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Abstract

Ternary carbides AxTyCz (A ¼ rare earth metals and actinoids; T ¼ transition metals) with monoatomic species C4� as structural

entities are classified according to the criteria (i) metal to carbon ratio, (ii) coordination number of the transition metal by carbon atoms,

and (iii) the dimensionality of the anionic network [TyCz]
n�. Two groups are clearly distinguishable, depending on the metal to carbon

ratio. Those where this ratio is equal to or smaller than 2 may be viewed as carbometalates, thus extending the sequence of complex

anions from fluoro-, oxo-, and nitridometalates to carbometalates. The second group, metal-rich carbides with metal to carbon ratios

equal to or larger than 4 is better viewed as typical intermetallics (‘‘interstitial carbides’’). The chemical bonding properties have been

investigated by analyzing the Crystal Orbital Hamilton Population (COHP). The chemical bonding situation with respect to individual

T–C bonds is similar in both classes. The main difference is the larger number of metal–metal bonds in the crystal structures of the metal-

rich carbides.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In the past decades, a large number of investigations
were focused on the synthesis, structural characterization
and properties of ternary carbides AxTyCz (A ¼ rare earth
metals, thorium, uranium; T ¼ transition metals). Almost
60 different structure types have been reported for such
ternary carbides including some 20 with monoatomic
species C4� as structural units. The other carbides contain
carbon pairs C2 or occasionally linear C3 units. In this
paper, we discuss the concept of carbometalates, which is
useful for the classification of those structure types
containing monoatomic C4� species.1
e front matter r 2006 Elsevier Inc. All rights reserved.
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g electrons we use oxidation numbers, where a bonding

ore or less covalent bond is counted at that atom with the

gativity. Thus, oxidation numbers (roman numerals, 0, see

of Inorganic Chemistry, IUPAC Recommendations 2005)
We start with a brief review of the structural chemistry of
the carbides AxTyCz with isolated carbon atoms. Those
with high carbon content are classified as carbometalates,
and in reviewing their structural chemistry, we emphasize
the near-neighbor coordinations of the transition metal
atoms and the dimensionality of the complex transition
metal carbon polyanions [TyCz]

n�. A central part of the
paper is the analysis of chemical bonding. This is carried
out on the basis of band structure calculations using the
Crystal Orbital Hamilton Population (COHP) method.
The results of these calculations are then used to examine
chemical bonding in carbometalates containing the more or
less covalent complex polyanions as compared to metal-
rich carbides. In addition, the carbometalates are then
compared to the nitridometalates and finally they are also
related to oxo- and fluorometalates.
(footnote continued)

and likewise the ionic charges do not necessarily imply ionic bonding, a

frequently encountered misunderstanding.
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2. Structural chemistry of carbides with isolated carbon

atoms

The crystal structure types of the ternary carbides
AxTyCz containing isolated carbon atoms are listed in
Table 1. They are arranged according to increasing metal
to carbon atom ratios (x+y)/z. Also given are some
representatives, the idealized formulae with oxidation
numbers enclosing the polyanionic transition metal carbon
substructure in brackets, the coordination polyhedra of the
transition metals with respect to the carbon atoms, the
dimensionality of the polyanionic substructure, and the
bibliographical references. Some representative structural
data of these compounds are listed in Table 2.

Two groups of carbides with monoatomic carbon species
are clearly distinguishable. In Table 1 they are labelled as
carbometalates and metal-rich carbides, respectively. The
group of compounds classified as carbometalates contains
complex anions [TyCz]

n� where the carbon atoms are more
or less covalently bonded to the transition metal atoms.
These polyanions occur as discrete ‘‘zero-dimensional’’
units, anionic chains, layers, and three-dimensional net-
works, respectively. For carbometalates, the metal atom to
carbon atom ratios (x+y)/z range from 1 to 2. The carbon
positions in the carbometalates are usually fully occupied,
and thus the compositions of these compounds are well
defined. The coordination numbers (CN) of the transition
elements with respect to the carbon atoms are small,
ranging from 2 to 5. Frequently the oxidation states of the
transition metals can readily be assigned knowing the
crystal structure of these carbometalates, since by defini-
tion the isolated carbon atoms are counted as C4�, whereas
the rare earth metals were assumed to be essentially in the
AIII valence state. This point is discussed in more detail
below.

The second group of carbides AxTyCz with monoatomic
species C4� as structural units may be classified as metal-

rich carbides. Here, the metal atoms are greater in number,
the ratio (x+y)/z being between 4 and 16. These carbides
may be viewed as interstitial carbides, where the carbon
atoms frequently are found to not fully occupy their
positions, although the homogeneity ranges corresponding
to the statistical occupation of the carbon sites have rarely
been investigated. In these metal-rich carbides some of the
transition metal atoms are not even coordinated by any
carbon atom. Due to the dominating metal–metal interac-
tions and the fact that some of the carbon sites are vacant,
it is not appropriate to single out discrete transition metal
carbon polyanions and the assignment of oxidation
numbers for the transition metal atoms is impractical.

We will now discuss the various crystal structures listed
in Table 1 in more detail. It is most remarkable that the
positions of all metal atoms in the compounds listed as
carbometalates correspond to those of a body-centered
cubic (bcc) structure. This has been recognized earlier for
the structures of those compounds known for some time
[3,14] and this is also true for the most recent members of
this list, i.e. Er2Mo2C3 [9], Pr2MoC2 [12], and Pr2Mo2C3

[11]. The differences between these 11 structure types arise
through the various possibilities of atomic order of the A

and T atoms on the bcc positions and through the ordered
arrangement of the carbon atoms in the (distorted)
octahedral voids of the bcc-like structures. There are six
heavily distorted octahedral voids per two metal positions
of a bcc (W type) structure, and most of them remain
unoccupied in these 11 carbometalate structures.

2.1. Compounds with metal/carbon ratios (x+y)/z of 1 and

1.25

The first four compounds listed in Table 1 all contain
uranium as the most electropositive element: UMoC2 [1],
U5Re3C8 [3], UCr4C4 [4], and UW4C4 [5,6]. They have the
lowest metal contents of all compounds listed, with metal
to carbon ratios (x+y)/z of 1 or 1.25, respectively. For these
four uranium compounds oxidation numbers for the metal
atoms are not given in Table 1. By definition, the isolated
carbon atoms with the highest electronegativity in their
respective compounds carry the ionic charge of 4�.
However, it is difficult to assign counterbalancing positive
charges to the metal atoms, since the oxidation numbers of
the uranium atoms are not known. Nevertheless, at least
for the UMoC2-type series AMoC2 and AWC2, where A is
a rare earth metal, such assignments can be made, since the
rare earth elements A forming these compounds are known
to prefer the valence state AIII. Thus, for instance with
A ¼ yttrium, one can assign oxidation numbers according
to the formulae YIII[MoVC�IV2 ] and YIII[WVC�IV2 ]. In
analogy, for the corresponding uranium compound a
formula UIII[MoVC�IV2 ] looks reasonable, and the ionic
charge 3� can be assigned to the corresponding polyanion
[TC2]. For the other three structure types—U5Re3C8,
UCr4C4, and UW4C4—no isotypic rare earth compounds
are known. Thus, in these carbometalates the uranium
atoms could be assigned the oxidation number III, as just
discussed, or even higher oxidation states. However,
magnetic susceptibility data of these three compounds
suggest mixed or intermediate valencies III/IV for uranium
[39] as frequently observed for intermetallic uranium
compounds. Nonetheless, these uranium compounds can
be clearly classified as carbometalates because of their low
(x+y)/z ratios and their structural similarities to the other
carbometalates listed in Table 1.
The compounds UMoC2 and U5Re3C8 have the lowest

metal content of all the carbides listed in Table 1 with
(x+y)/z of 1. Consequently, in these carbometalates the
transition metal atoms have the highest carbon coordina-
tion with CN ¼ 5. In UMoC2 there is only one crystal-
lographic site for molybdenum, and these Mo atoms have
five carbon neighbors forming a distorted trigonal bipyr-
amid. These trigonal bipyramids share corners and edges,
thus creating an infinite polyanionic network of composi-
tion 3

