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(Mo, Nb);0,; crystallizes in the triclinic system, space group
P1 (No. 2), The unit cell dimensions are a = 3.8194(4) A b=
11.2898(7) A, ¢ = 14.9764(9) A, a = 94.039(5)°, B = 97.326(6)°,
v = 99.748(7)°, V = 628.47(9) A%, and Z = 1. The structure was
refined to R = 0.032, R, = 0.036, with 1460 observed reflections
(I > 3o(I)) and 186 variable parameters. The structure of (Mo,
Nb),;0y; is related to the crystallographic shear structure of the
Nb,0x_4 family and is built up from the 3 x 4 x = building blocks
of the ReOy-type MO, octabedra (M = Mo, Nb) and strings of
cdpe-sharing MoQ), tetrahedra running along [101]. The 3 x 4
ReQ,-type slabs at different heights along [ 101] are interconnected
through corner sharing with the MoQ, tetrahedra. (Mo, Nb),;0;,

is an insulator at room temperature.  © 1993 Academic Press, Inc.

INTRODUCTION

Many transition metal oxide bronzes show metallic con-
duction that arises from partial filling of the conduction
7% band with strong ¢ character (1). In the molybdenum
bronzes, the Mo 44 (1,,) orbitals overlap with the oxygen
pw orbitals of the MoQ, octahedra to form bonding 7
and antibonding 7* bands. These o bonding orbitals are
responsible for the possible formation of local Mo-O dou-
ble bonds, which lecad to distorted MoQ, octahedra. Such
distortion, however, can be partially rclieved by the pres-
ence of electrons in the «* antibonding orbitals, which
open some of the Mo-0O double bonds and result in a
more regular octahedron. These considerations suggest
that the conduective behavior of molybdenum bronzes are
correlated to the Mo—0O distances and therefore to the
cifective charges of the Mo atoms. Crystad structures are
therefore needed in the understanding of the conduction
properties of these compounds.

Despitc the numerous examples of transition metal ox-
ide bronzes of the type M, O, and A M, 0, (A is typically an
alkali metal atom) (I-6}, little is known about the reduced

' To whom correspondence should be addressed.

oxides of the type A,M M',Q_, where M = Nb, Ta, and
M' = Mo, W. We have previously reported two quater-
nary Mo~Nb bronzes: K;;Mog,Nb, 303 with tetragonal
tungsten bronze-type structure {7) and K;Mo,Nb,O,,
which contains pentagonal columns composed of MO,
and MO, (M = Mo, Nb) polyhedra (8), Here we report.
the crystal structure of another reduced Mo-Nb ox-
ide—(Mo, Nb);,04,.

EXPERIMENTAL

Prior to use, K,CO, (Aldrich, 99+%) was dried at 300°C
for I hr, Nb,Os (Alfa Product, 99.5%) was dried at 1100°C
for 9 hr, and MoO, (Johnson Matthey, 99.95%) was dried
at 550°C for 9 hr in air, K;Mo0Q, was prepared by the
reaction of K,CQO; with a stoichiometric amournt of MoO,
in an alumina crucible at 550°C for 15 hr in air. Mo (Alfa
Products, — 100 mesh, 99.7%) was used as obtained with-
out any further purification.

In a rcaction aimed to prepare polycrystalline single-
phase K sMo, sNby 304, (7), 2a mixture containing stoichio-
metric amounts of K,;Mo0,, MoO,, Nb,Os, and Mo was
thoroughly mixed, put in a platinum boat, and then sealed
in a quartz tube under a dynamic vacuum. The reaction
mixture was fired at 500°C overnight and then at 1100°C
for another 5 days. Black, needle-shaped crystals of (Mo,
Nb)304; grown in the flux were isolated from the matrix
by alternate washes with hot, dilute K,CO, (5% in weight)
and HCI solutions.

