters. 

Cluster condensation and cluster filling 
seem to be essential aspects in the struc- 
tural chemistry of the valence-electron- 
poor lanthanides in their low oxidation 
states. Introduction of nonmetal atoms into 
the cavities of Ln6 units is easily possible in 
many cases and, according to our present 
knowledge obviously frequently necessary 
to stabilize compounds with otherwise too 
weak metal-metal bonds. 

The first such compound of the lan- 
thanides with filled Ln6 units was Gdl0 
C118C4. Its structure contains units of two 
edge-sharing Gd6 octahedra surrounded by 
C1 atoms above all free edges and each oc- 
tahedron containing a C2 unit in its center 
(55, 56). By reaction of the metal, trihalide, 
and graphite a number of halide carbides 
could be prepared and characterized ana- 
lytically and structurally, they are summa- 
rized in Table I. Some of these compounds 
are directly derived by introducing carbon 
into cavities in the earlier described struc- 
tures of binary halides, e.g., Gd2Br2C2, 
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T A B L E  I 

GADOLINIUM HALIDE CARBIDES 

La t t i c e  c o n s t a n t s  C,  d ( C - C )  

C o m p o u n d  S p a c e  g r o u p  [pm,  °] [pm] F r a m e w o r k  Ref.  

Gd2Br2C2 C2/m a = 702.5 b = 383.6 c = 986.8 Cz 127 (Gd2Brz) 4+ (57) 
/3 = 94.47 

GdioC118C4 P21/c a = 918.2 b = 1612.0 c = 1288.6 C2 147 (GdsCI9) 6+ (56) 
f l =  119.86 

Gdl2117C6 C2]c a = 1929.7 b = 1220.1 c = 1863.5 C2 145 (Gd4157) 63+ (58) 
fl = 90.37 

GdloCllvC4 P 1  a = 8 4 9 . 8  b = 917.4 c = 1146.2 C2147  (GdsCI9) 65+ (56) 
o~= 104.56 / 3 =  95.98 y =  111.35 

Gdto116C4 P I  a = 1046.3 b = 1694.5 c = 1122.0 C2 143 (GdsIs) 7+ (59) 
o~ = 99.15 /3 = 92.68 3, = 88.06 

GdzBrzC P3 rn l  a = 382.09 c = 982.4 C - -  (Gd4Br4) 8+ (57) 
Gd6BrTC2 C2/m a = 2074.8 b = 381.9 c = 1188.5 C - -  (Gd6Br7) 11÷ (57) 

/3 = 124.73 

Gd617C2 C2/m a = 2137.5 b = 386.9 c = 1231.9 C -  (Gd617) N+ (59) 
/3 = 123.5 

Gd3CI3C 14132 a = 1073.4 C -  (Gd6C16) 12+ (60) 
Gd4IsC C2/m a = 1858.7 b = 397.8 c = 856.1 C - -  (Gd8Imo) t4+ (59) 

/3 = 103.26 

Note. T h e  pos i t ive  c h a r g e s  o f  the  G d / X  f r a m e w o r k  ind ica te  h o w  m a n y  e l ec t ro n s  can  be  t r a n s f e r r e d  to a C2 

uni t .  

Gd2BrEC or Gd6Br7Cz, Gd4IsC. Others con- 
tain structural frameworks which had not 
been observed earlier like Gd12117C6 or 
GdaCI3C. The most interesting feature with 
the lanthanide halide carbides is related to 
the fact that single C atoms as well as C2 
units with different C-C distances occur. 

The type of carbon unit as well as the 
observed C-C distances are easily ex- 
plained in terms of the number of electrons 
which can be transferred from the Ln/X 
framework to each C2 unit. As a first ap- 
proximation the C-C bonding is described 
on the basis of the simple MO pattern for a 
free C2 unit. A discussion of selected com- 
pounds might be sufficient to illustrate 
these ideas and give some impression of 
chemical and physical consequences. 

