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Abstract

A variety of structural types of solid-state rare earth metal borocarbide materials containing
infinite two-dimensional layers, infinite one-dimensional chains, or finite groups of boron and
carbon are reviewed. Although the solid-state language of Zintl-Klemm concept, band struc-
tures, and density of states is necessary to rationalize this kind of compound, they are governed
by the laws that guide most molecular and solid-state structural chemistry: the relationship
between the electron count and the structural arrangement. More precisely, one could think
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of these materials as solid-state coordination compounds in which the classical bonding
scheme of o-donation, sometimes supplemented by some n-backdonation, is present. © 1998
Elsevier Science S.A. All rights reserved.

Keywords: borocarbide; coordination chemistry; electronic structure; rare earth metal; solid-
state structure

1. Introduction

The structural chemistry of boron-containing compounds is particularly rich and
varied (see for instance refs. [1-4]). It includes ternary rare earth metal borocarbide
solid-state materials of formula M, B,C, (M=Sc, Y, Ln, An), which constitute a
growing family offering a broad diversity of original topologies, most of them
unique, especially with respect to the bonding within the non-metal frameworks.
[Throughout this review, the words “rare earth metal” refer to the elements Sc, Y,
lanthanides and actinides.] These compounds, generally prepared by arc melting
techniques, receive increasing attention these days because of their mechanical,
magnetic and electrical properties. As far as we know, all are electrical conducting
materials and some of them have even demonstrated superconducting behavior at
low temperature. Those having been structurally characterized are listed in Table 1.
They can be classified into three categories, depending upon the arrangement of the
non-metal atoms. In the first category, boron and carbon atoms form infinite, planar,
two-dimensional (2-D) networks which alternate in the solid with 2-D sheets of
metal atoms. In the second family, the association of boron and carbon gives rise
to infinite one-dimensional (1-D) zig-zag chains of boron atoms on which carbon
atoms are tethered. These branched chains, isolated from each other, are inserted
in channels built by the metal atoms. The third category contains compounds in
which boron and carbon atoms assemble to linear or quasi-linear finite pseudo-
molecules trapped into holes made by the metallic matrix. These finite chains can
have different sizes, ranging hitherto from three atoms, such as BC, in Sc,BC, [20]
for instance, to 13 atoms, such as B;Cg in C;(B,C;, [17]. Note that in the same
material chains of different size, as well as isolated C atoms or C, units, can co-exist
(see Table 1).

According to electronegativities, charge transfer must proceed from the rare earth
metals to boron and carbon. Using the Zintl-Klemm concept [22,23], that is
assuming an ionic bonding mode between fully oxidized metal atoms (usually
M3*, sometimes M** such as Ce or Th) and the anionic B/C system, it is possible
to define an averaged valence electron count (VEC) per non-metal atom. For a
compound of general formula M, B,C_, VEC=(nx+3y+4z)/(y+z), with n=3 or 4
depending on the metal oxidation state [24]. The VEC values have been calculated
for the compounds given in Table 1. They should be considered as only approximate
values since, even considering the ionic bonding scheme as satisfactory, the metal
atoms do not always need to be fully oxidized to fulfil the electronic requirements
of the anionic boron—carbon entities (vide infra). Nevertheless, such an approach
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Table 1
Different M,B,C, rare earth metal borocarbides structurally characterized. The VEC is calculated with
n=3. It is given in brackets for n=4

Structural type VEC* B-C network (y+z)/x Reference

Two-dimensional networks

LaB,C, (Y to Lu) 4.25 2/,-(2B2C).(4B4C) 4.0 [5]
ScB,C, 4.25 2/,-(2B3C).(4B3C) 4.0 [6]
YB,C (Sc, Tbto Lu) 433 2/,-(2B2C).(5B2C) 3.0 [7.8]
ThB,C (Ce, U®, Np, Pu) 4.33 (4.67) 2/,.-(6B).(6B(3C)) 3.0 [9]
UB,C® 433 (4.67) 2/.-(6B(2C)) 3.0 [10]
Gd,B,C, 4.60 2/.-(8BAC) 25 [11]
Infinite branched chains

YBC (Dy, Ho, Er) 5.00 1/,,-[B,C,] 2.0 [7.8]
ThBC 5.00 (5.50) 1/.-[B,C,] 2.0 [12]
UBC (Np, Pu) 500  (5.50)  1/,-[B,C,l 2.0 [13]
UBy.15C1 .25 5.11 (5.61) 1/.-[B,C,] 2.0 [14]
Th,B,C, 540 (6.00) [C]-1/,-B,C,] 1.67 [15]
Finite linear chains

La,sB..Cro 4.94 [B,C-I[BsCq] 22 [16]
Ce1oBoCyy (La, Nd) 5.00 [BsCsl[B.C.] 2.1 [17]
CesB,C; 5.22 [B4C,][B;C5][BC,J[C] 1.8 [18]
CesB,C, (La, Gd, Ho) 5.63 [BC,IIC,] 1.6 [19]
Sc,BC, 5.67 [BC,] 1.5 [20]
GdsB,Cs (Sm) 5.86 [BG,IIC] 1.4 [21]

* Averaged valence electron count per main group atom.
® High temperature.
¢ Low temperature.

provides a crude relationship between the number of electrons and the dimensionality
of the non-metal network present in these compounds. Phases with 2-D boron—car-
bon networks are associated with the lowest VECs, whereas the largest VECs are
found for the phases containing finite linear boron—carbon chains. The materials
containing 1-D non-metal networks are characterized by intermediate VEC values.
This trend can be explained by the fact that, for a given stable compound, formal
adding of supplementary electrons will result in the occupation of antibonding B/C
levels. Consequently, bond breaking is expected, inducing a decrease in the connectiv-
ity between the atoms and thus the dimensionality of the non-metal network.
Although it provides a rough rationalization of the M, B,C, phases, the calculation
of VEC is not sufficient to understand the local environment of the boron and
carbon atoms. A deeper insight into the rationalization of this extremely rich
structural chemistry can be obtained through an overview of the various theoretical
analyses which have been carried out on these compounds, particularly in our
laboratory [11,20,24-29]. Therefore, this review deals not only with the description
and classification of the crystal structures of rare earth metal borocarbides, but also
with their bonding and rationalization. A somewhat personal evaluation is presented
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from a molecular viewpoint regarding these solid-state compounds as giant “metal
complexes”. Emphasis is placed on the “coordination” aspect encountered in this
kind of solid-state material.