1[(MoC2)
n�] as shown in Fig. 1. In this figure as well

as in the following ones (Figs. 2–8) only the carbon
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Table 1

Classification of ternary carbides AxTyCz (A ¼ rare earth metals, actinoids, T ¼ transition metals) containing monoatomic species C4� as structural units

Structure type Representatives Idealized formula CPa Db (x+y)/z

Carbometalates

UMoC2 AMoC2 (A ¼ Y, Gd�Tm), YIII[MoVC�IV2 ]c 5by 3
1

1

AWC2 (A ¼ Y, Tb�Tm, Pu), YIII[WVC�IV2 ] c)

UTC2 (T ¼ V�Mn, Mo, Tc, W, Re) [1,2]

U5Re3C8 U5Re3C8 [3] — 5by, 4s 3
1

1

UCr4C4 UCr4C4 [4] — 4t 3
1

1.25

UW4C4 UW4C4 [5,6] — 4t 3
1

1.25

Ho2Cr2C3 A2Cr2C3 (A ¼ Y, Gd�Lu) HoIII2 [CrIII2 C�IV3 ] 4t 2
1

1.33

Sm2Mo2C3 [2,7,8]

Er2Mo2C3 A2Mo2C3 (A ¼ Ce, Gd�Tm, Lu) [9,10] ErIII2 [MoIII2 C�IV3 ] 4t 2
1

1.33

Pr2Mo2C3 Pr2Mo2C3 [11] PrIII2 [MoIII2 C�IV3 ] 4t 3
1

1.33

Pr2MoC2 A2MoC2 (A ¼ Pr, Nd), PrIII2 [MoIIC�IV2 ] 4t 2
1

1.5

A2WC2 (A ¼ Ce, Pr) [12,13]

Pr2ReC2 A2ReC2 (A ¼ Y, Ce�Nd, Sm, Gd�Tm, Lu), PrIII2 [ReIIC�IV2 ] 31 1
1

1.5

A2OsC2 (A ¼ Y, Gd�Er) [14,15]

U2IrC2 Th2TC2 (T ¼ Ru, Os, Rh, Ir, Ni, Pt ) [16,17] ThIV2 [Ni0C�IV2 ]c 21 0
1

1.5

YCoC ACoC (A ¼ Y, Gd�Lu) [18,19] YIII[CoIC�IV] 21 1
1

2

Mixed

La5Os3C4�x A5Os3C4�x (A ¼ La�Nd, Sm) [20] — 2n 1
1

2

Metal-rich carbides

Structure type Representatives CP and number of Cd (x+y)/z

Filled Cu3Au perovskite Many representatives, e.g., ThRu3C [21,22] 12co+2C 4

LaMn11C2�x AMn11C2�x (A ¼ La�Nd, Th) [23], 12i, 12i+1C, 14FK �6

ThFe11C2�x [24]

Pr2Mn17C3�x A2Mn17C3�x (A ¼ La�Nd, Sm, Th) [25] 12i, 12i+1C, 14FK �6.3

Tb2Mn17C3�x A2Mn17C3�x (A ¼ Y, Gd�Tm, Lu) [26],

A2Fe17C3�x (A ¼ Nd, Tb, Dy, Lu) [27]

Ce2Ni22C3�x A2Ni22C3�x (A ¼ La�Nd, Sm, Gd�Ho) [28–30] 11+2C, 12i, 12+1C, 13+1C, 14FK �8

Tm11Ni60C6 A11Ni60C6 (A ¼ Y, Dy�Lu) [31–33] 12i, 12i+1C, 14FK 11.8

Nd2Fe14B A2Fe14C (A ¼ Pr, Sm, Gd�Tm, Lu) [34–37] 11+1C, 11+2C, 12i, 14FK 16

aCoordination type polyhedron of T by C with coordination number and polyhedron designated by symbols as proposed in [38]: 5by—trigonal

bipyramid; 4s—square planar; 4t—tetrahedral; 3l—trigonal planar; 2 l—collinear; 2n—non-collinear.
bDimensionality of the complex anion.
csee text.
dCoordination type polyhedron of T by M ¼ T, A [38] and number of nearest carbon neighbors: 12co—cuboctahedron; 12i—icosahedron; 14FK—

Frank-Kasper polyhedron ; no symbol letter is given in case of irregular polyhedra.
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neighbors of each transition metal atom are shown, thus
emphasizing the strong T�C bonds and omitting the weak
metal–metal interactions. The TCn polyhedra are shown
together with interatomic distances d(T�C). In the
corresponding graphs the C–T–C bond angles are in-
dicated.

A distorted trigonal bipyramid of carbon atoms also
present as coordination polyhedron around one of the two
kinds of rhenium atoms in the crystal structure of
U5Re3C8, while the other rhenium atom in that compound
has a square-planar carbon coordination. Again, an in-
finite three-dimensional polyanion of the composition
3
1[(Re3C8)

n�] is formed by sharing corners of the ReC5

and ReC4 units (Fig. 2).
The other two structure types with uranium as the

A component, UCr4C4 [4] and UW4C4 [5,6], are very
similar. UCr4C4 has a body-centered tetragonal structure
with space group symmetry I4/m. UW4C4 crystallizes
klassengleich in the primitive space group P4/m with
similar lattice parameters. Thus, while the chromium
compound has only one crystallographic site for
each atomic species, the number of atomic positions is
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Table 2

Structural data of selected ternary carbometalates and metal-rich carbides

Compound Crystal structure data Ref.

Carbometalates

UMoC2 oP16, Pnma, a ¼ 561.2 b ¼ 324.1, c ¼ 1095.6 pm [1]

U5Re3C8 tP32, P4/mbm, a ¼ 1131.3, c ¼ 330.3 pm [3]

UCr4C4 tI18, I4/m, a ¼ 793.6 c ¼ 307.5 pm [4]

UW4C4 tP18, P4/m, a ¼ 832.8, c ¼ 313.5 pm [5]

Ho2Cr2C3 mC14, C2/m, a ¼ 1047.0, b ¼ 336.5, c ¼ 554.0 pm, b ¼ 106.31 [2]

Y2Cr2C3 mC14, C2/m, a ¼ 1047.2, b ¼ 339.2, c ¼ 554.9 pm, b ¼ 106.271 [7]

Er2Mo2C3 mC14, C2/m, a ¼ 1155.9, b ¼ 330.9, c ¼ 563.7 pm, b ¼ 111.31 [9]

Pr2Mo2C3 mP28, P21/n, a ¼ 598.0, b ¼ 665.2, c ¼ 1185.6 pm, b ¼ 111.61 [11]