A crystal having approximate dimensions of 0.03 x
0.03 x 0.24 mm* was selected for both clemental analysis
and single crystal X-ray crystallographic study. The quali-
tative elemental analysis on this single erystal with a scan-
ning electron microscope (AMRAY 1400} indicated the
presence of Mo and Nb with an approximate molar ratio
of 3: 0. Details of the X-ray crystallographic data of (Mo,
Nb},;O;; are presented in Table 1. Lattice parameters and
the oricntation matrix for data collection were measured
from 25 carefully centered reflections in the range 8° <
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CRYSTAL STRUCTURE OF (Mo, Nb),;0;;

TABLE 1
Details of the X-Ray Crystallographic Data for (Mo, Nb);;0;,”
Empircal formuia Mo,,0;;
Formula weight 1775.2
Crystal system Triclinic
Space group Pl (No.2)
a, A 1.8194(4)
b, A [1.2898(7)
e, A 14.9764(9)
o, ° 94.039(5)
g, ° 97.326(6)
v, © 99.748(7)
v, A3 628.47(9)
Z 1
Caleulated density, g/cm® 4.68
Crystal size, mm 0.03 X 0.03 x 0.24
piMoKea), cm™' 62.2
Diffractometer Enraf-Nonius CAD4
A, A, graphite-monochromated 0.71069
T, °C 20
26 range, *® 0-60
Scan mode w — 20
No. reflections collected 3000
No. observations (f > 3o([)) 1460
Mo, variables 186
Goodness-of-fit indicator’ 1.02
Largest peak in final diffraction map, ¢/A} 0.926
Transmission coefficient {y-scan) 0.845-0.997
Correction factors (numerical) 0.773-1.087
Re, R,* 0.032, 0.036

@ Data reported are based on the refined model of Mo ;;04;.
b Qualily-ﬂf-ﬁt = [Zw(lFﬂl - ‘Fcl)zr"{Nobs - Npammelers)]m-
‘R = ZjiFy| - |FJVZIFy.

IR, = |Zol|Fyl = |FPYEe]Fl1" w = e Fyb.

28 < 37°. Three standard reflections measured every 2 hr
showed no apparent decay in intensity in the course of
data collection. The intensity data were corrected for
Lorentz-polarization effects. Because the MO, (M = Mo,
Nb) octahedra are highly distorted, and because of the
similarity of the scattering factors of Nb and Mo, the
Nb and Mo atoms are indistinguishable in the structural
refinement. The structurc was thus refined with the model
of Mo;04;. The linear absorption coefficient for MoKe
is 62.2 cm™', based on the Mo,,0,, model. The empiricai
absorption correction based on iy scans of three reflections
was applied. The transmission factors were in the range
0.845-0.997. The reflection data were collected for the
hemisphere (h, *k, =i).

The space group P1 (No. 2} was chosen based on the
statistical analysis of intensity distribution. The structure
was solved by direct methods (SHELXS-86) (9} and re-
fined on |F| by using the full-matrix least-squares tech-
niques in the MolEN program package (10). A 8-depen-
dent absorption correction following the DIFABS
procedure was applied to the isotropically refined struc-
ture {11). The maximum and minimum correction factors
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were 1.087 and 0.773, respectively. Based on 1460 reflec-
tions and 186 variable parameters, the structure was an-
isotropically refined to R = 0.032 and R, = 0.036, with
six of the seventeen oxygen atoms isotropically refined.
The final electron density difference map was flat with a
maximum of 0.926 ¢~/A? close to O (16). The final occu-
pancy of M(7) (M = Mo, Nb) atom is 0.523, resulting
in an observed stoichiometry of (Mo, Nb)y 405;. The
stoichiometry of the title compound is then idealized as
(Mo, Nb);;,03;.

The final positional and isotropic thermal parameters
of atoms are given in Table 2. Selected bond distances
are listed in Table 3. The anisotropic thermal parameters
of atoms (Table SI, | page), details of the interatomic
bond distances (Table SII, 2 pages) and angles (Table
SII1, 5 pages), and the observed and calculated structure
factors (Table SIV, 10 pages) are available as supplemen-
tary materials.