Hitherto, the majority of theoretical work devoted to this kind of compound has
been within the one-electron non-self-consistent extended Hiickel tight-binding
(EHTB) method [30-33], sometimes complemented by quantitative self-consistent
ab initio Hartree—Fock (HF) or density functional theory (DFT) methods (for an
introduction to density functional theory, see for instance refs. [34-36]). From the
results obtained, it appears that the bonding between the light atoms can be under-
stood assuming in a first approximation a purely ionic bonding mode between the
metallic cations and the anionic boron—carbon sublattice. This is a crude approxima-
tion. Indeed, a large degree of covalent metal-non-metal bonding is present in these
phases. Nevertheless, it allows in most cases a complete understanding of the topol-
ogy of the non-metal networks. Therefore, the first and crucial question when
looking at the bonding in a particular M,B,C, compound is that of the metal
oxidation state, i.e. how many metal electrons need formally to be transfered to
satisfy the electronic demands of the boron—carbon entities. An answer is provided
in the following sections for the different families of rare earth metal borocarbide
phases given in Table 1.

2. Two-dimensional boron—carbon networks

Layered compounds made of alternate boron—carbon and metallic sheets consti-
tute a substantial class among the M—B—C materials. They are generally characterized
by a VEC around 4-4.5.

2.1. The MB,C, phases

Two different MB,C, structural types have been characterized, namely LaB,C,
[5] and ScB,C, [6]. They are shown in Fig. 1. The LaB,C, type exists for the whole
lanthanide series as well as for Y and Ca [2]. A recent investigation into YB,C,
indicates that these phases adopt a tetragonal layered structure [see Fig. 1(a)] [37].
Within the boron—carbon 2-D layer, each atom is bonded to three other atoms so
as to form fused four- and eight-membered rings. Each four-membered ring is made
of two boron and two carbon atoms in opposite positions, whereas each eight-
membered ring contains four boron and four carbon atoms with B-B, B-C and
C-C contacts (1.64, 1.61, and 1.37 A, respectively in YB,C,) [37]. In ScB,C,, the
boron—carbon layers consist of fused five- and seven-membered rings [see Fig. 1(b)].
The metal atoms are located above and below the eight-membered rings, in
LaB,C, type phases, above and below the seven-membered rings in the ScB,C, phase.

In both 2-D boron—carbon networks, all the atoms are three-connected. Indeed,
these two planar arrangements of sp>-type atoms are isostructural to hypothetical
metastable allotropic forms of carbon which have been proposed by Balaban et al.
[38,39]. This suggests a formal charge partitioning (M?*)(B,C,)?~. Consequently,
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Fig. 1. Top view and side view of the structural arrangement of (a) YB,C, and (b) ScB,C,.

both (B,C,)?~ networks present in LaB,C, and ScB,C, type phases can be described
by several canonical Lewis formulae in which all the atoms satisfy the octet rule.
It turns out that the distribution of the non-metallic atoms in the B—C networks
associated with this formal charge partitioning, frequently termed the ‘“‘coloring
problem” [40], has been widely debated in the literature and is still controversial
[41]. Smith et al. initially proposed a coloring with alternating boron and carbon
atoms for the MB,C, (M =lanthanide) compounds [42]. Among several possible
canonical formulae for such a coloring, two of them are shown in 1. Some years
later, the alternative pattern shown with two possible Lewis formulae in 2 was
initially proposed by Bauer et al. for YB,C,, LaB,C,, and CaB,C,, and recently
confirmed for YB,C, on the basis of X-ray measurements [5,7,8,37]. EHTB calcula-
tions by Burdett et al. on these two possible structures found that coloring 1 is the
most energetically stable for an isolated (B,C,)?~ 2-D system [41]. Indeed, the
comparison of the density of states (DOS) of the 2-D (B,C,)*>~ nets 1 and 2 indicates
that the latter, for which there is no gap at the Fermi level (i.e. no HOMO/LUMO
gap), is unstable with respect to the former, for which a significant band gap is
opened at the Fermi level. A molecular analogy can be made with the square
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cyclobutadiene molecules which are best stabilized by attaching electron-donating
and electron-withdrawing groups alternately around the ring and B,X,R, (X=N,
P) molecules (see for example ref. [43]).
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Calculations on the full 3-D CaB,C, and LaB,C, compounds confirm the energetic
preference for isomer 1, suggesting that the La atoms act as two-electron donors to
the boron—carbon sheets, the third valence electron remaining in the narrow d
metallic band [41]. On the other hand, the same authors found the opposite coloring
2 to be the most stable in the case of a (B,C,)*~ 2-D system, but gave no indication
on the (B,C,)*” case. Therefore, the question of the metal oxidation state in the
case of M =Y or lanthanide remains open. Indeed, an accurate single-crystal X-ray
study carried out recently by Pottgen [37] and "B NMR measurements performed
by Le Floch et al. [44] found coloring 1 to be that of YB,C, [see Fig. 1(a)]. These
new results suggest that, contrary to the EHTB calculations on the 3-D LaB,C,
structure, the metal-to-non-metal electron transfer is complete in the case of M=
rare earth metal.