Pr2MoC2 tP20, P42/mnm, a ¼ 581.3, c ¼ 1032.5 pm [12]

Pr2ReC2 oP20, Pnma, a ¼ 665.6, b ¼ 534.5, c ¼ 1018.4 pm [14]

Y2ReC2 oP20, Pnma, a ¼ 655.7, b ¼ 509.5, c ¼ 984.4 pm [14]

Y2OsC2 oP20, Pnma, a ¼ 645.0, b ¼ 508.9, c ¼ 978.0 pm [15]

U2IrC2 tI10, I4/mmm, a ¼ 348.0, c ¼ 1248.2 pm [16]

YCoC tP6, P42/mmc, a ¼ 365.0, c ¼ 686.4 pm [18]

Mixed

La5Os3C4�x hP24, P63/mcm, a ¼ 919.6, c ¼ 673.9 pm [20]

Metal-rich carbides

YRh3C cP5, Pm 3̄m, a ¼ 413.1 pm [22]

LaMn11C2�x tI56, I41/amd, a ¼ 1041.3, c ¼ 672.9 pm, x ¼ 0.5 [23]

Pr2Mn17C3�x hR22, R3̄m, a ¼ 887.1, c ¼ 1278.3 pm, x ¼ 1.23 [25]

Tb2Mn17C3�x hP50, P63/mmc, a ¼ 873.8, c ¼ 851.1 pm, x ¼ 0.57 [26]

Ce2Ni22C3�x oC216, Cmca, a ¼ 1137.3 b ¼ 1500.4, c ¼ 1462.5 pm, x ¼ 0.25 [28]

Tm11Ni60C6 cI154, Im3m, a ¼ 1245.3 pm [31]

Pr2Fe14C tP68, P42/mnm, a ¼ 881.6, c ¼ 1204.4 pm [34]
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doubled in the tungsten compound. Nonetheless, the near-
neighbor environments of the two crystal structures remain
quite similar. In both crystal structures the transition metal
atoms have four carbo-ligands forming distorted tetrahe-
dra. However, the Cr and W atoms are not situated in the
centers of the respective tetrahedra, but in one of the
triangular faces. These tetrahedra share edges and corners,
thus again forming infinite three-dimensional polyanionic
networks (Figs. 3 and 4).

2.2. Compounds with a metal/carbon ratio of 1.33

The next three structure types in the listing of Table 1,
Ho2Cr2C3 [2], Er2Mo2C3 [9], and Pr2Mo2C3 [11] with
(x+y)/z of 1.33 are very closely related. The crystal
structure of Ho2Cr2C3 has been determined in 1986 [2],
and at this time it was assumed that the compounds
A2Cr2C3 (A ¼ Y, Gd–Tm, Lu) and A2Mo2C3 (A ¼ Y,
Ho–Tm, Lu) reported in that publication are all isotypic,
because their monoclinic unit cells correspond to each
other. Later on, when the magnetic structures of
Ho2Mo2C3 and Er2Mo2C3 were determined by neutron
diffraction [9], it was found that one of the four carbon
positions in the molybdenum compounds corresponds to a
position which is not occupied in Ho2Cr2C3. On the other
hand, the ordered arrangements of the rare earth and
transition metal atoms in Ho2Cr2C3 and Er2Mo2C3 exactly
correspond to each other. Recently, it was shown by
careful structure determinations from single-crystal and
powder X-ray diffraction data, that the new compounds
A2Mo2C3 (A ¼ Ce, Gd, Tb, and Dy) are isotypic with
Er2Mo2C3, while Sm2Mo2C3 adopts a Ho2Cr2C3-type
structure [8]. In the series of the nine compounds
A2Mo2C3 (A ¼ Ce, Sm, Gd–Tm, Lu) the samarium
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Fig. 1. Details of the crystal structure of UMoC2: (a) a cutout of the

polyanionic network 3
1[(MoC2)

n�]; (b) carbon environment of the

molybdenum atom with distances d(Mo–C) given in pm; (c) complete

graph of the MoC5 polyhedron designating the C–Mo–C angles.

Fig. 2. Details of the crystal structure of U5Re3C8: (a) a cutout of the

polyanionic network 3
1[(Re3C8)

n�]; (b) and (c) Re(1)C4 and Re(2)C5

polyhedra with d(Re–C) given in pm; (d) complete graph of the Re(2)C5

polyhedron with C–Re–C angles.
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compound has the largest unit cell volume. The unit cell
volume of the cerium compound is smaller. Apparently,
here the cerium atoms are in a CeIV valence state or have
mixed or intermediate CeIII/IV valency. Also only recently,
with the even larger praseodymium atoms, a third structure
type with the analogous composition Pr2Mo2C3 has been
found [11]. In these three structure types with the
composition A2T2C3 all rare earth metal atoms are
coordinated by four carbon atoms. The chromium and
molybdenum atoms have four carbon neighbors forming
distorted tetrahedra. In the crystal structures of Ho2Cr2C3

and Er2Mo2C3 these TC4 tetrahedra share edges, thus
forming infinite chains which in turn are connected via
common corners and in this way they form infinite
polyanionic layers 2

1[(T2C3)
6�] (T ¼ Cr, Mo; Fig. 5). These

layers are separated from each other by layers of rare earth
metal atoms. In the crystal structure of Pr2Mo2C3 four
MoC4 tetrahedra are connected by corner-sharing, thus
forming tetrameric building blocks (Mo4C10). These in turn
share carbon corners. But in contrast to the polyanionic
layers 2

1[(T2C3)
6�] of Ho2Cr2C3 and Er2Mo2C3, the

building blocks (Mo4C10) in the crystal structure of
Pr2Mo2C3 form a polyanionic framework 3

1[(Mo2C3)
6�]

(Fig. 6).
2.3. Compounds with a metal/carbon ratio of 1.5

The next three entries of Table 1 reveal the same general
composition A2TC2 with a ratio (x+y)/z of 1.5. However,
these three structure types—Pr2MoC2 [12,13], Pr2ReC2

[14,15], and U2IrC2 [16,17]—differ considerably in the
dimensionality of their [TC2]

n� polyanions. In the crystal
structure of Pr2MoC2 the molybdenum atoms have a
distorted tetrahedral coordination by carbon. These MoC4

tetrahedra share common edges and corners and in this way
they form polyanionic layers 2

1[(MoC2)
6�] which are

separated from each other by layers of Pr3+ ions (Fig. 7).
In contrast, the rhenium atoms in Pr2ReC2 have only three
carbo-ligands in a distorted trigonal planar arrangement.
One of the two carbon positions is terminal, while the other is
corner sharing with an almost linear Re–C–Re configuration,
thus forming infinite polyanionic chains 1

1[(ReC2)
6�] (Fig. 8a).

The third structure type is that of U2IrC2. Here again the
valency of the uranium atoms is not known. However, this
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Fig. 3. Details of the crystal structure of UCr4C4: (a) a cutout of the

polyanionic network 3
1[(Cr4C4)

n�]; (b) CrC4 polyhedron with d(Cr–C)

given in pm; (d) complete graph of the CrC4 tetrahedron with C–Cr–C

angles.