GdEBrEC2 (57, 61) crystallizes in gold- 
colored platelets with an analytically 
determined composition Gdl.00BrL0~C0.98. 
The monoclinic structure contains 
BrGdC2GdBr slabs, one per repeat distance 

c. The stacking within the slabs corre- 
sponds to a sequenceAbyaB (A, B ~- Br; a, b 

Gd; y = Cz). It is identical with the stack- 
ing found in 8 c 2 C 1 2 C  (62) and different from 
that in the monohalide described as GdBr. 
Whereas the slabs in the latter compounds 
are constructed by condensing Gd6Br8 clus- 
t e r s - t h e  Br atoms lie adjacent to the octa- 
hedral voids of the metal double layer--the 
slabs in GdzBrzC2 are derived from Gd6Brl2 
clusters with Br atoms lying adjacent to tet- 
rahedral voids. GdzBrzC2 shows a charac- 
teristic distortion of the layers from the trig- 
onal symmetry of ZrC1 and ZrBr (63, 64) 
and the corresponding carbon-free Ln 
halides. The loss of the threefold axis in 
Gd2Br2C2 is easily rationalized from an in- 
spection of Fig. 2 as caused by the special 
orientation of the C2 units. The Gd atoms in 
"side-on" positions to the Cz group exhibit 
Gd-Gd distances of 345 and 384 pro, 
whereas the "end-on" atoms have dis- 
tances of 392 and 400 pm to the atoms in the 
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FIG. 2. Perspective drawing of the structure of 
Gd2Br2Cz onto (010). The Gd6 octahedra (centered by 
C2 units) are indicated by lines. 

basis of the octahedron; the distances para- 
llel to the layers are the shorter ones. Only 
one mirror plane is preserved in the Gd6 
octahedron. The C-C distance is 127 pm 
and corresponds to a bond order between 2 
and 3. 

A bond order of two for the C-C bond is 
calculated, if it is assumed that the (ionic) 
framework (Gda+)2(Br-)2 provides 4 elec- 
trons per C2 unit, filling all but two anti- 
bonding states. The relative shortening of 
the C-C double bond then might be due to a 
back-donation from antibonding carbon ~r* 
states into empty d states of the metal at- 
oms. The bonding in GdEBrEC2 is reflected 
in the chemical properties of the com- 
pound. Hydrolysis at room temperature 
yields mainly Cz species, namely, C2H6 
(69%), C2H4 (22%), C2H2 (4%), besides CH4 
(3%) but also C4HI0 (1%) and C4H8 (1-bu- 
tene 1%, traces of cis- and trans-butene). 

The bond description is also in accordance 
with physical measurements. Gd2BrEC2 
shows very good electrical conductivity. 
The specific resistivity parallel to the layers 
is p ~ 2.5 • 10 -4 l) cm. Below 30 K it de- 
creases sharply, possibly related to the 
magnetic ordering which occurs. The or- 
dering is reflected in a local minimum 
around 35 K and a maximum near 20 K in 1/ 
X -- f(T). It is interpreted in terms of canted 
antiferromagnetism (61, 65). The measure- 
ments can be accounted for by assuming 
ferromagnetic ordering within each Gd 
atom layer and nearly (deviation by 1 °) anti- 
parallel spins between layers. 

Gd2Br2C (57, 61) forms bulky black 
graphite-like platelets. Its analytical com- 
position is determined as Gdl.00Br0.96C0.5~. 
The compound crystallizes in a trigonal unit 
cell containing one slab BrGdCGdBr and 
the stacking of layers is derived from the 
Gd6Brl2 cluster as in Gd2Br2Cz. All investi- 
gated crystals are twinned. The structure 
had to be refined with the superimposed 
structure factor amplitudes of both crystals 
individually. It is noteworthy to mention 
that the C atoms in the structure, although 
their only sensible position is in the centers 
of Gd6 octahedra, could not be identified by 
X rays. At a refinement level of R = 0.074 
for the partial structure of the heavy atoms 
hardly any excess electron density is found. 

Gd-Gd distances in GdEBr2C differ mark- 
edly from those in tief-GdBr (ZrCl type) 
(46). The in-plane distances are 382 and 387 
pm, respectively, and the distances be- 
tween Gd atoms of adjacent planes are 343 
and 357 pm. In spite of these differences the 
molar volumes (per Gd atom) are nearly the 
same in t-GdBr (38.0 cm 3 • mole -I) and 
GdzBrEC (37.4 cm 3 • mole-l). Similar condi- 
tions hold for YCI and YzClzC (33.4 and 
32.8 cm 3 • mole -I, respectively) (62). 