The different arrangement in the non-metallic planes observed for ScB,C, [see
Fig. 1(b)] is often interpreted as resulting from the smaller size of Sc compared to
Y and the lanthanides [6]. However, Burdett et al. have proposed an electronic
explanation [40] based on the oxidation states of the metal atoms. According to
these authors, ScB,C, should be best described with the (Sc**)(B,C,)®~ charge
partitioning, while they propose (M?2*)(B,C,)?>" for the LaB,C, structure type (see
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above). Obviously, more experimental and theoretical data on the various MB,C,
compounds are needed to clarify the bonding in these phases.

An alternative arrangement has been reported for MgB,C, [45]. According to
(Mg?*)(B,C,)?~, this material contains graphite-like sheets slightly puckered
because of the specific distribution of the metal atoms above and below. This
arrangement, isoelectronic with that noticed in CaB,C,, has not been observed yet
with rare earth metals.

2.2. The MB,C phases

The three structural types which have been reported for the MB,C phases, namely
ThB,C [9], «-UB,C [10], and YB,C [7,8], are shown in Fig. 2. Although they all
present similar packing of alternating metal and non-metal layers, they differ signifi-
cantly from their topologies within the boron and carbon networks. In ThB,C boron
hexagons are fused with nine-membered rings of boron and carbon atoms. The
a-UB,C phase presents fused eight-membered rings of light atoms, whereas fused
four- and seven-membered rings are encountered in YB,C.

In fact, ThB,C and a-UB,C are strongly related both from the structural and
electronic viewpoint. As can be seen in 3 and 4, the 2-D arrangement of the non-
metallic network in both compounds is made of the same linear
B(sp?)-C(sp)-B(sp?) building blocks. The B-C-B units assemble together through
B(sp?)-B(sp?) single-bond contacts (ca. 1.8 A). In ThB,C, the arrangement of the
boron atoms in hexagons is structurally reminiscent of that observed in benzene.
The 2-D non-metal network of a-UB,C can be described as a set of infinite chains
of sp? boron atoms resembling the ideal cis—trans conformation of polyacetylene,
linked to each other. The rather short B-C distances (ca. 1.5 A) suggest some B—C
double-bond character [24]. Double bonds would be nicely accounted for with the
formal (M?2*)(B,C)?~ charge partitioning. However, such a formal charge is not
consistent with the two sp? boron atoms being coplanar. Indeed, a 16-electron
(B,C)?™ repeat unit is isoelectronic with allene, H,C=C=CH,, and consequently
is expected to adopt the non-planar geometry 5 instead, in which the boron coordina-
tion planes are perpendicular to each other. This is supported by ab initio calculations
on the isoelectronic molecular model [H,B=C=BH,]*~, which was found to adopt
the same non-planar D,4 symmetry as allene [25]. It is possible in turn to imagine
an MB,C structure based on the assembly of allenic-like (B,C)?~ segments. As
shown in Fig. 3, a 3-D boron—carbon arrangement is obtained with holes in which
would reside the divalent metal atoms such as, for instance, Mg>*. Another way to
look at the B-C network of this hypothetical structure is to consider layers of
isolated infinite zig-zag boron chains running perpendicular to each other, linked by
carbon atoms. It turns out that this B-C arrangement mentioned here is identical
to one of the numerous hypothetical allotropic forms recently proposed by Elguero
et al. [46]. Preliminary EHTB and DFT calculations on these arrangements suggest
that this type of material should be metallic, if it exists [47].

A better formal charge which would account for the co-planarity of the sp? boron
atoms in the B-C-B repeat unit present in ThB,C and a-UB,C is 4 —, as exemplified
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Fig. 2. Top view and side view of the structural arrangement of (a) ThB,C, (b) a-UB,C, and (c) Sc
B,C.,.

by the canonical formulae shown in 6, in which all the atoms satisfy the octet rule.
The possibility of an oxidation state of 4+ for Th and U allows such a charge
distribution. The (B,C)*~ building block possesses four m-electrons with a B—C
bond order of 1.5. It allows the 2-D boron—carbon network to be planar. However,
a new question arises: why is the sp carbon atom linearly coordinated? A bent
(BCB) angle with an sp? carbon atom is intuitively expected from 6. It turns out
that EH and ab initio calculations show that the answer lies in the electronegativity
difference between boron and carbon [24,25]. Calculations on several isoelectronic
molecular models, such as [H,CCCH,]*>~, [H,BCBH,]*~ or [H,BOBH,]*, indicate
that the optimized (CCC) angle is, as expected, close to 120° in the former. On the
other hand, the potential energy surface associated with the bending is flat around
linearity in the other two models containing atoms with different electronegativities.
This opposition to bending due to an electronegativity effect should be general in
chemistry.
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Fig. 2. (continued)

EHTB calculations on the 2-D (B,C)* ™ nets present in ThB,C and o-UB,C give
comparable results [24]. Their total energies differ by only 0.06 eV per B,C repeat
unit, a value which is not significantly different from zero at the considered level of
theory. In both cases, the computed number of n-electrons per (B,C)* unit is
exactly or almost exactly equal to 4, in full agreement with the Lewis structures
drawn in 6. The DOS of these 2-D sublattices are very similar, exhibiting a semi-
metallic shape for the considered electron count. This is exemplified in Fig. 4(a)
which shows the DOS of the (B,C)*~ net of a-UB,C. As we will see later, this semi-
metallic feature is a characteristic of the non-metal anionic networks of many rare
earth metal borocarbides. Another common characteristic is the shape of the B-B
crystal orbital overlap population (COOP) curve [24]. This curve, which shows the
variation of the average B-B overlap population with respect to energy, is given in
Fig. 4(b) in the case of the (B,C)*™ net of a-UB,C. It is positive below the Fermi



732 J. Bauer et al. | Coordination Chemistry Reviews 178—180 ( 1998) 723-753

A N o _ No o N,
B—C < /B C B\ /B B\ /B
—B\ /B—B\c /B— C\ /C C\ /c
C\ /C \ /C /B—B\ /B—B\
B—B B—B —B B—B B—
/SN /N \ [\ /
—B B—C—B B C\ Cc C\ /C
\B———B/ \B——B/ B—B/\ B—B\
C/ \C\ C/ \C —B/ B—B/ B—
—B B—B/ B— \C\ C/ \C C/
B—C—B B—C—B /B—B/\ /\B——B/\

(3) C)]

Fig. 3. Hypothetical arrangement for MB,C based on the assembly of allenic-like (BC,)? " units.



