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The title compound has been synthesized and its structure refined by using powder diffraction data.
The structure is orthorhombic, space group Imrm, with cell constants ¢ = 7.1156 (9), b = 10.2863
(18), ¢ = 6.5756 (9) R, and Z = 4. Two types of Nb atoms are present in the structure: Nbl atoms
in Nb,O; clusters with one of the shortest Nb—Nb distances known so far {2.560 A), and Nb2 atoms
forming layers of connected NbQ, octahedra. The electronic structure obtained from Extended Hiickel
tight-binding band calculations suggests the coexistence of Nb(1+) ions in the Nb,0y clusters with
gquadruple Nb—Nb bonds, together with Nbh(4.5+) ions in the layers of octahedra. Deviations from
this simplified model are analyzed. The electrical behavior, measured in the temperature range 4.2
K < T < 300 K, is metallic at low temperatures and practically temperature-independent at room
temperature. A semimetallic character is proposed based on the calculated band electronic structure,
with the states around the Fermi level localized mainly on the layers of octahedra parallel to the qc

plane. © 1993 Academic Press, Inc.

In recent years two analogous Nb com-
pounds, NaNb;O;F and Ca, ;sNb,O4, have
been synthesized and their crystal struc-
tures determined (/, 2}. In the latter struc-
ture the positions of the caicium ions are
partially occupied, and the stoichiometric
compound CaNb,;0O; was not obtained. Two
types of Nb atoms with different coordina-
tion spheres are present in the crystal struc-
ture: the Nbl atoms form Nb,Oy square
prisms with one of the shortest known
Nb-Nb bond distances (2.578 A in
Cag +sNbyOg), while the Nb2 atoms form lay-
ers of connected octahedra with relatively
long Nb—Nb distances. Despite the noninte-
ger formal oxidation state of +3.5 for the Nb
atoms, which might give rise to a metallic
character, no electrical measurements have
been reported for the above compounds.
For all these reasons we attempted the syn-
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thesis of the stoichiometric compound
{CaNb,0y, its crystal structure determina-
tion, and the study of'its electrical resistivity
and electronic structure.

Experimental
Synlhesis Of Cao_ngb306

A mixture of Ca0O and Nb,O, was reduced
with acetylene soot by heating in vacuum
at 1200-1250°C for 10 hr. The single-phase
nature of the final product of sintering was
confirmed by X-ray analysis using CuKea
radiation. The compound is orthaorhombic,
space group Immm, with unit cell parame-
ters @ = 7.1156 (9}, & = 10.2863 (18), ¢ =
6.5756 (9) A, and Z = 4. Spectrophotometric
analyses yielded results fairly close to those
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TABLE ]

ATOMIC COORDINATES (STANDARD DEVIATIONS IN PARENTHESES), THERMAL PARAMETERS (B,,,), AND SiTE
PopPULATIONS (N;) FOR Cay gNbyOy

Atom Position xfa yib zle B, N,
Ca 4 0.5 0.5 0.241 (1) 0.8¢1) 3.76 (6}
Nbl 4 0.0 0.5 0.3053 (6) 0.1 (D 4

Nb2 8n 0.2275 (5) 0.2783 (3 0.5 0.2(1) 8

0]} 4g 0.5 0.6589 (5} 0.0 0.5(1) 4

oz 4h 0.5 0.6624 (6) 4.0 0.5(1 4

03 . 160 0.8034 () 0.3667 (3) 0.2266 (3) 0.26 (3) 16

obtained from neutron powder diffraction
studies.

Crystal Structure Determination

Neutron diffraction measurements were
carried out with A = 1.5118 A with double
monochromatization by pyrographite and
germanium. The neutron diffraction pat-
terns were obtained in the range 10° < 26 <
115°at increments of 0.1°. A full-profile anal-
ysis of the diffraction data was performed
using a computer code (3) of the Rietveld
algorithm. The diffraction patterns were fit-
ted to Gauss functions with the angular de-
pendence

H3, = Utan?9 +Vtan9 + W,

where [/ = 0.8587, V= —1.2667, and W =
0.7951. The number of reflections employed
in the refinement was 222. The initial coordi-
nates used were those obtained by Hibble
et al. (1) for Ca, ,sNb;O;. The convergence
criteria Ry = 5.8%, Ryp = 6.0%, R,,, =
5.5% were achieved by assuming a partial
occupation of the Ca (4i) sites, correspond-
ing to the formula Ca;4Nb,O,. The re-
sulting atomic positions are given in Table
I. Electrical resistivity measurements were
performed by a four-probe technique on a
sintered polycrystalline sample of dimen-
sions 10 X 1 X | mm, in the temperature
range 4.2 K < 7' < 300 K (Fig. 1).