The occurrence of single C atoms (for- 
mally C 4- ions) in the structure of GdEBrEC 
is again well understood in terms of the 
number of electrons provided by the frame- 
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work of Gd and Br atoms. A C 2 unit cannot 
be stable in this compound, as there are 4 x 
3 - 4 = 8 electrons per C2 unit which is just 
sufficient to fill all antibonding states of the 
C2 unit. As expected, the gaseous products 
of the hydrolysis of GdEBr2C are distinctly 
different to those of Gd2BrEC2. Main prod- 
uct is CH4 (77%), but some C2H6 (18%), 
C2H4 (2%), and C2H2 (1.50"~) are also found. 

Figure 3 shows the projection of the 
structure of GdEBr2C onto (11.0). Does the 
truth lie in between both representations? 

Gd3ClaC, though it seemingly represents 
only a compositional extention of the 
phases GdBrC, GdBrC0.5 (---~ GdC1C0.33), 
has a distinctly different crystal structure 
(60). It consists of a 3-dimensional frame- 
work of edge-sharing Gd octahedra cen- 
tered by single C atoms and the halogen 
atoms lie above the edges of the octahedra. 
Chemical bonding, too, is different. 
Whereas Gd2Br2C2 (assuming C-C double 
bonds) and Gd2Br2C are normal valence 
compounds according to the generalized (8 
- n) rule (66), Gd3C13C is not. The electron 
concentration per C2 unit (18 - 6 = 12) is 
high enough that all antibonding states of 
the C2 unit are filled, thus rendering a mo- 
lecular species unstable. But there are still 

more electrons which partially fill the metal 
d band. Gd3C13C naturally is a metal, 
whereas GdEBrEC2 and  GdEBrEC should be 
semiconductors. Their metallic properties 
come from electron delocalization due to an 
overlap of carbon p and metal d bands. 

GdloC118C4, GdloCll7C4, and Gd10It6C4 
form a family of compounds with closely 
related crystal structures. As shown in Fig. 
4 the first compound contains isolated Gd~0 
C118C4 units (56). It is interesting to find a 
similar unit of two edge-sharing M6 octahe- 
dra each centered by one C atom in the 
complex Ru10(CO)24C2 (67). In Gdl0Cll7C4 
two C1 atoms have a bridging function be- 
tween adjacent clusters (56) and in 
Gd~0I~6C4 four  halogen atoms are bridging 
(59). Within standard deviations the C-C 
distances are identical in the three com- 
pounds, the value of approximately 145 pm 
corresponding to a slightly shortened C-C 
single bond. As in the case of Gd2Br2C2 and 
Gd2Br2C the compound Gd10C118C4 can  be 
discussed as a normal valence compound. 
The (15 - 9 =) 6 electrons from the Gd/Cl 
framework are sufficient to fill all but the 
highest lying antibonding state of the C2 
unit. The slight shortening of the C-C dis- 
tance might again be discussed in terms of 

FIG. 3. Projection of the structure of Gd2Br2C onto (11.0). One of the two representations may be 
preferred according to personal taste (see text). 
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FIG. 4. Projections of representative parts of the structures of Gd~oCl~sC4, GdxoCltTC4, and Gdioli6C4. 
The edge-sharing Gd6 octahedra, each centered by C2 units, are indicated by strong lines. The intercon- 
nection of the clusters is shown leading to different stoichiometries. 

some back-bonding from carbon zr* levels 
into empty d states. This discussion of 
chemical bonding in Gdl0CllsCa is consis- 
tent with a band-structure calculation (68) 
which shows that the valence band is filled 
and well separated from the bottom of the 
empty d band. In the case of Gd~0CllTC4 and 
Gd10116C4 the additional 0.5 or 1 electron 
per C2 unit, respectively, obviously enter 
the metal d band according to the observa- 
tion of a constant C-C bond length now 

leading to classical metal-metal bonds. Ob- 
viously the simple balance of electrons 
which are transferred from the framework 
to the C2 unit only holds when each carbon 
(bonding or antibonding) state can be fully 
occupied. In the case of the directly compa- 
rable pair GdloCllaC4 and Gd10C117C4 the 
electronic situation is rather clearly re- 
flected in the interatomic distances (56). 
Whereas the C-C distances are constant, 
the Gd-Gd distances are up to 9 pm shorter 
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in Gdl0CI17C4. It is also interesting to note 
that in the case of 7 electrons per C2 unit 
(GdloII6C4) a differentiation into single C at- 
oms and singly bonded C2 units, although 
possible, obviously does not take place. 