RESULTS AND DISCUSSION

The polyhedral representation of the structure of (Mo,
Nb),;0;,; along the ¢ axis is given in Fig, !. The structure

TABLE 2
Final Positional Parameters and B for M;0,,
(M = Mo, Nb)
Atom x ¥y z B, A?
M(1) 0.9654(4) 0.0470¢1) 0.88120(8) 1.55(2)
M(2) 0.1747(3) 0.37686(9 0.97353(7) 0.68(2)
M(3) 0.2493(3) 0.28381{9) 0.21403(7) 0.62(2)
Mi4) 0.1112(3) 0.85897(9) 0.36269(7) 0.52(2)
M(5) 0.3223(2) 0.18857(9) 0.45620(6) 0.53(2)
Mi6) 0.1022(2) 0.47214(8) 0.7316§(7) 0.49(2)
M(7) 0.2504(5) 0.5000(2) 0.5000(1) 0.48(3)
O 0.459(2} 0.0491(8} 0.8707(6} .11
0(2) 0.223(2) 0.0230(7) 0.4191(5) 0.7
O3 0.145(2) 0.4373(7) 0.8485(5) 0.6(1)
04} 0.063(2) 0.5350(7) 0.5973(5) 0.7(1)
005 0.003(2) 0.6807(7) 0.3234(5) 0.8(2)
O(6} 8.299(2} 0.2448(71 0.3463(5} 0.6(1}
o 0.076(2) 0.8996(8) 0.2505(5) 1.1(2}
0(8) 0.073(2) 0.2207%(7) 0.9243(5) 1.002)
0O 0.223(2) 0.6730(7) 0.7693(5) 0.8(1)
O(10) 0.222(2) 0.3389(8) 0.0957(5) 0.9(1)
oy .148(2) 0.1271(6) 0.1756(5} 0.92)
0(12} 0.383(2) 0.156%T) 0.6046(5) 0.5(1)°
O(13) 0.0 0.0 0.0 1.0Q2)
0O(14} 0.444(2) 0.37127) (.5173(5) 0.5(1)°
O(15) 0.155(2) 0.8068(6) 0.5074(5) 0.401)°
O(l6) 0.376(2} 0.477H7} 0.2650(5} a.7(1)°
O(17) 0.294(2) 0.5767(6) 0.0196(4) 0. 1)

“B., = 873 LUaltara; - n;, where the temperature factors are
defined as exp(—27? Zhyatal Uy).
 The refined occupancy of M(7} is 0.523.

© Atoms were refined isotropically.
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TABLE 3
Selected Bond Distances (A) for M0,
(M = Mo, Nb)
MD-0(1) 1.93(1) M(4)-0(12) 1.991(9)
M{D-0(1) 1.91(1) M(4)-0(12) 1.973(9)
M{1H-0M 20 M&-0{15) 2.282(9
M(1)-0(8} 1.98(1) M(5)-0(2) 1.B53(9)
M{1)-0(11) 2.041(9) M(5)-0(6) 1.802(9}
M(1)-0(13) 1.890(2) M(5)-0(12} 22699
M(2)-0(3) 2.038(9) M(5)-0(14) 2.149(9)
M(2)-O(8) 1.822(9) M(5)-0(15) 1.976(9)
M(2)-0{10} 1.904(9) M(5)-0(15) 1.992(9)
M(2)-07) 2.267(8) M(6)-0(3) L8179
M(2)-0(17) 1.961(9) M(6)-0(4) 2.178(9)
M(2)-0(17) 1.995(9) M(6)-0(5) 1.818(9)
M(3)-016) 2.058(%) M()-0(%) 2.254(9
M(3)-0(9) 1.986(9) M6)-0(16} 1.999(9)
M(3)-0(9) 1.972(9) M(6)-0(16) .980(9)
M(3)-0(10) 1.919(9) MT)-O(4) L751(9)
M(3)-0(11) [.785(9) M(7)-0(4) 1.745(9)
M()H-0(16) 2.24(1) M-0014) 1.761{9)
MA-002) 1.958(9) M(7)-0(14) 1.761(9)
M(4)-0(5) 2.02(1) M(7)-M(T) 1.912(4)°
M{4-0(7) L7710 M(7)-M(7} 1.906(4)"