J. Bauer et al. | Coordination Chemistry Reviews 178—180 ( 1998) 723-753 733

i

(©)

level, and changes its sign right at the Fermi level to become negative above the
Fermi level. This is not the case for the B-C overlap population [see Fig. 4(b)],
which changes its sign far below the Fermi level. Therefore, B-B bonding in these
(B,C)*" planes is optimum, while B-C bonding is not. This result suggests that the
topology of the non-metallic systems in these phases is dominated by the B-B
bonding interactions.

As for the isolated non-metallic sublattices, EHTB calculations carried out on the
full 3-D ThB,C and a-UB,C materials give very similar results [24]. The total DOS
and the metal projection of a-UB,C are shown in Fig. 4(c). The levels situated
above the Fermi level are mainly metallic in character. The presence of this d-band
above the Fermi level is in full agreement with an oxidized tetravalent metal. The
states situated below the Fermi level derive mainly from the occupied states of the
isolated (B,C)*~ 2-D fragments. However, they present some significant metal
character, indicating a rather strong covalent interaction between occupied orbitals
of the (B,C)* ™ network and the vacant metal d orbitals. A transfer of approximately
one m-electron per formula unit occurs from (B,C)*~ into the 6d metal orbitals in
both MB,C (M =Th, U) phases. This illustrates that a purely ionic picture is a
good starting point to explain the arrangement observed in the different non-metal
networks, but not sufficient to describe the total bonding mode in these types of
compounds.

The structure and electronic properties of ThB,C and a-UB,C are closely related.
At high temperature the o-UB,C phase transforms into the B-UB,C phase, which
is isostructural to the ThB,C arrangement. A concerted mechanism for the trans-
formation has been proposed [10]. A theoretical investigation of this mechanism
suggests that the empty 6d metallic band might act as an electron buffer during the
transformation process, first accepting electrons from the non-metal lattice and then
releasing them [24].

The reason why the topology of the non-metal sublattice in YB,C is not directly
related to that of ThB,C and o-UB,C (see Fig. 2) comes from the different oxidation
states of the metal atoms. In the former case, the metal cannot be tetravalent and
the best formal charge partitioning is (Y3*)(B,C)*~ [24]. For this electron count,
four canonical Lewis structures, all satisfying the octet rule for B and C, account
for the planarity and the partial double-bond character of the B—C bonds. One of
them is shown in 7. It is noteworthy that such a description corresponds also to
four m-electrons per (B,C)3~ repeat unit, as for the (B,C)*~ repeat units in the
ThB,C and o-UB,C systems. The total charges of the B,C building blocks being
different, they differ by the number of c-electrons, which is lower by one in the
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YB,C phase. As a consequence, the number of o bonds is larger in YB,C, the
carbon now being triconnected. Nevertheless, the DOS and COOP curves of the
2-D (B,C)*~ net present in YB,C are strongly related to the corresponding curves
of the (B,C)*~ of a-UB,C for instance (compare Figs. 4 and 5). In particular, a
semi-metallic character at the Fermi level in the DOS and the change of sign of the
B-B overlap population at the Fermi level are also noticed (experimental B-B
separations are comparable to those measured in ThB,C and o-UB,C [7-10]). The
computed number of m-electrons per (B,C)*~ unit is almost exactly equal to four,
in agreement with several canonical formulae such as that shown in 7. These
similarities originate mainly from the m-electronic structures of the non-metal anionic
networks, which are strongly related in the three MB,C phases. As a consequence,
their covalent bonding with the metal sublattice is also related. The EHTB total
DOS and metal projection of YB,C look similar to those of the other MB,C phases,
and the m-electron transfer from the (B,C)®~ repeat segments into the 3d AO of
the Y3* cations is also close to one [24].

\ \

// I/
/C\E/B - /C\E/B\
B/ g—B_/

I
\B/ \B\ /\E\B/ \B//
A
— c —

/// \B/ B\ /B/ \B/ B

\c/ //B/ \c/

(0]

2.3. The Gd,B;C, phase

We have seen in 3 and 4 two ways to construct 2-D nets from the assembly of
linear and planar (B,C)*~ segments. An alternative arrangement consists of infinite
zig-zag chains of boron atoms, resembling the all-trans conformation of polyacety-
lene, linked to each other via sp carbon atoms, as depicted in 8. EHTB calculations
on such a hypothetical (B,C)*~ 2-D framework give no significant differences with
the results obtained for the isoelectronic 2-D systems mentioned previously [24].
Therefore, such a non-metal network should be stable as part of a metal ternary or
quaternary phase, providing that there is space enough for inserting the cations.