Gd6Br7C2 (57, 61) can be prepared in 
good yields from Gd and GdBr3 in the pres- 
ence of graphite. It forms black needles and 
according to a single-crystal investigation 
contains the characteristic double-chain 
structure described for Tb6Br7 (47). As one 
would expect from the electronic balance 
(18 - 7 -- 11 per C2 unit) single C atoms 
occupy the octahedral centers. The Ln/Br 
framework is identical within standard de- 
viations for Gd6Br7C2 and Tb6Br7. Most 
probably the low-yield binary compound 
described as Tb6Br7 rather represents a ter- 
nary phase. A reinvestigation of the original 
data sets of Tb6Br7 and Er617 reveals elec- 
tron density near the centers of the Ln6 oc- 
tahedra as it is often found with compounds 
derived from the Ln6XlE-type cluster. The 
agreement factors become only slightly bet- 
ter, when carbon atoms are introduced in 
Tb6Br7 (R -- 0.110 to 0.108) or Er617 (with 
Er617C15 changes R = 0.069 to 0.066), al- 
though the difference is not as significant as 
in the case of Gd6Br7C2. Further investiga- 
tions are needed to clarify whether these 
metal-rich halides exist as binary com- 
pounds or need stabilization as ternary 
phases. 

Rather preliminary experiments with 
other nonmetals than carbon revealed the 
existence of a new gadolinium chloride ni- 
tilde. 

GdzClaN forms grayish needles from re- 
actions of Gd, GdC13, and N2 or GdN and 
GdCI3, respectively. It crystallizes in space 
group Pbcn with a = 1301.7, b -- 673. l, and 
c = 614.0 pm. The structure consists of par- 
allel chains of elongated trans-edge-sharing 
Gd tetrahedra along the c axis (Fig. 5), each 
one centered by a nitrogen atom. The oc- 
currence of single N atoms is expected. N2 
units (pernitride!) should not occur in 

FIG. 5. Structural units of trans-edge-sharing Gd4 
tetrahedra, centered by N atoms, in Gd2C13N. As dis- 
cussed in the text, the strong lines between Gd atoms 
do not indicate bonds. 

metal-rich lanthanide compounds as all 
electrons offered from the Ln/X framework 
only could enter antibonding states in the 
N2 unit. 

It is interesting to compare the structures 
of Gd2CI3 (43, 45) and Gd2CI3N. The binary 
chloride contains chains of empty trans- 
edge-sharing Gd octahedra. In a formal way 
the NGd4/2 chains in Gd2CI3N are derived 
by introducing two N atoms per octahe- 
dron, and tetrahedra then form by drastic 
elongation of the octahedra along the chain 
direction. In terms of chemical bonding all 
metal-metal bonding in the chains of octa- 
hedra in Gd2C13 is removed and replaced by 
strong Gd-N bonding in the tetrahedra of 
Gd2C13N. However, the metal-metal dis- 
tances do not reflect this essential differ- 
ence in chemical bonding. The Gd-Gd dis- 
tances belonging to the shared edges are 
337 pm in Gd2CI3 and 335 pm in GdzCI3N, 
the nonshared edges are 373, 378, and 390 
pm in GdEC13 and 383,386, and 397 ppm in 
Gd2CI3N. This comparison clearly points 
out the difficulty of deriving metal-metal 
bond orders from distances (45, 69) espe- 
cially with electropositive metals. 
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With the ternary lanthanide compounds 
discussed so far a reversible introduction 
and removal of the interstitial nonmetal at- 
oms is not possible. A candidate for an in- 
tercalations chemistry is hydrogen. 