2 Distances between disordered M(7) atoms.

of (Mo, Nb);0;, consists of corner-sharing MO, octahe-
dra and MO, tetrahedra (M = Mo, Nb). Twelve MO,
octahedra share corners to form an ReO;-type slab of
three octahedra wide and four octahedra long (3 x 4).
This slab is approximately on the {101) piane and inter-
sects with the ac plane approximately along the diagonal
direction, according to the atomic coordinates listed in
Table 2. The 3 x 4 ReO;-type slabs located at different
heights along {101] are linked together via the corners of
MO, tetrahedra running along the same direction. These
ReQ;-type slabs edge share with each other at the periph-
eral octahedra along [101]). As shown in Fig. 2, the MO,
tetrahedra are edge sharing along [101]. The oxygen atoms
of the MO, tetrahedra are three coordinated and connect
to the 3 X 4 slabs of ReQ, type at different levels along
{101].

The crystal structure of (Mo, Nb),;0y; is related to
those of P NbyO,s (12, 13}, VM,O,s (M = Nb, Ta) (14),
Nb;,Os, (15) and H-Nb,O; (16). The common structural
features for these compounds are m x n ReQ,-type slabs
of MOg (M = Nb, Ta) octahedra that are connected via
MO, (M = P, V, Nb) tetrahedra by corner sharing. These
ReQ;-type slabs linked via MO, (M = P, V, Nb) tetrahedra
form layers perpendicular to the shortest crystallographic
axis. The MO, (M = P, V, Nb) tetrahedra in these com-
pounds edge share along the same axis. However, in (Mo,
Nb},;04;, the 3 X 4 slabs are approximately perpendicular
to [101] and the MO, tetrahedra edge share along the same
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FIG. 1. Polyhedral represenation of the structure of M;0y,; (M =
Mo, Nb). The unit cell has been shifted by vectors of 0.5, 0.5b, and
0.5c for the presentation of the 3 x 4 slab of ReO; type. The MO, and
MO, polyhedra are labeled by italic numbers in parentheses. Other
numerical labels are for the oxygen atoms. The different stipples in the
ReOq-type slabs represent different heights along [101].

[101}

FIG. 2. ORTEP drawing (50% thermal ¢llipsoids) of a perspective
view of the structure of M,;0,; (M = Mo, Nb) showing the edge-sharing
M(7)0O, tetrahedra and their connections to the 3 X 4 ReO;-type slabs
along [101].
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direction (Fig. 2). In contrast, the structure of molybde-
num bronzes such as K; ;Mo,O; (17), Liy Mo,O,; (18),
Cs(Mog gsW 95),0; (19), n-M0,0,,, and y-Mo,0,, (20) are
built up from corner-sharing octahedra and tetrahedra
with MoQ, tetrahedra corner sharing along the shortest
crystallographic axis.

Structures with infinite chains of edge-sharing MoO,
tetrahedra are rare; the only other compound, besides
{Mo, Nb};04; (to be discussed later), we could find with
this feature is MoTa,,0,, (21). Note that the infinite chains
of edge-sharing WO, tetrahedra are also observed in
WNb,,04; (22). Interestingly, these compounds crystal-
lize in different space groups, regardless of their similar
stoichiometry (identical metal-to-oxygen ratio) and analo-
gous structural building units. The space group is [2/m
for MoTa;0,;, C2 for WNb;,04,, and Pl for (Mo,
NB);3055.