It turns out that the presence of such zig-zag chains of boron atoms inserted in a
2-D boron—carbon net is observed in the Gd,B;C, phase, as shown in Fig. 6. In this
compound, the building block of non-metallic planes is not the simple B-C-B motif
as in ThB,C and UB,C, but rather a longer B-C-B—C-B linear unit [11]. The B-B
distances are 1.92 A, whereas the B-C distances are either 1.41 A or 1.60 A. EH
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and ab initio calculations on various anions of the H,BCBCBH, molecular model
indicate that the best formal charge for this 2-D network is (B3C,)° ~. This charge
corresponds to the canonical formulae 9 in which all the atoms obey the octet rule.
Such an electron distribution accounts nicely for the planarity of the network, as
well as the linearity of the B;C, motif, which is also related to the electronegativity
difference between carbon and boron. EHTB calculations on the (B;C,)°~ 2-D sheet
present in Gd,B;C, lead to similar electronic characteristics for the DOS and B-B
overlap population as those described above for the non-metal anionic B,C sublat-
tices. The assignment of the formal charge of 5— to the non-metal repeat unit leads
to a mean oxidation state of 2.5+ for Gd. In other words, the metal atoms do not
need to be fully oxidized to fulfil the electronic demands of the B—C framework.
Consistently, the DOS of the full 3-D Gd,B;C, generates in the bands around the
Fermi level a metal character slightly larger than that in the MB,C phases [11].

E;E—E:B:C:Bi\js-__, I:BZC:B:E_%ZF,_

(&)

3. Infinite boron—carbon chains

The three structural types corresponding to the MBC stoichiometry, YBC [7,8],
UBC [13], and ThBC [12], are illustrated in Fig. 7. In all of them, the metal atoms
depict trigonal prisms which condense along one direction through square faces and
along another direction through triangular faces, forming infinite 2-D slabs. Boron
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Fig. 6. Top view and side view of the structural arrangement of Gd,B;C,.

atoms are located at the center of the metal trigonal prisms forming isolated infinite
zig-zag chains, which are branched by terminal carbon atoms. The way the MBC
slabs stack leads to the different structural arrangements. In YBC, they stack in
such a way that they face each other, leading to long C-:--C interslab separations
[see Fig. 7(a)]. Similar slabs stack in UBC in such a way that a carbon atom of one
slab sits in front of a metal atom of the next slab and conversely [see Fig. 7(b)]. A
rotation by 90° of one slab over two in UBC generates the arrangement observed
in ThBC, in which the chains are running in two perpendicular directions [see
Fig. 7(c)]. Boron chains are regular in YBC and UBC (dp_5=2.00 A and 1.90 A,
and dy c=1.64 A and 1.52 A, respectively) [7,8,13]. On the other hand, the boron
chains are distorted in ThBC with alternatively short and long B-B bonds
(dy5=1.77/2.47 A and dy c=1.54 A) [12]. One can even question the existence of
a bond for the longest one. In addition to isolated carbon atoms, Th;B,C; contains
the same kind of distorted chains (dp_g=1.77/2.30 A) [15]. Values of VEC around
5 are calculated for these kinds of material (see Table 1).
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Fig. 7. Structural arrangement of (a) YBC, (b) UBC, and (c) ThBC.

The bonding within a 1-D chain can be nicely understood from the analysis of
its band structure [26,27]. This is recalled in Fig. 8(a) for the regular chain. The =
MO diagram of the (B,C,) unit cell is shown on the left side of the figure. In the
extended chain, each of these m levels generates a band. Because of the presence of
a screw axis along the regular chain, the bands are degenerate at the edge of the
Brillouin zone. Assuming the charge partitioning (M3*)(BC)*~, the Fermi level lies
very close to the bottom of the m; band. With (slightly more than) two occupied «
bands per B,C, repeat motif, the bonding in the infinite (BC)*~ chain can be
described by the Lewis formula 10, which presents two m-electron pairs per B,C,
unit. Such a formal electron distribution corresponds to the YBC phase [26,27]. It
is interesting to mention that the (BC)®~ chain is isoelectronic with a hypothetical
polymer of CO, which in fact exhibits a very similar band structure [48]. Indeed, a
recent ab initio study on poly-CO suggests that this kind of chain is thermodynami-
cally stable [49]. The potential energy surface associated with the rotation around
the C-C single bonds is particularly flat, despite the expectation of some second-
order Peierls (i.e. second-order Jahn-Teller) instability arising from the o/n band
crossing near the Fermi level [see Fig. 8(a)]. Therefore, the observed planarity of
the 1-D chains in YBC may be imposed by the interaction with the metal atoms
[26,27].
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Fig. 7. (continued)

\N
O/
AN
7
AN
7

c c o
LI T

I
N NR\Z N

(10

Going from (BC)*~ to (BC)*~ corresponds to the full occupation of the n; band
leading to a HOMO-LUMO degeneracy at the edge of the Brillouin zone [see
Fig. 8(a)]. This should induce a Peierls instability which in turn leads to a distorted
structure with alternately short and long B-B contacts, opening a band gap at the
Fermi level [see Fig. 8(b)] [26,27]. This suggests that the metal is tetravalent in
ThBC and Th;B,C; in which distorted chains are present [26,27]. With three
occupied © bands per B,C, repeat motif, the bonding in the (BC)*~ chain can be
described by the Lewis formula 11, which contains three n-electron pairs per B,C,
unit. However, this Lewis formula cannot fully explain the very long B—B contacts
observed in the thorium phases [26,27]. Formula 12, which corresponds to “iso-
lated” (B,C,)®~ units, can be invoked. However, having different numbers of ¢ and
n electrons than that predicted by the band structure depicted in Fig. 8(b), it cannot
be considered as a resonance formula of 11 in a 1-D space. The situation is somewhat



J. Bauer et al. | Coordination Chemistry Reviews 178—180 ( 1998) 723-753 741

==="total

fzzemeem

Energy (eV)
.5

(-) Antibonding Bonding (+)

_‘
>
o
o
7]

3] -==total —8-5(1.824) —BC
B-B(2.22 A)

g,80"

£1807

Energy (eV)

DOS () Antibonding Bonding (+) (-) Antibonding Bonding (+)

ﬂ
x

b)