Fig. 4. Details of the crystal structure of UW4C4: (a) a cutout of the

polyanionic network 3
1[(W4C4)

n�]; (b) and (d) WC4 polyhedra of the two

different W sites; (c) and (e) complete graphs of the WC4 polyhedra with

C–W–C angles.
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crystal structure is adopted also by Th2NiC2, and thorium
is almost always in the ThIV oxidation state. Thus, the
idealized formula of this compound is ThIV2 [Ni0C�IV2 ].
Here, the anionic part [NiC2]

8� might be regarded as zero-
dimensional. It consists of linear C–Ni–C units, which are
isolated from each other by the ThIV species (Fig. 8b).

We note some systematic changes for the three structure
types with the metal/carbon ratio of 1.5. The Pr2MoC2-type
structure is adopted with Mo and W as the transition metal
(T) components (group 6 of the periodic table). The Pr2ReC2-
type structure occurs with the transition metals T ¼ Re, Os
(groups 7 and 8) and the U2IrC2-type structure is found with
T ¼ Ru, Os, Rh, Ir, Ni, Pt as transition metal components
(groups 8, 9, and 10). Thus, with increasing electron counts of
the T components the dimensionalities of the transition metal
carbon polyanions decrease from 2

1 in Pr2MoC2 to 1
1 in

Pr2ReC2 and to 0
1 in U2IrC2. Also, the number of carbon

atoms in the first coordination shells of the transition metals
decrease in the same sequence from CN ¼ 4 in Pr2MoC2 to
CN ¼ 3 in Pr2ReC2 and to CN ¼ 2 in U2IrC2.

2.4. Compounds with a metal/carbon ratio of 2

The two compounds YCoC [18] and La5Os3C4�x [20]
have the common metal to carbon ratio (x+y)/z of 2. Of
these, YCoC may be considered as a pure carbometalate,
while the other compound contains one carbon position
with considerable defects. The crystal structure of YCoC is
extremely simple. It is tetragonal with only one crystal-
lographic site for each atomic species. The metal atoms
occupy the positions of two CsCl cells on top of each other.
Each carbon atom is situated between two cobalt atoms. In
this way linear polyanionic chains 1

1[(Co
IC�IV)3�] are

formed (Fig. 8c) which alternate along [0 0 1] and extend
parallel to the x and y axes of the tetragonal unit cell.
The compound La5Os3C4�x contains structural charac-

teristics of both the carbometalates and the interstitial
carbides and may therefore be classified as a carbometa-
late-carbide. One carbon position shows octahedral La
coordination and no transition metal neighbors. This
position was found to be occupied to only 25(4)% [20].
The other carbon position has two osmium neighbors
in a slightly bent arrangement within an infinite zig-zag
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Fig. 5. Details of the crystal structures of Ho2Cr2C3 and Er2Mo2C3: (a)

cutouts from the polyanionic layers (a) 21[(Cr2C3)
6�] and b) 2

1[(Mo2C3)
6�];

(c) and (e) corresponding TC4 (T ¼ Cr, Mo) polyhedra; (d) and (f)

complete graphs of TC4 polyhedra.

Fig. 6. Details of the crystal structure of Pr2Mo2C3: (a) a cutout of the

polyanionic network 3
1[(Mo2C3)

6�]; (b) and (d) MoC4 polyhedra of the

two crystallographic different Mo sites with d(Mo–C) given in pm; (c) and

(e) complete graphs of MoC4 polyhedra with C–Mo–C angles.
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chain (Fig. 8d). Using oxidation numbers and charges
the compound may be written with the formula
(LaIII)5[Os3C3]

14�(0.25C4�)1�. Since there is only one
crystallographic osmium site, this results in a fractional
oxidation number for the osmium atom.

2.5. Compounds with metal/carbon ratios X4

The remaining compounds of Table 1 have considerably
higher metal to carbon ratios than the compounds just
discussed. The carbon atoms in these remaining com-
pounds AxTyCz usually occupy octahedral positions
formed and surrounded by both the A and T atoms.
Frequently these carbon positions are not fully occupied.
For instance, the structure refinements of the carbides
LaMn11C2�x [23], Pr2Mn17C3�x [25], and Tb2Mn17C3�x

[26] from single-crystal X-ray diffraction data resulted in
occupancy values of 76(1)%, 59(3)%, and 81(4)%,
respectively. It can be expected that due to the partial
occupancy of the carbon sites there are substantial
homogeneity ranges, however, these have not been
explored up to now. With respect to the fractional
occupancy of the carbon positions these ternary carbides
resemble the well-known binary transition metal carbides
e.g. TiC1�x, VC1�x, etc. which are frequently called
‘‘interstitial carbides’’. For that reason we sometimes
designate this name also to the ternary compounds AxTyCz

with metal/carbon ratios (x+y)/zX4. For many structure
types of these ternary carbides with a high metal content,
the binary ‘‘unfilled’’ structure types are also known. Thus,
for instance, in the perovskite carbide ThRu3C the Th
and Ru atoms occupy the positions of the Au and Cu
atoms, respectively, of the well-known cubic Cu3Au-type
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Fig. 7. Details of the crystal structure of Pr2MoC2: (a) a cutout of the

polyanionic layer 2
1[(MoC2)

6�]; (b) MoC4 polyhedron with d(Mo–C)

given in pm; (d) complete graph of the MoC4 tetrahedron with C–Mo–C

angles.

Fig. 8. Polyanions of selected compounds: (a) 1
1[(ReC2)

6�] zigzag chain in

Pr2ReC2, (b) discrete complex anion [NiC2]
8� in the crystal structure of

Th2NiC2, (c)
1
1[(CoC)

3�] linear chain in the crystal structure of YCoC; (d)
1
1[OsC] zigzag chain in the crystal structure of La5Os3C4�x.
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structure. Other examples include the ternary compounds
LaMn11C2�x, Pr2Mn17C3�x, and Tb2Mn17C3�x, where the
positions of the metal atoms exactly correspond to those of
the binary intermetallics BaCd11 [40], Th2Zn17 [41], and
Th2Ni17 [42]. Thus, the ternary interstitial carbides and the
binary ‘‘host’’ structures also have the same space group
symmetry. In these ternary compounds the total electron
count for the metal atoms is usually smaller for ternary
carbides than for the binary host structures [14]. In the
present paper, we focus on the carbides with a low metal/
carbon ratio—the carbometalates—and we will not further
discuss the structural chemistry of the metal-rich interstitial
carbides.
3. Chemical bonding in carbometalates and metal-rich

carbides

In the third column of Table 1 we have assigned
oxidation numbers to the metal and carbon atoms of the
ternary compounds AxTyCz in agreement with their
classification as carbometalates. For some of these
compounds chemical bonding has already been examined
in the literature on the basis of the observed interatomic
distances. As will be discussed in more detail below, these
compounds owe their stability not only to metal–carbon
interactions. They also have relatively short metal–metal
distances, indicating significant metal–metal bonding.
Generally, three kinds of metal–metal bonding (M–M)
can be distinguished: A–A, A–T, and T–T bonding. Of
these three, only the A–A bonding affects the total electron
count of the [TC]n� polyanion, since A–A bonding can be
achieved only if the A valence states are populated at least
to some extent. In this case the charge transfer from the A

species to the anionic structural part is smaller than
indicated by the assignment of the respective oxidation
numbers. For that reason the formulae in the third column
of Table 1 have to be considered as idealized, aiming for
integer oxidation numbers. This is justified, since the
deviations from the ideal values are small, as it will be
discussed below.
For some of the carbometalates listed in Table 1 it was

attempted to rationalize chemical bonding on the basis of
the observed interatomic distances using the Lewis
formalism to show bonding electrons and aiming for an
electron count of 8 for the carbon atoms (C4� species) and
sometimes also for a count of 18 for the transition metal
atoms. Inherently, this formalism is not well suited for
band structures, since a fractional occupancy of electrons
per atom cannot be represented. On the other hand, no
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computers are needed to show a picture of the approximate
electron distribution. Such Lewis formulae have been
published for Er2ReC2 [14], Th2NiC2 [17], La5Os3C3.25

