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A novel ternary molybdenum oxide, BaMo¢O,,, was discovered and its crystal structure was deter-
mined from single-crystal X-ray diffraction data. BaMogO,, crystallizes in the orthorhombic space
group Pnma with a = 10.154(2), b = 8.641(2), c = 9.184(2) A, V = 805.7(3) A>, Z = 4, R = 0.0438, R,, =
0.0401 for 652 independent reflections with I > 3.0 a(I). The structure contains infinite zigzag molyb-
denum oxide chains built up from M¢X,-type clusters, crosslinked to form channels where Ba?*
cations reside. Bond distance analysis results indicate that BaMosO,, is perfectly bonded with all

valence electrons of the Mo atoms in either Mo—~Mo or Mo-0 bonding states.

Introduction

There has been remarkable progress in
the cluster chemistry of molybdenum ox-
ides since the discovery of the milestone
compound NaMosO4 (/) about a decade
ago. These reduced ternary oxides of mo-
lybdenum cover the range from discrete
metal clusters (2), oligomers (3), and unidi-
rectional condensed metal cluster chains (/,
4-6), to condensed metal cluster chains
running in two orthogonal directions (7).

Compounds with the composition
AMosO¢ (A = monovalent or divalent
metal cations) are composed of infinite
metal cluster chains based on trans-edge-
sharing M¢X,-type clusters. The counter
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cations occupy sites in channels formed by
four metal cluster chains crosslinked by
metal-oxygen bonds. The sodium ion in
NaMo,Og¢, which crystallizes in a tetragonal
space group, fully occupies the site at
(0,0,%) In Ba0_62M0406 (5) and Pbo‘77MO4O(,
(6), the channels can only be partially filled
and the divalent cations are three-dimen-
sionally ordered in the lattice. The struc-
ture of BagepMosOg is a low-symmetry
(orthorhombic) version of that of NaMo4O
probably due to the electrostatic repulsion
between the large divalent barium ions.
Therefore, one expects a drastic structural
modification of the NaMo,O¢-type struc-
ture if the available sites in the channel are
fully occupied by Ba>*. We report here the
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TABLE 1

PosiTIONAL AND EQUIVALENT ISOTROPIC THERMAL
PARAMETERS? FOR BaMo¢O;,

Atom x ¥ z Ueq (A2 x 10%)
Ba 0.3971(2) 0.25 0.4959(2) 7(1)
Mol 0.0346(2) 0.25 0.3827(2) 6(1)
Mo2 0.9592(2) 0.0844(2) 0.6170(2) 4(1)
Mo3 0.7222(2) 0.25 0.6275(3) 4(1)
Mo4 0.7862(2) 0.0950(2) 0.3865(2) 4(1)
o1 0.9492(12) 0.0880(13) 0.2565(15) 73)
02 0.6991(13) —0.0828(14) 0.2542(15) 11(3)
03 0.2060(18) 0.25 0.2484(22) 6(4)
04 0.1426(12) 0.0920(14) 0.5040(16) 8(3)
0S5 0.0433(18) 0.25 0.7445(22) 4)
06 0.6319(11) 0.0909(13) 0.5091(16) 6(3)

< Equivalent isotropic U is defined as one-third of
the trace of the orthogonalized U; tensor.

synthesis and crystal structure of the com-
pound BaMoO,y which contains zigzag
metal oxide chains built up from M¢X,-type
clusters.