Fig. 8. (a) ® MO diagram for the B,C, unit cell, band structure, total density of states (dashed line) with
boron contribution (solid line), and COOP curves for B-B (solid line) and B—C (dashed line) contacts
for the regular zig-zag (BC),, chain. (b) Band structure, total density of states (dashed line) with boron
contribution (solid line), and COOP curves for B-B (solid line) and B-C (dashed line) contacts for the
distorted zig-zag (BC),, chain. The Fermi level is indicated for charges of 3— (dotted line) and 4—
(dashed line).
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different in the full 3-D compound where symmetry allows both configurations to
mix. EHTB calculations on ThBC and Th;B,C; indicate that both canonical formu-
lae 11 and 12 have to be considered, the latter having the lowest statistical weight
[26,27].
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The various compounds adopting the UBC structural type are slightly more
difficult to rationalize, partly because some of the structural data which have been
reported are not very accurate. A recent structural determination of UBC indicates
regular chains, suggesting the (U3*)(BC)?~ charge partitioning [26,27]. The
boron—carbon chains in the carbon-enriched non-stoichiometric phase UB ;5C; 5,
are more electron rich [(U**)(Bg.+5C; 2,)° " isoelectronic with (U3*22%)(BC)3227]
and consequently are expected to be at least slightly distorted, as observed by
neutron diffraction (dy y=1.71/2.04 A) [14], but not by X-ray diffraction
(dg_g=1.89 A) [14]. Assuming that the uranium oxidation state is the same in all of
these phases (U*"), the (BN)3~ chains in UBN are isoelectronic with (BC)*~ chains
and consequently they should be distorted. Although X-ray powder experiments
indicate regular chains (dg_5=1.89 A)[50], it is likely that bond alternation is present
in this phase.

Again, as for the MB,C phases, calculations on the 3-D MBC materials indicate
strong covalent character between the metal and non-metal moieties with the Fermi
level crossing the bottom of the metallic d band and the top of the B-B bonding
band [26,27].

With less electrons per BC unit, higher connectivity is expected as observed in
LiBC [51]. According to (Li*)(BC)~, boron and carbon atoms form 2-D planar
layers which are isostructural and isoelectronic with graphite. These graphite-like
sheets alternate with hexagonal planes made of alkali metal atoms.

4. Boron—carbon “molecules”

Ternary rare earth metal borocarbide compounds containing finite boron—carbon
units encapsulated in metallic channels are more electron-rich than those previously
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mentioned, with VEC values spreading over the range 5-6. As shown in Table 1,
different kinds of unit have been stabilized in these materials. Two-atom (C,) and/or
three-atom (BC,) chains are found in metal- and carbon-rich compounds such as
Sc,BC, [20], CesB,Cq [19], and GdsB,Cs [21]. Longer chains are observed when
the B/C ratio increases, such as in La;sB,,C;s, Which contains eleven-membered
B,C, and BsCq units [16,28], in Ce;oByCj,, in which are inserted 13-membered
B;C; chains (the longest thus far observed in these compounds) and eight-membered
B,C, chains [17,28], and in CesB,Cs, which contains three-membered BC,, six-
membered B;C; and eight-membered B,C, chains, in addition to single C atoms
[18,28]. The B-B, B-C, and C-C bond distances, which vary between 1.57 A and
1.68 A, 1.43 A and 1.58 A, and 1.30 A and 1.35 A, respectively, suggest some double-
bond character. The associated bond angles vary from 180° to ca. 140°. The deviation
away from linearity of some of these pseudo-molecules probably results from crystal
packing forces. The bonding in some of these materials was recently analyzed in
detail [28,29].

4.1. A simple example: Sc,BC,

In all compounds, the metallic sublattice consists of a three-dimensional (3-D)
framework resulting from a regular or irregular stacking of 2-D (sometimes corru-
gated) square nets. Such an arrangement leads to the formation of small holes of
different sizes in which roughly linear B,,C, units are embedded, as exemplified by
Sc,BC, which contains C-B—C entities (see Fig. 9) [20].

The crystal structure of Sc,BC, is related to that of CaC,. The BC, chains are
perfectly symmetrical and linear, with B—C distances (1.48 A) suggesting double
bonds. The EHMO diagram of such an isolated unit is shown in Fig. 10. Its level
ordering is qualitatively similar to that of CO,, with a favored valence electron
count of 16 leading to a formal charge of 5— [20]. For such an electron count, all
the bonding and non-bonding levels are occupied and separated from the empty
antibonding orbitals by a large HOMO/LUMO gap. Ab initio calculations at the
MP2 level on the 16-electron (BC,)°~ anion located in a modelized cationic environ-
ment lead to an optimized distance of 1.49 A, a value in good agreement with the
observed one (1.48 A) [28,29].

Occupied MOs at relatively high energy and vacant MOs at relatively low energy
provide the ingredients for ligands being a good o-donor, and forming, as in a
classical molecular coordination compound, metal-ligand covalent bonding. This
was confirmed by EHTB calculations [20]. The analysis of the DOS of Sc¢,BC, given
in Fig. 11 shows that the major bonding interaction occurs via an electron transfer
from the occupied bonding and non-bonding orbitals of the (BC,)*” units into
empty states of the metallic d-band. This rather strong metal-ligand covalent charac-
ter is reflected by the presence of a metallic participation in the boron-carbon
valence band and the dispersion of the boron—carbon bands after interaction with
the metallic host. The occupation of the BC, frontier orbitals in the 3-D solid is
consistent with the (BC,)®~ charge assignment, leading to an average formal oxida-
tion state of 2.5+ for the metal atoms. The Fermi level lies at the very bottom of
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Fig. 9. Structural arrangement of Sc,BC,.
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Fig. 11. Total density of states (dashed line), total and FMO contributions of the BC, units (solid line)
for Sc,BC, (from ref. [20] with permission).

the d-band, in agreement with the fact that there is formally half of an electron per
metal atom. Preliminary results obtained from DFT band structure calculations on
Sc,BC, support this EHTB analysis [52,53].