[20], Ho2Cr2C3 [9], and Er2Mo2C3 [9]. R.B. King con-
sidered the transition metal–carbon polyanions [TC]n� as
organometallic polymers and arrived at electron counts
between 14 and 18 for the transition metal atoms in the
compounds YCoC, Y2ReC2, Th2NiC2 [43,44], Ho2Cr2C3,
and Er2Mo2C3 [45]. Extended Hückel tight binding (EHT)
calculations have been carried out for the polyanionic
chains 1

1[(CoC)
3�] in YCoC and 1

1[(ReC2)
6�] in Er2ReC2

by Hoffmann and coworkers [46,47]. In their calculations
for Er2ReC2 significant Re–C antibonding contributions
are found at and below EF. In our calculations reported
below these contributions are much decreased due to minor
orbital contributions of carbon atoms in the upper part of
the band structure. As a source of this discrepancy the
EHT parameters used for the calculations are the weak
point: the ionization energies used for the Re(4d) orbitals
place them below C(2p) making them the electron
acceptors with respect to carbon p orbitals. Furthermore,
the Re–C antibonding states are mainly composed of C
states, while in our DFT calculations they are Re majority
states and carbon has only minor contributions in the
upper part of the band structure, which makes the Re–C
antibonding contributions of minor importance. Note-
worthy, on the basis of the EHT calculations the existence
of an electron-poorer compound has been predicted, while
the isostructural electron-richer Os compound has been
found later instead. In addition, EHT calculations have
also been used for a study of chemical bonding of
Ho2Cr2C3 and related carbides by Koo and Whangbo
[48]. According to them, the bonding within the discrete
linear chain units Cr–C–Cr should be considered as double
bonds. A striking difference to our calculations (see below)
is obtained for the Cr–Cr interaction which has a strong
antibonding peak of COOP being occupied, whereas in our
calculations significant antibonding states are not occu-
pied. Since the orbital energy parameters used for Cr(3d)
are higher than for C(2p) in their calculations, which is
consistent with our findings, possibly the neglect of the rare
earth environment is responsible for this discrepancy.

3.1. Theory

In our present study scalar-relativistic band structures
were calculated for representative rare earth metal carbo-
metalates and the metal-rich carbide YRh3C (see Table 3)
using the LMTO-ASA method [49] in the local density
approximation (LDA). Since the LDA-approximation
results in too itinerant f-electrons, the yttrium compounds
have been chosen as representatives. However, for two
structure types, Pr2Mo2C3 and Pr2MoC2, hypothetical
lanthanum compounds have been treated since no yttrium
compounds are obtained so far. Crystallographic data were
taken from the literature (see Table 1 and 2). The radii of
the atomic and empty spheres (ES) were determined
according to the standard procedure as described in [50].
The partial waves of Y(5s, 4d), La(6s, 5d, 4f), Cr(4s, 4p,
3d), Co(4s, 4p, 3d), Mo(5s, 5p, 4d), Rh(5s, 5p, 4d), Re(6s,
6p, 5d), Os(6s, 6p, 5d), and C(2s, 2p) were explicitly
included in the Hamiltonian, while those of Y(5p, 4f),
La(6p), Mo(4f), Rh(4f), Re(5f), Os (5f), C(3d) and ES(all
orbitals) were treated according to the Löwdin down-
folding technique [51]. Chemical bonding properties were
investigated by analyzing the crystal orbital Hamilton
population (COHP) [52].

3.2. Chemical bonding in carbometalates

In our former studies of the electronic structure of rare
earth metal carbometalates Pr2MoC2 [12] and Pr2Mo2C3

[11] it has been worked out exemplarily that covalent
bonding of each T–C bond is stronger compared with each
bond A–C. This forms the basis for separating the complex
carbometalate anion from the rare earth metal partial
structure. Furthermore, although interactions A–C reveal a
significant covalent character, the oxidation states of the
rare earth species have to be considered as III since no A

majority band states are occupied below the Fermi level.
Nevertheless, covalent interactions A–A can be detected,
but their occurrence is due to partial covalent bonding
A–C, which results in partially occupied rare earth orbitals.
This observation is consistent with the assigned oxidation
states. The assignment of oxidation states within the
carbometalate anion is done on the basis of atomic
electronegativities giving �IV for the carbon species and
an overall compensating oxidation state for T. The strongly
covalent interactions T–C and the fact that both species
naturally have occupied majority bands make an assign-
ment of oxidations states for T and C species on the basis
of the band structure somewhat problematic.
In the present investigation the overview (Table 3) of the

electronic structures is restricted to the rare earth
carbometalates and excludes the actinoid compounds.
The following discussion is based on LMTO-ASA calcula-
tions using the COHP method, not only by comparing each
individual bond but also by including the respective bond
multiplicities per formula unit, such that the orbital
interaction part of the band structure energy per formula
unit is monitored. The bond multiplicities have not
explicitly been included in all the earlier discussions
[11,12]. While for interactions T–C and A–C the distance
dmax—above which interactions are neglected due to their
smallness—is obvious from the crystal structure, this is not
the case for metal–metal interactions due to their longer
range. The corresponding values of distances are indicated
in Table 3. In total, there are five different types of
interactions to be considered, namely T–C, A–C, T–T,
A–T, and A–A. Thus, for each representative compound
treated here two kinds of COHP(E) diagrams are shown in
Fig. 9: (i) bond interactions averaged over all crystal-
lographic different species corresponding to the five
different interactions and (ii) those bond interactions
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Table 3

Integrated crystal orbital Hamiltonian populations (–ICOHP) for near-neighbor interactions M–M and M–C (M ¼ A, T) within the given distance ranges

in pm for selected carbometalates and the metal-rich carbide YRh3C; the next occurring distances dmax, outside the ranges are given in parentheses;

–ICOHP are listed as averaged values and also as weighted by the respective bond frequencies per formula unit