As depicted in Fig. 1, there are six unique MO, (M =
Mo, Nb) octahedra in the structure of (Mo, Nb);0;,. The
M(1} and its symmetry-related octahedra are located at
the center of the 3 X 4 slab and corner share along the
direction perpendicular to this ReOs-type slab, i.e., [101].
The peripheral octahedra of the slabs edge share along
the same direction: M(2) octahedra with its symmetry-
related ones, M(3) with M(6) octahedra, and M(4) with
M(5) octahedra. The peripheral octahedra are much more
distorted than the central ones, due to the local structural
strains built up from edge sharing. This observation is
supported by the M—0O bond distances listed in Table 3.
The M(1)-0O distances of the central octahedron fall in
the range 1.890(2)-2.10(1) A (average 1.98 A). The M—O
distances of the peripheral octahedra are in the range
1.822(9)-2.267(8) A (average 1.998 A) for M(2)-0,
1.785(9)-2.24(1) A (average 1.99 A) for M(3)-0, 1.77(1)
~2.282(9) A (average 2.00 A) for M(4)-0, 1.802(9)-2.269(9)
A (average 2.007 A) for M(5)-0, and 1.818(9)-2.254(9)
A (average 2.008 A) for M(6)-0. The M-O distances of
the M(7)O, tetrahedron are between 1.745(9) and 1.761(9)
A, which fall in the range (1.704-1.83 A) of the observed
tetrahedral Mo—-O distances {17-21), but are significantly
longer than those (1.65-1.68 A) of the edge-sharing NbO,
tetrahedra {15, 16). Thus, we believe that the M(7) atom
in (Mo, Nb};04, is a molybdenum atom. Moreover, the
observations of MoQ, tetrahedron in MoTa,,05; (21) and
WO, tetrahedron in WNb,05; (22) further support this
assignment. The partial occupancy (0.523) of the M(7)
atom and the extremely short M(7)-M(7) distances
(1.906{4) and 1.912(4) A) suggest that the M(7) atoms are
disordered over the two tetrahedral sites of the edge-
sharing bi-tetrahedral group and are never simultane-
ously occupied,

The relatively large isotropic temperature factor of the
M1y (M = Mo, Nb) atom (Table 1) is due to its high
anisotropy in the [100] direction. This anomaly may be
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explained by the central position of the M(1)O, octahe-
dron in the ReO;-type slab and the formation of a one-
dimensional string of corner-sharing M(1)O, octahedra
along [101}. The anisotropic temperature factors of the
M(1) atom are 0.0363(6) for U,;, 0.0102(4) for U,,, and
0.0107¢4) for U;;. A similar behavior in the temperature
factors of the metal atom in the central octahedron of the
ReO;-type slab was also observed in P,.NbyO, (12, 13)
and VM,0O.; (M = Nb, Ta) (14). A possible doubling of the
a-axis could be another source of the thermal elongation of
M(1}) along [100]. However, a 50 hr-exposure oscillation
photograph taken with the a-axis as the rotation axis
showed no evidence of superlattice along [100].

The qualitative room temperature resistivity measure-
ment on a ~2-mm-long single crystal of (Mo, Nb),0s,,
carried out by a two-probe technique with a Nanovolt-
meter (Kethley model 180), indicated that the material is
insulating with a room temperature resistivity in the order
of 10° ohm - ¢m. A similar insulating behavior previously
observed for K,Mo,Nb;O,, (8) was ascribed to localiza-
tion due to potential electron traps created by the possible
structural ordering of the Mo and Nb atoms.

In conclusion, we have structurally characterized a
novel reduced molybdenum—niobium oxide with a three-
dimensional shear structure derived from that of ReQ,
and closely related to that of Nb,Oy. It is noteworthy that
(Mo, Nb};0;; is not isostructural with MoTa;,0;; and
WNb,,04;, despite the similarity of their structural build-
ing blocks. (Mo, Nb),;04; 1s an insulator, most likely due
to localization of electrons in potential traps created by
structural distortions and/or to the mixing of the Mo and
Nb atoms.
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