Discussion of the Structure

The structural data (Table I} are similar
to those for the analogous compound

Cay 7sNb;O4. The small differences in bond
lengths (Table II} are within the 3 standard
deviations range. The building blocks of the
three-dimensional network are NbQ, octa-
hedra of Nb2 atoms and dinuclear Nb,Oq
square prisms of Nbl atoms with a short
Nb-Nb distance of 2.560 (6) A. The octahe-
dra are connected by sharing vertices along
the a direction and edges along the ¢ direc-
tion, thus forming layers parallel to the ac
plane, as seen in the projections of the struc-
ture shown in Fig. 2. The prisms have the
Nb~Nb bonds along the ¢ direction, and are
only connected through the octahedra in all
directions. A perspective drawing of one
Nb, Oy prism together with the neighboring,
edge-sharing Nb2 atoms is shown in Fig. 3.
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TABLE II
Nb-Nb BoND DiSTANCES (A) AND NbNbO BOND ANGLES (°) FOR THE A, Nb, X, COMPOUNDS

Crystallographic

Aoms direction Cay osNb;0; Cay 75Nb;; NaNb;OF
Nbi-Nbi ¢ 2.560 (6) 2.578 (7) 2.614 (1}
Nb2-Nb2 € 3.348 (5) 3.357 (6}

Nb2-Nb2 a 3.236 (5) 3.241 (6)
Nbl-Nb2 at b 3.073 (5 3.061 (4) 3.09
NbI-Nbl-0 104.8 104.0 103.7

Notice the similarity with the carboxylato-
bridged complexes having metal-metal qua-
druple or triple bonds (4). One could alterna-
tively describe such an arrangement of Nb
atoms as an Nb, octahedral cluster, a com-
mon building block in Nb compounds (5),
but it is a poor description of the geometry,
given the large difference between the
Nbi-Nbl and Nb2-Nb2 distances (Ta-
ble 1I).

®0
o Nb
© Ca

Fig. 2. Two projections of the structure of
Cag 9sNb;Oy. The thick lines correspond to the Nb,Og
square prisms of the Nbl atoms, and the thin lines to
the NbQj octahedra of Nb2 atoms.

Although several dinuclear Nb com-
pounds exist {6), they are in most cases sup-
ported by bridging ligands, and a clear-cut
bond order—bond distance correlation is not
well established. The typical Nb-Nb bond
distances for different oxidation states are
summarized in Table III. Note, however,
that the definition of metal-metal bond or-
der is inaccurate when monoatomic bridges
are present, An illustrative example (/7) is
given by [Nby(u—0),(Ph,porph),], where
Ph,porph is 5,10,15,20-tetraphenyl-prophy-
rinato. This is formally a compound of
Nb(V) with a 4° configuration and is ex-
pected to have no metal-metal bond, yet
it presents Nb—Nb distances of 2.748 and
2.873 A in two different solvates. An analy-

FiG. 3. Perspective drawing of the Nb.Og cluster,
showing the relative position of the neighboring Nb2
atoms,



30 ALEMANY ET AL.

TABLE III
Bonp DisTANCES AND BoND ORDERS FOR Nb-Nb Bonps

Oxidation state Geometry Nb-Nb (A) Bond order Refs.