Type N Distance range Average Weighted

Y2Cr2C3
a

Cr–C 8� 191–204 (387) 4.77 38.16

Y–C 10� 242–264 (329) 1.35 13.50

Y–Cr 10� 300–316 (349) 0.47 4.70

Y–Y 6� 339–342 (479) 0.16 0.96

Cr–Cr 2� 265 (337) 1.08 2.16

COHPM�M : COHPM�C ¼ 1 : 6.6

La2Mo2C3
c

Mo–C 8� 198–215 (375) 4.01 32.08

La–C 10� 255–289 (353) 1.21 12.10

La–Mo 15� 323–370 (463) 0.39 5.85

La–La 4.5� 329–364 (382) 0.22 0.99

Mo–Mo 1.5� 286–288 (313) 0.78 1.17

COHPM�M : COHPM�C ¼ 1 : 5.5

La2MoC2
c

Mo–C 4� 209–214 (406) 3.86 15.44

La–C 8� 249–265 (398) 1.54 12.32

La–Mo 10� 330–356 (469) 0.39 3.90

La–La 6� 322–355 (420) 0.29 1.74

Mo–Mo 0.5� 290 (429) 0.75 0.38

COHPM–M : COHPM�C ¼ 1 : 4.6

Y2OsC2
b

Os–C 3� 187–197 (402) 5.72 17.16

Y–C 9� 244–269 (406) 1.27 11.43

Y–Os 8� 307–333 (357) 0.49 3.92

Y–Y 8� 329–367 (488) 0.24 1.93

Os–Os — — (392) — —

COHPM�M : COHPM�C ¼ 1 : 4.9

Y2ReC2
b

Re–C 3� 195–205 (401) 5.42 16.26

Y–C 9� 249–265 (411) 1.43 12.87

Y–Re 8� 308–337 (363) 0.61 4.88

Y–Y 8� 334–366 (501) 0.22 1.76

Re–Re — — (403) — —

COHPM�M : COHPM�C ¼ 1 : 4.4

YCoC

Co–C 2� 183 (389) 5.44 10.88

Y–C 4� 251 (443) 1.57 6.28

Y–Co 8� 310 (576) 0.56 4.48

Y–Y 3� 343–365 (501) 0.22 0.66

Co–Co 1� 343 (365) 0.16 0.16

COHPM�M : COHPM�C ¼ 1 : 3.2

YRh3C

Rh–C 6� 207 (462) 3.58 21.48

Y–C — � (358) —

Y–Rh 12� 292 (506) 1.08 12.96

Y–Y — � (413) — —

Rh–Rh 12� 292 (413) 0.50 6.00

COHPM�M : COHPM�C ¼ 1 : 1.1

aLattice parameters taken from powder XRD of Y2Cr2C3 and atomic coordinates from single crystal XRD of Ho2Cr2C3.
bLattice parameters taken from powder XRD of Y2ReC2 and Y2OsC2 and atomic coordinates from single crystal XRD of Er2ReC2 and Tb2OsC2,

respectively.
cHypothetical compounds with crystal structure data taken from the corresponding Pr compounds.
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Fig. 9. Crystal orbital Hamilton population curves for the various M–C and M–M interactions of selected carbometalates; averaged interactions and

those weighted by the respective bond frequencies per formula unit are shown on the left and right hand sides, respectively: (a) Y2Cr2C3; (b) La2Mo2C3; (c)

La2MoC2; (d) Y2OsC2; (e) Y2ReC2; YCoC.

E. Dashjav et al. / Journal of Solid State Chemistry 180 (2007) 636–653646
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Fig. 9. (Continued)

Fig. 10. Crystal orbital Hamilton population curves for Rh–C, Rh–Rh, and Y–Rh interactions in YRh3C; individual interactions and those weighted by

the respective bond frequencies per formula unit are shown on the left and right hand side, respectively. The calculations were carried out for the ideal

composition YRh3C. The real composition may have carbon defects: YRh3C1�x, as is frequently observed for interstitial carbides [22].
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weighted by the respective bond multiplicities per formula
unit. Thus, while the averaged diagrams—in a sense—give
information about the local importance of a covalent
interaction type, the COHP diagrams weighted by bond
multiplicities contain information about the relative
importance of certain kinds of interaction for the whole
crystal structure.

A number of findings can be given for all carbometalate
compounds considered hereafter and exactly right these
characterize the chemical bonding of a rare earth metal
carbometalate. These criteria will be used to distinguish the
rare earth metal carbometalates from the metal-rich
interstitial carbides (see Figs. 9 and 10 and Table 3).

For each carbon species the bonds between the carbon
atoms and the transition metal (T–C) are pronouncedly
more covalent as the interactions A–C. Although, in all
cases the number of covalent bonds A–C is larger than the
number of bonds T–C the latter are still dominating in sum
(compare weighted COHP(T–C) vs. COHP(A–C)). COHP
diagrams for T–C interactions always exhibit occupancies
of weakly antibonding bands in the upper part of the band
structure but the strongly antibonding bands are always
placed above EF. In contrast, the COHP diagrams for A–C
interactions always display a non-exhausted covalent
bonding interaction with a significant number of bonding
states being left unoccupied, which is consistent with the
attributed oxidation states.
The upper part of the band structures (already below EF)

is dominated by metal–metal interactions which are
generally weaker than the metal–carbon interactions, both
in comparison one-by-one and also in total. Among the
metal–metal interactions there is a sequence of decreasing
covalent bonding strength according to T–T4A–T4A–A

in those cases where all three kinds of interactions occur.
Noteworthy, strongly antibonding T–T interactions are
avoided for the more electron rich T species in Y2ReC2,
Y2OsC2 (Fig. 9d,e) and YCoC (Fig. 9f) for which large
distances T–T are observed. Those are even weaker in
covalent bond strength than the A–A interactions. In total,
for all carbometalates the donor acceptor bonds A–T are
more important than the T–T interactions due to their
higher frequency. For those carbometalates with T having
formally less than 5 remaining electrons the covalent
bonding interactions are seen not to get fully exhausted at
EF (Fig. 9a–c). In those cases, where the electron richness
of T leads to avoidance of strong T–T interactions,
covalent bonding interactions A–T gain in strength. They
are seen to get exhausted approximately at EF, with all
antibonding interactions being left unoccupied (Fig. 9d–f).
The weakest metal–metal interactions occur between rare
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earth species (A–A) and they always display available
bonding interactions above EF. Partial covalency A–C is
the cause for significant residual electronic population of
A, which also leads to minor A–A bonding interactions, an
observation which is consistent in general with the picture
of an interaction between formally naked cations.

Summing up, the carbometalate anions may be regarded
as structural entities, which contain the T–C bonds as the
strongest covalent interactions in these compounds. T–T

bonding within the complex anion is found in special cases,
where the electron count on T is not too high, i.e., where T

has formally less than five (remaining) electrons. The
covalent interaction between the complex anion and the
surrounding rare earth metal species is provided by A–C
and A–T bondings, the more important being the former
one.

3.3. Chemical bonding in the metal-rich carbide YRh3C

According to Table 1 the YRh3C-type compounds with a
(x+y)/z ratio of 4 are those metal-rich carbides which are
closest to carbometalates. Therefore, the electronic struc-
ture of YRh3C will be compared on the basis of COHP
diagrams (Fig. 10) with those of the carbometalates
discussed above (Fig. 9). Bonding interactions Rh–C are
strongly covalent and are fully exhausted below EF without
antibonding contributions being occupied. In fact, in the
crystal structure of YRh3C the Y–C interactions are even
shielded by Rh atoms which enclose all C atoms.

Concerning individual metal–metal interactions, the
Rh–Rh orbital interactions are sizable, but a large amount
of antibonding Rh–Rh bands is occupied as well, which
reduces the overall covalent Rh–Rh bonding by about
40%. The real structure may have some carbon-defects, as
is frequently observed for interstitial carbides [22]. This
would not greatly affect the band structure, except that the
Fermi level would be somewhat lower, thus leaving the
antibonding Rh–Rh bands less occupied. For compensa-
tion the mixed metal orbital interactions Y–Rh play an
important role since they are comparably strong and
bonding combinations are fully exhausted up to EF. It
would be interesting to analyse interactions Y–Y as
compared to those in carbometalates described above.
This is however not possible under comparable conditions,
since the distance Y–Y of 412 pm is too large to give rise to
sizable interactions although Y is expected to be signifi-
cantly electron richer compared with the respective
situation in carbometalates.