Recent results with Nb6Iu and HNb6Iu 
helped to open the field of lanthanide halide 
hydrides. According to earlier experiments, 
the removal of hydrogen from HNb6Iu is 
not possible by heating the compound un- 
der  vacuum, because gaseous NbI4 is 
formed before H2 is released. This decom- 
position reaction is avoided by heating the 
compound in a sealed tantalum container 
which allows only the hydrogen to pene- 
trate, leaving pure Nb6Iu as the residue 
(70). Such a procedure offered a way to 
overcome the difficulties in the preparation 
of lanthanide monohalides by first prepar- 
ing hydrogen-stabilized phases which are 
then heated to loosen Hz. 

By reacting lanthanide trihalides with 
their respective metals the compounds 
were isolated in low yields as graphite-like 
crystals which exhibit an analytically deter- 
mined metal-to-halogen ratio 1:1 and are 
isotypic with ZrCI or ZrBr (46). Many ex- 
periments were performed to reach quanti- 
tative yields and to grow single crystals. 
After all, quantitative yields were not 
attainable with the lanthanides as well as 
yttrium (71) and scandium (72), too. This 
failure could be explained as due to kinetic 
reasons which do not allow reactions to 
proceed completely or as due to thermody- 
namic reasons such as a critically limited 
temperature range for stability or the neces- 
sary stabilization of the phases by impuri- 
ties. 

GdXH, (X = Cl, Br, 1) (73). The com- 
pounds GdCIH0.9 and GdBrH0.9 can be eas- 
ily prepared in quantitative yields by heat- 
ing GdH2 and the corresponding trihalides 
in sealed tantalum containers to 900°C. 
They form black layered crystals with 
heavy-atom arrangements as in ZrBr (h- 
GdCI) and ZrC1 (t-GdBr). Besides these 
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FIG. 6. Heavy-atom arrangements in different 
types of layered structures. (a) ZrCI, (b) ZrBr, (c) 
(2s-)GdBrH07, (d) M0] YCIO, (e) GdzBrzC. 

structures which both represent different 
stackings of the same kind of XGdHGdX 
slabs with a repeat distance of three slabs, 
another stacking variant is found with 
GdBrH0.7 showing a repeat distance of two 
slabs (2s) (Fig. 6). Adjacent slabs are 
packed in a way to yield a trigonal-antipris- 
matic arrangement of the Br atoms. This 
arrangement corresponds to the anion 
packing in 2s-NbS2 and is distinctly differ- 
ent to the very peculiar packing in the two- 
slab structure of M0.~YC10 which exhibits 
trigonal-prismatic voids between adjacent 
slabs (62) (Fig. 6). This packing is obvi- 
ously due to the presence of both alkali 
metal M as well as oxygen (in tetrahedral 
voids between the layers of Y atoms). The 
trigonal prismatic packing of C1 atoms 
might be electrostatically favorable because 
two O atoms are added to the coordination 
sphere of the M atoms. 

Purposely adding hydrogen to the Gd/ 
GdI3 system leads to a heterogeneous prod- 
uct of a composition GdlH0.8 which 
contains crystals with a heavy-atom 
arrangement as in ZrCI but also crystals 
which are isotypic with the two-slab struc- 
ture of GdBrH0.7. Crystals corresponding to 
ZrBr could also once be isolated. These 
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TABLE II 

GADOLINIUM HALIDE HYDRIDES (73, 80) 

Related Space Lattice constants Structure Related 
Compound group [pm] type to 

GdCIHo.9 R3m 382.4 2749.4 ZrBr M6X 8 
GdBrH0.8 R3m 387.4 2908.5 ZrCI M6X 8 
GdBrH0.7 R3m 386.9 2915.0 ZrC1 M6X 8 
GdBrHo.7 P6jmc 387.1 1946.3 2s-NbS2 M6X8 
GdlH0.8 R3m 398.2 3132.6 ZrBr M6Xs 
GdlHo.8 R3m ? 392.0 3100.3 ? ZrC1 M6X 8 
GdlH0.s P6"3mc 398.3 2083 .2  2s-NbS2 M6X$ 

GdBrH2 R3m 381.9 3100.3 M6XI2 

results are surprising as earlier systematic 
search for GdI did not produce any of these 
phases. 