=26 4 a

1l face-sharing octahedra 2.60-2.63 3 15
unsupported M—M ~2.70 3

I edge-sharing octahedra® 2.68-2.77 2 (1012, 14)

face-sharing octahedra =273 2 9, 1

IV edge-sharing octahedra 2.75-3.0 1 7, 8)

3.1-3.6 contacts (16)

v edge-sharing octahedra >3.7 0 (8)

7 Estimated, no experimental data available.

b A few shorter (7k, 13) or longer {/3¢) bond distances can also be found.

sis of the effect of such bridges on Te-Te
bonding has been presented elsewhere ({8},
According to our structural data (Table II)
and the empirical criteria in Table III, the
Nb1-Nbl bonds in Caj (sNb;Og might be de-
scribed as quadruple bonds, the NbI-Nb2
as either a single bond or a contact, and the
Nb2-Nb2 distances as nonbonding.

Electronic Band Structure

Tight-binding band calculations were per-
formed for the anionic lattice Nb,OZ~, within
the extended Hickel formalism (see the Ap-
pendix for details}, and adopting the experi-
mental atomic positions of Cag ¢sNb,Og. A
detailed construction of the band structure
of a Nb,O, sublattice has previously been
reported by Calhorda and Hoffmann (/9)
and we consequently omit the details, but
discuss the bonding and formal oxidation
states from a somewhat different viewpoint.
A general description of the electronic struc-
ture can be obtained from the density of
states (DOS) spectrum and its main contri-
butions, shown in, Fig. 4. The composition
and bonding characteristics of the Nbi and
Nb2 bands were analyzed with the help of
the COOP curves (COQP stands for Crystal
Orbital Querlap Populatiorn (20)) between
several atom pairs and between the o-, 7-,
and 8-type orbitals of the Nbl atoms, and
the peaks in the DOS are accordingly la-

beled. At the lowest energies (below —14
eV) are the oxygen 2s and 2p levels. The
set of bands between —11.5 and —14 eV
and the one between —8.5 and —9.5eV are
mostly localized on the Nbl atoms with
metal-metal o, 7, and & character, as indi-
cated in Fig. 4, and mixing in some contribu-
tions from the Nb2 4 orbitals. On the other
hand, the bands between —9.5 and —-11.5
as well as those above —8 eV arise primarily
from the d orbitals of the Nb2 atoms, the
lowest ones corresponding basically to the
ta,-like set expected for an approximately
octehedral ligand field. The Fermi level (gg)
for Nb,OZ~ (with 53 valence electrons per
formula unit) appears at —11.11 eV, re-
sulting in a partial occupation of the lowest
portion of the ¢,,(Nb2) band. In contrast, for
the Nb,Oy sublattice (52 valence electrons),
the ¢,, band is the lowest empty one.

The outcome of such a band structure is
that most of the 4d electron density is con-
centrated at the Nbl atoms, therefore sug-
gesting a mixed-valence compound. Since
there are four electrons per repeat unit in
the Nbl bands, its formal oxidation state
is +1, leaving nine positive charges {one
electron) for two Nb2 atoms, i.e., a formal
oxidation state of Nb2 of 4.5+,

The different localization of the bands
outlined above and the resulting charge dis-
tribution between both types of Nb atoms
can be associated with the-d_orbitals of the
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FiG. 4. Density of states (DOS) for the anionic {(Nb;O.)* sublattice of CaggsNb;0q. The shaded
areas indicate the contribution of the Nbl and Nb2 atoms to the totat DOS, and the integrals of such
contributions are represented by the dashed lines (full scale corresponds to 100%). The bars at the
right-hand side of each diagram represent the energy of the 4-block orbitals obtained from molecular
orbital calculations on discrete clusters Nb,Oy (Nb1) and NbO(Nb2).

discrete model clusters isolated from the
crystal structure: Nb,Oy square prisms and
NbO, octahedra. For Nb,O; the expected
levels are the o, 7, and & bonding MOs and
their antibonding counterparts §*, o*, and
m*, with the d,2_ > orbitals (Nb-O antibond-
ing) at much higher energies, For the NbO,
cluster, formally nonbonding ¢,, and Nb-O
antibonding e, sets of orbitals appear. There
is a neat correspondence between the mo-
lecular orbitals ordering in the clusters
(shown in Fig. 4) and the band ordering in
the solid, except that the 7 and § bands
appear at much lower energies than in the
isolated cluster, a detail that will be dis-
cussed later on. A remarkable feature of the
electronic structure of the Nb,O?~ sublattice
is that the largest part of the Nb1-Nb1 bond-
ing levels, below the Fermi level, are occu-
pied, whereas the antibonding ones are
empty. The result is an approximate elec-