Comparing carbometalates and YRh3C on the basis of
individual bonds there is not much of a difference.
Unfortunately the interactions, A–A and A–C, which
should be enhanced due to a significantly larger electronic
population of the A species, are disfavoured by the crystal
structure. The major difference to carbometalates is seen
considering the bond multiplicities weigthed COHP dia-
grams (Fig. 10) and the ratios COHPM–M/COHPM–C

(Table 3). The relative importance of metal–metal bonds
with respect to metal carbon bonds has strongly increased
from values of maximally 1/3 (YCoC) to 1/1 in YRh3C
(Table 3). It is very interesting to note the different
behavior with respect to the strongly antibonding T–T

contributions. While in the carbometalates the complex
anion adopts a structure where these few T–T interactions
are decreased in total, in the metal-rich carbide YRh3C
these numerous interactions are counterbalanced by the
mixed metal interactions A–T and no structural relaxation
occurs at all. Thus, the anionic part of the carbometalate
sensibly reacts on unfavourable individual interactions
within its framework, while the carbide YRh3C reacts
as an entity where the sum of collective interactions
counterbalances less favourable individual ones.

4. Carbometalates compared to nitridometalates as well as

to oxo- and fluorometalates

Nitridometalates represent a well established class of
compounds containing complex anions [TxNy]

n� which are
balanced in charge by cationic components from the first
and the second group of the periodic table (alkali and
alkaline-earth metal elements). It became already clear in
1997 [53] that one of the most interesting chemical aspects
of the nitridometalates is the preferred stabilisation of low
oxidation states of the transition metal elements, especially
of those with group-numbers X7. In fact, this means that
nitridonickelates(I), -cobaltates(I), -ferrates(I), and man-
ganates(I) are not exceptional [54–56], and even lower
valence states can be realized as was already
shown by Ba2[Ni3N2] with an average oxidation state for
Ni of +2/3 [57].
The general idea is that the higher polarizabilty of the

nitrido-ligand compared to the respective oxo-ligand
causes the stabilization of lower oxidation states of
the transition metal elements which are involved in the
formation of the complex anions. In other words, the
sequence of monoatomic ligands ‘‘F�- O2�-N3�’’
representing increasing polarizibility could be extended to
the carbo-ligand C4–, thereby opening the chance for
stabilization of even lower oxidation states of the transition
metal elements participating in the formation of complex
carbometalate units [TxCy]

n�.
By this, it becomes clear that the charge of the complex

carbometalate anions will significantly increase compared
to the nitride complexes and for reasons of charge
compensation electropositive components are needed with
a cationic charge as high as possible. This may be one of
the reasons why the carbometalates known up to now (see
Table 1) exclusively contain rare earth metals and actinoids
with their common valence states AIII and AIV. Alkali and
alkaline-earth compounds do not form with monoatomic
C4� species. Instead these low-valency metals form
compounds, where the carbon atoms have lower oxidation
states, i.e. acetylides and allylenides [58,59].
As nature is dominated by continuity and abrupt

changes are mostly avoided closer relationships between
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Fig. 11. Oxidation states and coordination numbers of 3d, 4d, 5d -metals

in carbo-, nitrido-, oxo-, and fluorometalates. Labels correspond to those

used in Table 4.
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the complex anions in nitrido- and carbometalates can be
expected and are actually obvious as will be demonstrated
exemplarily for the polyanionic structures shown in Fig. 8
(see also Table 1). ThIV2 [Ni0C2] [17] contains linear dumb-
bell ions [CNi0C]8� which are isostructural to the
[NFeIIN]4� units in the respective lithium compound [60].
Y[CoIC] [18] contains infinite linear chains 1

1[(Co
IC2/2)

3�],
a structural motif which is also present in the isotypic
crystal structure of Ca[NiIN] [61,62]. The crystal structure
of Pr2[ReIIC2] [15] contains polyanions 1

1[(ReIIC2/2C)
6�]

with ReII in a distorted trigonal-planar coordination by the
carbo-ligands. Trigonal-planar coordination of transition
metal elements with various distortions (from ideal to
T-shaped) and with various dimensionalities of the
complex anions are also observed in the crystal structures
of nitridoferrates(III) and –(II) [53]. Further examples for
the close structural relationships between nitrido- and
carbometalates could be added but shall be restricted here
to the comparison of general trends in the respective Mo
compounds only.

Whereas tetrahedral coordination of Mo is observed in
nitrido- as well as in carbomolybdates essential differences
are present in the oxidation states of the transition metal
element. The highest oxidation state of Mo in carbomo-
lybdates with tetrahedral anionic structures is III whereas
in tetrahedral nitridomolybdates the highest possible
oxidation state (VI) is easily reached (e.g., Li6[MoVIN4]
[69] and Ba3[MoVIN4] [179]). Although, the specifically
directed research in the preparation and characterization of
carbometalates is rather young [12] and the number of
known representatives is therefore clearly limited, it seems
to be already of general chemical interest to compare the
trends in oxidation states of the transition metal elements
by taking into account not only the carbo- and nitridome-
talates but also the respective oxo- and fluorocompounds.
At the moment this investigation has to be restricted to
compounds containing transition metals from groups 5 to
10 because up to now examples of carbometalates are
known only from this part of the periodic table.

In Fig. 12 the maximum oxidation states of the
transition metals elements in carbo-, nitrido-, oxo-, and
fluorometalates are shown without distinguishing between
3d, 4d, and 5d elements. This distinction is accounted for in
Fig. 11 (see Table 4) where not only the highest oxidation
states of the transition metal elements of the groups 5–10
are listed, but all oxidation states which are known from
the literature. The highest oxidation states of the transition
metal elements are realized in the oxo-compounds because
in spite of their greater electronegativity the fluoro-ligands
carry only one negative charge. Thus, for instance, in the
well-known oxide RuO4 the Ru atoms with tetrahedral
oxygen coordination are in the oxidation state VIII,
whereas in a corresponding hypothetical compound RuF8

the 8 fluorine ions can not sufficiently approach the small
Ru atom for steric reasons. For group 5 elements the
maximum oxidation state is reached in all the metalates
under consideration, the same is true for groups 6 and 7
except for the carbometalates which only reach the
oxidation state V for the transition metal elements. The
graded slopes in Fig. 12 starting from group 7 and 8,
respectively, clearly follow the trend of decreasing oxida-
tion states of the transition metal elements with the
sequence oxo-, nitrido-, carbometalates.
By careful discussion of the trends shown in Fig. 12 one

should be aware that the given values are regarded as
representative for normal pressure conditions. It can be
expected that by increasing the reaction pressure even
higher oxidation states may be reached for the transition
metal elements with the higher group numbers. First
indications in that direction were already obtained for the
nitridometalates of groups 9 and 10. Finally, with regard to
Table 4 we point out, that the lowest valence states (0) for
transition metal elements of groups 8–10 are reached in the
carbometalates.