Experimental

The discovery of BaMogO,o was quite un-
intentional. During the investigation of mo-
lybdenum phosphates, a large number of
new structures containing molybdenum in
oxidation states less than +6 were discov-
ered (see, e.g., (8)). Among these phos-
phates a few compounds contain silicon in
the framework (Mo;PsSiOe: (9a); MoP;
SiOy;: (9b)). The silicon contents were from
the fused silica tubes as reaction contain-
ers. Attempts were planned for the prepara-
tion of early transition metal silicates. A re-
action mixture containing BaMoQ,, MoQOs,
and Mo (mole ratio 1:1:1) was sealed in a
fused silica tube and the reaction conducted
at 1200°C for several days. Upon opening
the devitrified and shrunk silica tube, some
black, chunky crystals were found in the
bulk product. The structural determination
of one of these chunks indicated that the
composition was BaMosOy. A black chunk
having the dimensions 0.12 x 0.08 x 0.06
mm was selected for indexing and intensity
data collection. The compound crystallizes
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in the orthorhombic space group Pnma
(No. 62) with one Ba, two Mo, and two O at
4c special positions, and two Mo and four O
at general positions. The multiplicity of the
Ba atom was allowed to refine but did not
deviate significantly from full occupancy.
Crystal data for BaMogOj: space group
Pnma, a = 10.154(2), b = 8.641(2), ¢ =
9.184(2) A, V = 805.7(3) A3, Z = 4, D, =
7.20 g/cm3. A total of 762 reflections were
obtained of which 652 had I > 3.0 o(J) (86%
observed) giving a data : parameter ratio of
10.9:1 and R =0.0438, R, = 0.0401, and
GOF =3.64. For MoK« radiation, u =
136.67 cm™! and an empirical absorption
correction was applied. The Ba and Mo at-
oms were refined anisotropically and the O
atoms were refined isotropically. Final po-
sitional and thermal parameters are col-
lected in Table 1. Selected bond distances
are given Table II.

Description and Discussion
of the Structure

A view of the structure is shown in Fig.
1, which depicts the infinite MogOo chains

TABLE I1
SELECTED INTERATOMIC DISTANCES (A)
FOR BaM06Om
Ba-01 2.76(1) (2%) Mol1-01 2.01(1) 2x)
Ba-02 2.89(1) (2x) Mol1-03 2.14(1)
Ba-03 2.99(2) Mol-04 2.08(1) 2x)
Ba-04 2.92(1) @) Mo2-01 2.11(1)
Ba-0O5 2.81(1) Mo2-02 2.04(1)
Ba-06 2.76(1) (2x) Mo2-04 2.13(1) (2%)
Ba-06 2.96(1) (2x) Mo2-05 2.04(1)
Mol-Mo2 2.695(3) 2X) Mo3-02 2.02(1) 2X)
Mol-Mo2 2.890(3) 2x) Mo3-05 2.16(1)
Mol-Mo4 2.856(3) 2x) Mo3-06 1.98(1) 2x)
Mo2-MoZ 2.730(3) Mo4-O1  2.04(1)
Mo2-Mo2 2.861(3) Mo4-02  2.15(1)
Mo2-Mo3 2.802(3) Mo4-03  2.00(1)
Mo2-Mo4  2.753(2) Mo4-04  2.04(1)
Mo2-Mo4 3.015(3) Mo4-06 1.93(1)
Mo3-Mo4  2.668(3) (2x)
Mo4-Mo4  2.679(3)
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FiG. 1. A three-dimensional view down the b axis of BaMo¢O;s. The Ba, Mo, and O atoms are
represented by large cross-hatched circles, small dotted circles, and medium open circles, respec-
tively. Heavy lines are Mo—Mo bond and thin lines are Mo—O bonds.

running parallel to the b-axis. Four infinite
chains are interlinked through Mo-O-Mo
bonds to form channels where the Ba?* ions
are located. A segment of one of the chains

is provided in Fig. 2, which reveals that the
chain consists of M¢X >-type clusters linked
on opposite edges in a zigzag way. The mo-
lybdenum atoms are found to have different

FiG. 2. A section of a zigzag octahedral cluster chain of BaMo¢Oy, as viewed perpendicular to the

chain axis.



F1G. 3. The coordination environment of the Ba2*
ion in BaMo4Oyo. The Ba, Mo, and O atoms are repre-
sented by large, small, and medium open circles, re-
spectively.