tronic configuration o?7*8? for the
Nbl-Nbl pairs with a calculated Nb1-Nbl
overlap population of 0.734. Note that
the isostructural compounds NaNb;O;sF,
Ca; osNb,O,, Cay1NbO¢, and the hypo-
thetical NaNb,O, differ in the occupation of
the ¢,, (Nb2) band of the anionic sublattice
(1.0, 0.8, 0.5 and 0 electrons per formula
unit containing two Nb2 atoms, respec-
tively) and no differences in the Nb1-Nbl
bond strengths should be expected. Inter-
estingly, small but significant variations in
Nbl-Nbl bond distance can be seen along
the series (Table 1I), which can be associ-
ated with the differences in their
Nbl-Nbl1-O bond angles, as found for
many multiply bonded M, X, dinuclear com-
pounds (2f), rather than with their elec-
tron counts.

The highest occupied 4d levels are ¢,,
bands typical of octahedrally coordinated
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Nb-Mb overlep population

Q 1 2 3 4
Nb-Nb bond order

F1G. 5. Nb-Nb overlap population as a function of
the formal bond order, calculated for [Nb,Og]* clus-
ters. See the Appendix for computational details.

metal atoms; hence the electronic configu-
ration for the Nb2 atoms in the Nb;OZ~
sublattice is roughly ¢9°. The calculated
Nb2-Nb2 overlap population is 0.004, con-
sistent with the Nb2—-Nb2 nenbonding char-
acter found for the r,, band and in good
agreement with the long experimental
Nb2-Nb2 distance of 3.348 A. The unusu-
ally short Nb-Nb distance found for the
Nbt atoms in CayosNbO, and its isostruc-
tural analogues (/, 2) Cag,sNb,Og and Na
Nb,O.F is compatible with its formal de-
scription as a quadruple bond (Table 111).
Although the Nbl-Nbl distances in the
Nb, X7 lattices are the shortest ones known
so far, the lack of structural data for well
established, unsupported Nb—Nb quadruple
bonds makes the use of the bond length cri-
terion inconclusive for deciding on the exis-
tence of a quadruple bond in this series of
compounds. One can attempt to calibrate
the Nb—Nb overlap populations obtained
from band calculations by performing mo-
lecular orbital calculations on mode! di-
nuclear compounds Nb,Og~ with unambigu-
ous bond orders. The resulting calibration
curve is presented in Fig. 5, where the bond
order coincides with the number of d
electrons per Nb atom. Surprisingly, the
Nbl-Nbl overlap population obtained from
band calculations on Nb,OZ™ (0.73) is sensi-
bly smaller than expected for a quadruple
or even a triple bond. If a band calculation

is performed on a sublattice without the Nb2
atoms, (NbO,}'!~, with the unambiguous ox-
idation state of Nbl(1+), the calculated
Nbl1-Nbl overlap population is 1.18, con-
sistent with the value found in our calibra-
tion curve (Fig. 5) for a discrete cluster with
a quadruple bond. The small Nbl-Nbl
overlap population in (NbO,)"'~ is therefore
related to the existence of the Nb2 atoms
in the lattice at relatively short distance
(3.073 A).

It is found that the 7,, orbitals of a Nb2
atom act as acceptors of ¢lectron density

SCHEME 2

from the 7 (Scheme 1) and & (Scheme 2)
occupied levels. This can be detected in our
calculations (a) in the displacement of the
7 and 8 bands to lower energies (Fig. 4)
relative to the corresponding molecular or-
bitals of the Nb,Oy cluster, (b) in the incor-
poration of some Nb1-Nb2 bonding charac-
ter into these bands, and (c) in the
broadening of the empty r,, band of Nb2
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relative to anisolated NbO, octahedron, and
its incorporation of Nb1-Nb2 antibonding
character. Inclusion of the Nb2 atoms in the
octahedral hotes of the (NbOg}''sublattice
resufts in the net transfer of 2.28 electrons
from the 7 (1.10 ¢ ™) and & (1.18 ¢ ™) orbitals
of each Nbl atom to the ¢,, orbitals of the
Nb2 atoms, resulting in Nb1%'72 for which
the Nbl-Nbl overlap population is ex-
pected to be 0.81 (Fig. 5), in good agreement
with the value found in the band calculations
for the solid. The calculated Nb1-Nb2 over-
lap population of 0.168, on the other hand,
is consistent with a weak bond or conract
(Fig. 5}, as expected on an empirical basis
(Table III} for the experimental bond
length (3.073 A).