4.2. Other compounds containing triatomic “‘molecules”

Other solid-state compounds containing molecular BC, units buried in a solid
matrix were recently reported. AI;BC;, prepared by Hillebrecht and Meyer, contains
symmetrical and linear BC, chains (dy c=1.44 A) in addition to isolated carbon
atoms [54]. Slightly asymmetrical BC, units are found in CesB,Cs [18], CesB,Cq
[19] and LasB,Cg [55]. Preliminary work carried out in our laboratory on
M;B,Cs (M =Sm, Gd), the structure of which is related to Ces;B,C,, indicates that
nearly linear BC, chains are trapped in metallic holes [21]. Significantly bent BC,
units are present in the quaternary compounds La;Br,BC, [(C-B-C)=148°,
dy «=1.49 A] [56] and LaoBriB;Cy [(C-B-C)=141°, dy o=1.51 A] [57].

Interestingly, Mattausch et al. describe the bent BC, groups in La;Br,BC, and
LayBrsB;C as 18-electron (BC,)” ™ anions, isoelectronic with the bent SO, molecule,
rather than as 16-electron (BC,)°~ anions [57]. This is supported by DFT calcula-
tions [57]. Ab initio calculations at the MP2 level carried out in our laboratory on
(BC,)"™ (n=5, 6, 7) anions stabilized in a modelized cationic environment led, as
expected, to longer B—C separations and smaller bent angles upon the increase of n
(1.49 A and 180° for n=5; 1.61 A and 135° for n=6; 1.86 A and 115° for n=7)
[28,29]. These results indicate also that a small bending of the BC, unit for n=5 or
forcing the anion to be linear for n=6 and 7 are not costly in energy. This suggests
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that in all the compounds mentioned above, the BC, anionic pseudo-molecules are
better described with a formal charge of 5— (or eventually 6 — if they are significantly
bent) rather than the charge of 7— proposed by Mattausch et al. [28,29]. A
comparison can be made with the coordination of CO, in transition metal molecular
complexes. Examples of coordination modes leading to bent and asymmetrical
CO,-complexed ligands are well documented (see for example ref. [58]). In the solid-
state, small constraints of the surrounding metal atoms must be sufficient to allow
some weak distortion of the BC, chains without modifying too much their electronic
structure.

Superconductivity has been reported for LasB,Cq (7,=6.9K) [59] and
LagBr;B;C, (T,=6 K) [57]. In both cases metal atoms are not fully oxidized and
their electronic band structure exhibits a Fermi level, which cuts rather sharp and
important peaks of density of states made of metal and non-metal contributions
[28,57]. These compounds present the characteristic “fingerprint” [60] often noticed
in the superconducting rare earth metal carbide halides such as Y,Br,C, which
contain C, groups (7,=3.6 K) [60-62], or the quaternary intermetallic borocarbides
such as LnNi,B,C which contain B,C units [T (max)=16.6 K] ([63-65], for a
theoretical study, see refs. [66—69]).

Let us mention that triatomic units isoelectronic with (BC,)°”, such as
(C3)*, (CBN)*~, or (BN,)?~, have been trapped in solid-state compounds (see for
instance refs. [70,71]). The stability of some of these small anionic species was
previously predicted by Pyyko using ab initio results [72].

4.3. Longer chains

Longer “molecular” boron—carbon chains can be observed in other ternary phases
such as Ce;,B,C,, which contains B,C, and B;Cg units (see Fig. 12) [17,28]. It is
clear that, for geometrical reasons, the chains cannot be perfectly linear in such a
material. Nevertheless, recent results obtained from EHMO and ab initio calculations
on the B,,C, units with their real geometries do not differ much from those obtained
for idealized linear structures. The EHMO diagrams of some idealized B,,C, chains
are given in Fig. 13 [28,29]. They indicate that the B,,C, chains present generally
one or two m-type non-bonding levels situated at intermediate energy, in the middle
of a large gap separating a set of low-lying orbitals from a set of significantly
antibonding orbitals. EHTB calculations on the full 3-D solids find that, in all the
rare earth metal borocarbide compounds containing this type of B,,C, chain, these
intermediate levels generate a rather narrow band which partly overlaps the bottom
of the metal d-band, and is crossed by the Fermi level. This is illustrated in Fig. 14
for Ce,,ByC;, [28]. It follows that these B,,C, intermediate levels are roughly half-
occupied in the solid. This feature is considered favorable for superconductivity (see
for instance [73-75]).

From these results, we conclude that the best formal oxidation state which can
be ascribed to these pseudo-molecular chains corresponds to a situation in which
all the non-bonding orbitals lying at intermediate energy would be the half-occupied
HOMO. This leads to the formal charges given at the bottom of Fig. 13. Such
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(a) (b)

Fig. 12. Structural arrangement of Ce,,B,C,,: (a) isolated B,C, and B;Cg chains; (b) B,C, and BsCq
chains in their metallic environment.

formal charges have been confirmed by ab initio calculations on some “isolated”
anionic (B,,C,)*” radicals, which yield optimized bond distances in rather good
agreement with the experimental values [28,29].

An intriguing aspect of carbon chemistry is the preparation of infinite linear 1-D
rods made of sp-type carbon atoms, called “carbyne” [76,77]. Theoretical studies
predict that carbyne will prefer the acetylenic form —(C=C)- over the cumulenic
form = (C=C)= [78]. Assuming the formal charges given in Fig. 13 and discarding
their radical nature, the (B,,C,)*” anions are indeed isoelectronic with hypothetical
(C,)*~ cumulenic oligomers, that is pieces of carbyne with the cumulenic-like form
which follow the octet rule. From this viewpoint, it appears that the synthesis of a
rare earth metal borocarbide material containing very long or even infinite rods of
boron and carbon would constitute a good model for the hypothetical metastable
allotropic 1-D phase of carbon. With such a charge distribution for the boron—carbon
groups, metal atoms in these M—B—C materials are not fully oxidized but roughly
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Fig. 13. EHMO diagrams of some isolated (B,,C,)*~ chains (linear models of C., or D, symmetry were
assumed) (from ref. [28] with permission).

in the range 2-2.8+ [28,29]. The metal atoms being less oxidized, significant
n-backbonding into the ©* orbitals of the B,,C, anions occurs.