5. Conclusion

We have classified ternary carbides AxTyCz (A ¼ rare
earth metals and actinoids; T ¼ transition metals) with
monoatomic species C4� as structural entities on the
basis of the metal to carbon ratios (x+y)/z. Two main
groups can be distinguished: carbometalates and
metal-rich carbides. And this distinction is justified by a
number of findings: (i) carbometalates form with a
defined chemical composition without significant
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Table 4

Oxidation states of 3d, 4d, 5d -metals in carbo-, nitrido-, oxo-, and fluorometalates; for each oxidation state one example and the reference is given. Labels

correspond to those used in Fig. 11

Label Carbon Nitrogen Oxygen Fluorine

(a) — — K2OsVIIIO5 [63] —

(b) — Li5ReVIIN4 [64] KMVIIO4, M ¼Mn,Tc,Re [65] CsReVIIF8 [66]

(c) KMVIIO4, M ¼ Ru,Os [67,68]

(d) Li6M
VIN4 M ¼ Cr,Mo,W [69] K2M

VIO4, M ¼ Cr,Mo,W [65] CsMVIF7, M ¼Mo,W [70]

(e) (Li2Ca4O)3(ReVIN4)4 [71] K2M
VIO4, M ¼Mn,Tc,Re [65] K2ReVIF8 [72]

(f) K2Fe
VIO4, Na2RuVIO4,

Ba2OsVIO5 [73–75]

(g) K2NiVIO4 [76]

(h) UIII/IVVV/IVC2
a [2] Li7M

VN4, M ¼ V,Nb,Ta [77–79] NaVVO3, K2M
VF7, M ¼ Nb/Ta

[83,84]

YMVO4, M ¼ Nb,Ta [80–82]

(i) UIII/IVCrV/IVC2,
a YMVC2,

M ¼Mo,W [2]

Ba5Cr
VN5, NdCrVO4, NaMVF6, M ¼Mo,W

[91,92]

LiMoVN2, La5MoIV/V6 O21,

Li0.84W
V
1.16N2 [85–87] Na0.74W

VO3 [88–90]

(j) UIII/IVMV/IVC2
a,

M ¼Mn,Tc,Re [2]

Li7MnVN4, Sr6.75ReV1.25N7O0.125

[77,93]

K0.48MnV1.94O5.18 CsReVF6 [96]

LiReVO3 [94,95]

(k) Ag3RuVO4, KMVF6, M ¼ Ru,Os

[99,100]

NdOsVO4 [97,98]

(l) K3Co
VO4, Pr3Ir

VO7 [76,101]

(m) KPtVF6 [102]

(n) La3NbIV2 N6, BaMIVO3, M ¼ V,Nb,Ta

[105–107]

Cs2M
IVF6, M ¼ V,Nb

[108,109]

Li2Ta
IV
2 N4 [103,104]

(o) Na2Cr
IVO3, BaCrIVF6,

SrMoIVO3 [110,111] Li2MoIVF6 [112,113]

(p) Li6Ca2MnIV2 N6 [114] CaMnIVO3 K2M
IVF6, M ¼Mn,Tc,Re

[117–119]

Li2ReIVO3 [115,116]

(q) BaFeIVO3,

Na2RuIVO3,

BaOsIVO3 [120–122]

(r) BaCoIVO3, Sr3RhIV2 O7, K2Co
IVF6,

Ca4Ir
IVO6 [123–125] Li2M

IVF6 M ¼ Rh,Ir [126-

128]

(s) BaNiIVO3, Li2Pd
IVO3 K2NiIVF6, Cs2Pt

IVF6

Ca4Pt
IVO6 [129–131] BaPdIVF6 [132–134]

(t) Ca3V
IIIN3 [135] LaVIIIO3, NaVIIIF4,

LaNbIII7 O12 [136,137] Hg3M
IIIF6, M ¼ Nb,Ta

[138-140]

(u) Ho2M
III
2 C3, M ¼ Cr,Mo

[2,9]

Ca3Cr
IIIN3 [141] DyMnIIIO3, LiMoIIIO2 [142,143] Li3Cr

IIIF6, K3M
IIIF6,

M ¼Mo,W [92,144,145]

(v) Ce2MnIIIN3 [146] LiMnIIIO2 [147] Na2MnIIIF5 [148]

(w) Ba3Fe
IIIN3[149] Li(Co1�xFe

III
x)O2, NaRuIIIO2

[150,151]

CaFeIIIF5 [152]
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Table 4 (continued )

Label Carbon Nitrogen Oxygen Fluorine

(x) LaCoIIIO3, LiRhIIIO3 [153,154] CsCoIIIF4, Sr2RhIIIF7

[155,156]

(y) NaNiIIIO2, LaPd
IIIO3, Na3NiIIIF6 [160]

PbPtIII2 O4 [157–159]

(z) NaVIIF3 [161]

(aa) Pr2M
IIC2, M ¼Mo,W

[12,13]

KCrIIF3 [162]

(ab) Pr2ReIIC2 [14] BaMnII2 O3 [163] KMnIIF3 [164]

(ac) Gd2OsIIC2 [15] Li4Fe
IIN2 [60] Na4Fe

IIO3 [165] NaFeIIF3 [166]

(ad) K4Co
II
2 O4 [167] NaCoIIF3 [168]

(ae) Ag2NiIIO2, Li2Pd
IIO2, NaMIIF3, M ¼ Ni,Pd

[168,172]

Na2Pt
IIO3 [169-171]

(af) Ce2Cr
IN3 [173]

(ag) Li2[(Li1�xMnIx)N] [174]

(ah) Li2[(Li1�xFe
I
x)N] [56] K3Fe

IO2 [175]

(ai) YCoIC [18] (Li,CoI)3N [176] Rb3Co
IO2 [177]

(aj) (Li,NiI)3N [176] NdNiIO2+x [178]

(ak) Ba2(Ni0/I3 )N2 [57]

(al) ThIV2 M0C2 M ¼ Ru,Os [17]

(am) ThIV2 Rh0C2, U
IV
2 Ir0C2 [16,17]

(an) ThIV2 M0C2 M ¼ Ni,Pt [17]

aThe oxidation state of the uranium atoms in their respective compounds is probably mixed or intermediate III/IV, as is frequently the case for uranium

compounds with similar composition [39].

Fig. 12. Maximum oxidation states of group 5 to 10 metals in carbo-,

nitrido-, oxo-, and fluorometalates.
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homogeneity ranges; (ii) the crystal structures contain from
a structural point of view specific polyanions [TyCz]

n�,
ranging from discrete units, chains, layers to three-
dimensional networks; (iii) the polyanions as structural
entities contain the T–C bonds as the strongest covalent
interactions; (iv) in contrast, the chemical bonding situa-
tion in the metal-rich carbides is dominated by metal–metal
interactions outweighing the still strong T–C interactions
simply by their large number; (v) carbometalates extend
naturally the sequence of complex anions from fluoro-,
oxo-, and nitridometalates.
The concept of carbometalates has of course its limita-

tions: (i) in the case of an unpredictable oxidation state of
the A species or due to increased metal–metal interactions the
assignment of charge to the polyanion is difficult; (ii) in the
case of metal to carbon ratios close to 2 or 4 the outcome,
i.e., the structural chemistry is unpredictable; (iii) even for
ideal carbometalates there may be significant distortions of
the [TyCz]

n� polyhedra due to A–T and T–T interactions.
The main benefit of the presented classification of ternary
carbides into metal-rich carbides and carbometalates is
probably its strategic help. Novel carbometalates may be
synthesized in a targeted approach and structural informa-
tion, e.g. the coordination polyhedra of the transition metals
and their linkages can be anticipated.
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[52] R. Dronskowski, P.E. Blöchl, J. Phys. Chem. 97 (1993) 8617–8624.

[53] R. Kniep, Pure Appl. Chem. 69 (1997) 185–191.
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