All hydride halides described so far can 
formally be derived from an edge condensa- 
tion of Gd6 octahedra, and the halogen at- 
oms take positions above opposite free 
faces as in the M6X8 cluster. The different 
positions of the halogen atoms in lanthanide 
halide carbides (M6X12) and halide hydrides 
(M6X8) is now easily explained in terms of 
electrostatic repulsion between X- and C~- 
and H- ,  respectively. Neutron diffraction 
with TbCID0.8 clearly indicates the occupa- 
tion of the tetrahedral voids between the 
close-packed layers of Tb atoms (74). 
Therefore, the halogen atoms avoid posi- 
tions above the occupied tetrahedral voids 
with the hydrides and avoid positions 
above the occupied octahedral voids with 
the carbides. The preference of tetrahedral 
against octahedral voids with TbCID0.8 is 
the same as with zirconium halide hydrides 
(75-78) and also TbD2 (79), but it does not 
lead to any recognizable deviation from the 
trigonal symmetry as in the case of the zir- 
conium compounds. 

The range of homogeneity of the com- 
pounds GdXHn or, more generally, MXHn 
(M -- Sc, Y, La, Ln) is of crucial impor- 
tance to decide, whether the described 
monohalides of the trivalent metals are true 
binary compounds. Heating GdC1H0.9 or 
GdBrH0.9 in evacuated, electron-beam- 
welded tantalum containers under vacuum 

at temperatures below 800°C leads to a 
slight loss of hydrogen and the formation of 
homogeneous phases GdXn0. 6 (73). At 
higher temperatures gadolinium is found in 
the residues. The total decomposition of 
GdXnn into Gd and GdX3 upon withdrawal 
of hydrogen could not be demonstrated yet. 
But our preliminary results seem to indicate 
that monohalides of the Ianthanides are not 
stable as pure binary compounds. 

Experiments to determine the upper 
phase boundary of GdBrHn lead to an inter- 
esting result (80). When GdBrH0.8 is heated 
in H2 to 400°C it looses its metallic proper- 
ties and becomes a greenish transparent 
solid of composition GdBrH2 (analytically 
GdBrH1.95). Heating of the salt GdBrH2 to 
680°C at 10 -6 mbar results in graphite-like 
GdBrH0.s again. This reaction is accompa- 
nied by a shift of all Br atoms from their 
positions above octahedral faces in 
GdBrH0.8 (M6X8) to positions above octahe- 
dral edges in GdBrH2 (M6X12). Whereas the 
distances within the layers, Gd-Gd = Br-  
Br = 387 pm as well as the Gd-Br distances 
(289 pm) and the Br-Br  distances between 
adjacent layers (399 pm) in GdBrH0.8 
change only slightly, when GdBrH2 is 
formed (382, 290, and 393 pm, respec- 
tively), the most pronounced effect occurs 
with the interlayer Gd-Gd distances, which 
change from 355 to 396 pm. Obviously the 
octahedral voids between the metal layers 
are also occupied in GdBrH2. But occupa- 
tion of these voids by single H atoms would 
only result in a composition GdBrH1.5. A 
neutron diffraction study of GdBrD2 is in 
progress. 

Intermediates between Salts and 
MetaismAlkali-Metal Suboxides 

Lanthanide halide carbides, nitrides, 
and hydrides represent the borderline be- 
tween metal-metal-bonded (condensed) 
cluster compounds and normal valence 
compounds with highly ionic character. 
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Gdl0CllsC4, Gd2C13N, and GdBrH2 are 
transparent compounds, where all charges 
of the cations are compensated by the 
charges of the anions according to formula- 

3+ - 6- tions as GdloCl18(C2 )2, Gd3+CI~N 3-, or 
Gd3+CI-H2. Metal-metal bonding only 
comes into play with those compounds 
which have additional metal valence elec- 
trons available, like GdloCll7C4 = Gdl03+Cll7- 
(C6-)2 (e-), Gdloll6C,i 3+- 6- ---- Gdlo 116(C2 )2 
(2e-), Gdl2117C 6 3+ -- 6- = Gdl2 I17(C2 )3 (e-) or Gd 
CIHo.8 = Gd3+CI-Hff.8 (1.2e-). 