5. Covalent metal-to-ligand bonding

It is clear from the discussion above that a simple ionic bonding scheme between
metal cations and non-metal anions allows us to rationalize nicely the structure and
bonding within the non-metallic framework present in the rare earth metal borocar-
bides. In most cases, the boron—carbon network can be described with simple Lewis
formulae in which the atoms generally satisfy the octet rule. In the case of the
extended 2-D or 1-D non-metallic network, the metal is generally fully or almost
fully oxidized. In the case of phases containing finite boron—carbon chains, the metal
atoms are formally in an oxidation state close to 2+.

Such an approach may bring the reader to the conclusion that metal-ligand
covalency is absent from these fascinating materials. Indeed, these substances have
a significant degree of metal-ligand covalent bonding, in which the outer electron
clouds of the boron—carbon anions are polarized towards the metal cations. Although
covalent interaction in these phases is more delocalized in nature, it can be related
to the metal-ligand bonding in molecular coordination chemistry. All the calcula-
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Fig. 14. Total density of states (dashed line) and metallic contribution (solid line) for Ce,;,B,C;, obtained
from EHTB calculations (from ref. [28] with permission).

tions indicate a significant electron transfer from the non-metal anionic system to
the metal cations. This metal-ligand interaction is shown in 13. The highest occupied
levels of the non-metallic moiety, which are non-bonding and/or m-bonding, are
stabilized by the levels of the d-band, which are empty or largely empty. The metallic
levels which participate most in this stabilizing interaction are those of the bottom
of the d-band, which are closer in energy to the occupied orbitals of the boron—carbon
network. These d levels have metal-metal bonding character. As a consequence,
some metal-metal bonding character is conferred on the occupied levels after inter-
action. This through-bond interaction explains the presence of metal-metal bonding
in the phases even when the metal atoms are fully oxidized. In the cases where the
metal atoms are not fully oxidized, the occupation of the bottom of the d-band also
contributes to metal-metal bonding. Obviously, this metal-metal bonding plays
some role in the electron transport properties in these materials (see below), but
seems to have no significant effect on the structural arrangement of the non-metal
networks. Nevertheless, one should keep in mind that the existence of these various
boron—carbon arrangements is due to the presence of the metal atoms which act as
stabilizing agents through metal-ligand bonding, as in molecular coordination
chemistry.

From both experimental and theoretical data, all these compounds are expected
to be metallic conductors. Band overlapping between the two sublattices at the
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"octet rule”
satisfied

M, sublattice M,B,C, B,C, sublattice

13)

Fermi level seems to be a common feature of these phases. In the case of compounds
containing finite boron—carbon units, the overlapping between the bottom of the
metallic d-band and the “intermediate” m-type orbitals of the pseudo-molecular
boron—carbon anions yields a narrow peak around the Fermi level with an equal
metal/non-metal participation [28,29]. As said previously, such a feature is consid-
ered a favorable condition for superconductivity [60], as observed for LasB,Cg [59]
and the quaternary phase LagBrsB;Cg [57].

6. Conclusion

Although the solid-state language of Zintl-Klemm concept, band structures, and
density of states is necessary to rationalize these fascinating compounds, they are
governed by the same laws that guide molecular structural chemistry: the relationship
between the electron count and the structural arrangement. More precisely, one
could think of these materials as solid-state coordination compounds resulting from
the complexation of metal cations in a high oxidation state by infinite or finite
anionic ligands in which the octet rule is satisfied. This classical bonding mode, i.e.
o-donation, sometimes supplemented by some m-backdonation, can be used to
describe these materials. Some of them are particularly closely related to molecular
transition metal compounds. Conjugated carbon rods of different length can easily
be stabilized when spanned by organometallic caps [ 79-82]. Close ties between these
organometallic species and the solid-state rare earth metal borocarbides containing
finite boron—carbon chains are evident. For instance, a (C;)*~ group, isoelectronic
with (BC,)°” contained in Sc,BC,, is present in the molecular complex
[{Re(CsMes) (NO) (PPh;)Mn(CsHs)(CO),} (u-C3)]* [83]. Study of the bonding in
such a species indicates that, as observed in our finite chain-containing borocarbides,
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ligand-to-metal electron transfer is rather strong whereas metal-to-ligand backdona-
tion is fairly weak [73-75].

Organometallic chemistry involving 2-D networks of carbon is being investigated.
Bunz and coworkers have used metal half-sandwich complexes, along with ethyne
and butadiyne units, as building blocks to construct a variety of carbon arrays (see
for example ref. [84]). EHTB calculations performed by Burdett and Mortara on
such hypothetical arrangements indicate that, unless doped, they are insulating
materials with 18-electron metal centers and a carbon array which follows the octet
rule [85]. The synthesis of segments of such infinite networks is fairly straightforward,
but connecting them into large sheets has been unsuccessful so far. On the other
hand, different 2-D organic nets which also follow the octet rule can easily be
stabilized in solid-state materials, as exemplified by the MB,C, and MB,C phases
discussed above.

We hope to have impressed on the reader generally interested in molecular trans-
ition metal chemistry the fact that the coordination aspect is not restricted to
molecular compounds, but can also be encountered in solid-state materials such as
the rare earth metal borocarbides discussed in this review. Clearly there is some
interest for the molecular chemist in an excursion from time to time into the realms
of solid-state chemistry.
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