According to the description of the elec-
tronic structure in the preceding section, the
electrical conductivity must be associated
with the octahedral Nb2 atoms. In contrast
with the prediction of semiconducting prop-
crties for the hypothetical NaNb,;O, phase
(19), a semimetallic character for all three
existing compounds, Ca, osNb,O;, Ca, ;sNb;
O, and NaNb;O.F, stems from the pres-
ent study,

Concluding Remarks

The compound with the composition
Cay osNb;O, has been prepared and its struc-
ture solved by means of a Rietveld analysis
of its neutron diffraction patterns. Its elec-
trical conductivity, measured down to
4.2 K, shows a peculiar temperature depen-
dence.

The analogies between the band structure
of the anionic sublattice Nb,Oz~ and the mo-
lecular orbitals of Nb,O; square prismatic
and NbQ, octahedral groups have been
stressed. These analogies are useful for a
simple description of the main peaks in the
density of states plot and for the interpreta-
tion of their bonding properties. In a first
approximation, the metal-metal bonding
in this compound can be described as
NbI-Nbl quadruple bonds bridged by four
Nb2 atoms. Electron donation from the

Nb1-Nb1 pairs to the Nb2 atoms effectively
decrease the Nb1-Nbl bond order. Hence
the possibility exists that replacement of
Nb2 by metals with an increasing number of
electrons in the ¢,, subshell and decreasing
acceptor abilitics, could give raise to still
shorter Nbl-Nb1 bonds. Both theoretical
and empirical criteria for the assignment of
formal bond orders to Nb-Nb interatomic
distances have been established. Small vari-
ations in the Nb1-Nbl bond distances in a
series of isostructural compounds have been
shown to be related to variations in the pyra-
midality angles around the Nbl atoms rather
than to differences in the electron counts,
as found for dinuclear coordination com-
pounds with metal-metal multiple bonds.

According to our theoretical analysis,
the phases corresponding to the formula
Ca Nb,Og (0.5 < x = 1) are semimetallic,
and the conductivity is associated with the
octahedrally coordinated Nb2 atoms. in
contrast, the hypothetical compound with
one less electron in the anionic sublattice,
NaNb;04, must be a semiconductor, and
compounds ANb;O, (A = trivalent cation)
must be metallic.

Appendix: Computational Details

The qualitative theoretical discussions in
this paper are based on molecular orbital
(22) and tight-binding band calculations (23,
24) of the extended Hiickel type with modi-
fied Wolfsberg—Helmholz formula (25}, us-
ing the atomic parameters shown in Table
IV. Molecular Orbital calculations were car-
ried out on the model compounds [N, O]~
(n = 6 — 14) and [NbO,]"~ using the experi-
mental bond distances and angies for Nbl
and Nb2, respectively. Average properties
were calculated using a set of 48 k-points
chosen according to the geometrical method
of Ramirez and B6hm (27). Since the formal
oxidation state of +4.5 found for the Nb2
atoms would be consistent with higher ion-
ization potentials than for Nb!, several con-
trol calculations were carried out increasing
the H;'s of Nb2 by up to 2 eV, and our
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TABLE IV

ATOMIC PARAMETERS FOR EXTENDED HUCKEL CALCULATIONS

Atom Orbital H; L (e Lo {cy) Ref,
Nb 55 —10.10 1.89 26)
5p -6.86 1.85
4d —12.10 4.08 (0.6401) 1.64 (0.5516)
0] 25 =323 2.275 22)
2p -14.8 2.275

Note. Hy's are the orbital jonization energies, {;; the Slater exponents, and ¢; the coefficients in the double-{
expansion of the J orbitals,
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