The lanthanides are capable of forming 
compounds with condensed empty clusters 
as in Gd2CI3, where metal-metal bonding 
obviously is a structure-determining factor. 
Frequently, however, clusters of these va- 
lence electron poor metals are stabilized by 
insertion of nonmetal atoms into the cavi- 
ties inside the clusters and it is rather arbi- 
trary to discuss these structures in terms of 
stabilized clusters or just to talk about ionic 
structures which are characterized by the 
occupation of the voids around the highly 
charged anions by the cations. 

It is fascinating to extrapolate these ideas 
to the still more valence-electron-poor al- 
kali metals. Recently cluster compounds of 
alkali metals identified in the gas phase led 
to some excitement. Molecules like LisC, 
Li6C, or Li40 were discussed in terms of 
hypervalency of carbon or oxygen (81-83). 
The octet rule seems violated, but only if 
bonding in these molecules is visualized in 
a very classical way by drawing lines from 
the central nonmetal to the surrounding 
(hydrogen-like) Li atoms. Considering, 
however, the electropositive character of 
lithium, a description of chemical bonding 
according to Li~C 4- (e-) or Li~-C 4- (2e-) is 
adequate. The Li cations gather around the 
central anion--one should not dispute 
about its actual charge--and there are still 
electrons left for weak metal-metal bond- 
ing besides strong metal-nonmetal bond- 
ing. The oxygen-containing clusters like 
Na30 or Na40 might even be more suited 

for such a description in terms of heteropo- 
lar bonding which does not violate the octet 
rule. A term "hypermetalated" (84) or sim- 
ply metal-rich is adequate rather than "hy- 
pervalent" to characterize these molecules. 

The "curious suboxides" (85) of the 
heavy alkali metals rubidium and cesium 
provide a possibility to investigate such 
clusters in the solid state and characterize 
them structurally. It is not the purpose of 
this article to recapitulate details on these 
compounds described elsewhere (85-91) 
but to draw attention to their existence and 
to discuss them briefly along the lines pre- 
sented in the preceding sections. 

The rubidium suboxides contain Rb902 
and the cesium suboxides Cs1103 clusters 
which are formed by 2 or 3 face-shared 
metal octahedra, respectively, with an oxy- 
gen atom inside each octahedron (Fig. 7). 
These clusters occur as such or  together 
with stoichiometric amounts of additional 
alkali metal in Rb902, C S l l O 3 ,  and RbgO2Rb~ 
(x = 3), CsllO3Rby (y = 1, 2, 7), CsllO3Csz 
(z -- 1, 7). The description of chemical 
bonding in the clusters in terms of a balance 
of electrons leads to a simple model. Ac- 
cording to the formulation Rb~-O 2- (5e-) 
and Csi~lO~ - (5e-) the strong metal-nonme- 
tal bonding is assisted by comparatively 
weak metal-metal bonding, much in the 
same way as in the earlier mentioned gas- 
eous alkali-metal cluster species. It can be 
shown, however, that the additional elec- 
trons are essential for the stability of the 

( 

( 
Fro. 7. Rb902 and Cs~lO3 clusters (small circles are 

O atoms) in alkali-metal suboxides. 
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clusters (87). Lack of the "constriction" 
(or shielding of the positive charges) due to 
these additional electrons has the conse- 
quence that cations are expelled from the 
clusters. Both metal-nonmetal bonds as 
well as metal-metal bonds are necessary 
for the existence of the clusters in alkali- 
metal suboxides. 

One clearly realizes connections between 
extremes: Nb6Ill is provided with a suffi- 
ciently large number of metal valence elec- 
trons for strong metal-metal bonding and 
for the bonding of external nonmetal atoms. 
The Nb618 cluster is able to incorporate the 
nonmetal atom H into its cavity, but can 
live without it too. On the contrary, the 
number of metal valence electrons in CsH03 
is very small. There is no chance of binding 
nonmetal atoms externally to the Cs~lO3 
cluster and the insertion of the nonmetal 
atoms into the cavities is more essential 
than the metal-metal bonds for cluster sta- 
bility. The lanthanide cluster compounds 
are lying between these extremes. 

Much seems to be understood, but more 
waits to be explained. A Ce(IV) compound 
might serve as a special example. The 
structure of Ce6(OH)4(SO4)6 contains M6X8 
units (92). Why? 
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