coordination numbers: Mol (5 O + 6 Mo),
Mo2 (50 + 7Mo), Mo3 (5 O + 4 Mo), and
Mo4 (5 O + 5 Mo). For each cluster unit
there are 12 intracluster bonds and 5 inter-
cluster bonds, with distances ranging from
2.668 to 3.015 A. The apex Mo atoms (Mo1,
Mo3) lie in mirror planes perpendicular to
the b-axis at y = . The Mo—Mo bond dis-
tances within a cluster unit, Mol-Mo4
(2.856), Mol-Mo2 (2.695), Mo2-Mo2
(2.861), Mod4-Mo4 (2.679), Mo2-Mo4
(2.753), Mo2-Mo3 (2.802), and Mo3-Mo4
(2.668 OA), result in an average distance of
2.759 A, which is only 0.032 A longer than
the distance between nearest neighbors in
bce molybdenum metal. There are three dif-
ferent intercluster Mo-Mo bond lengths of
2.890 A (mo1-Mo2), 2.727 A (Mo2-Mo2),
and 3.015 A (Mo2-Mo4). All Mo atoms are
each bonded to five O atoms. The Mo-O
bond distances range from 1.930t0 2.163 A,
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with the shortest of these involving the oxy-
gen atom bridging only one octahedron
edge. The oxygen atoms 02, O3, and OS5 lie
above octahedra edges but coordinate
neighboring cluster chains in corner posi-
tions (O or O*), Oxygen 1 and 4 are each
shared between cluster units within the
chains (O'). Oxygen 6 bridges only one oc-
tahedron edge (OY). Therefore, both intra-
and intercluster sharing of atoms can be
described in the connectivity formula
Ba?*[Mog(0",04,0%,)0,1*~. Of spe-
cial note is the peculiar geometry around
04 which is bonded to four Mo atoms
within the chains. Figure 3 shows the coor-
dination environment of the Ba?* ion in Ba
MosOjo. The Ba2* ion is surrounded by 12
oxygen -atoms at distances of 2.757 to 2.986
A. The Ba-O distances are a little shorter
than the calculated Ba-O distance (2.99 A)
based on Ba?* (1.61 A, CN = 12) and 0%"
(1.38 A,CN = 4) (10) and accordingly the
Ba’" ion is tightly bonded to the oxygen
atoms and does not exhibit large thermal
parameters.

The average valence of Mo in BaMogO,
is +3. An assessment of the valence of the
individual Mo atoms using the bond-length
bond-strength formula (/1) for the Mo~O
bond [s = (dmoo/1.882)769] yields the fol-
lowing results: Mol, +2.94; Mo2, +2.66;
Mo3, +3.22; Mo4, +3.24. The summation
of the assessed valences over the Mo atoms
of the cluster repeat unit is equal to 17.96,
which is in excellent agreement with the
value of 18 based on the stoichiometry. The
bond orders for the Mo—Mo bonds can be
calculated by using the Pauling bond order
(PBO) equation d, = d; — 0.6 log n (12),
where d, and 4, are the bond distances for
bonds of order n and 1, respectively, and »
is the bond order. The sum of the number of
electrons devoted to Mo-O bonding and
the number of electrons devoted to Mo—Mo
bonding should be equal to the periodic
group number if all valence electrons of
the metal atom are involved in bonding. A
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calculation using the bond-length bond-
strength formula and the PBO equation
(di(Mo-Mo) = 2.614 A) for the Mo atoms
in BaMogO,, gives: Mol, 5.89; Mo2, 6.06;
Mo3, 5.82; Mo4, 6.01. The sum over indi-
vidual Mo—Mo bonds of the cluster repeat
unit using the PBO equation yields 8.97.
The metal-centered electron (MCE) avail-
able for metal-metal bonding is 17.94 (= 2
X 8.97). The number of antibonding elec-
trons is one-half of the difference between
the MCE derived from PBO sums and the
MCE derived from the formula of the com-
pound (/3). Thus, within the limits of error
BaMo¢O,, has no electrons in antibonding
states. These results indicate that Ba
MogOyq is perfectly bonded with all valence
electrons of the Mo atoms in either Mo—-Mo
or Mo-0O bonding states.

Acknowledgments

Support for this study by the National Science
Council and the Institute of Chemistry Academia
Sinica are gratefully acknowledged.

References

1. C. C. TorarDI AND R. E. MCCARLEY, J. Amer.
Chem. Soc. 101, 3963 (1979).

2. W. H. McCaRrroLL, L. KA1z, AND J. WARD, J.
Amer. Chem. Soc. 79, 5410 (1957); C. C. TORARDI
aND R. E. McCaARLEY, Inorg. Chem. 24, 476
(1985); C. C. TorARDI AND R. E. MCCARLEY, J.
Solid State Chem. 37, 393 (1981); C. C. TORARDI
AND J. C. CALABRESE, Inorg. Chem. 23, 3281
(1984); C. C. ToraRrDI, C. FECKETTER, W. H. Mc-
CarroL, AND F. J. DiSaLvo, J. Solid State

10.

11,

12.

13

411

Chem. 60, 332 (1985); P. W. BETTERIDGE, A. K.
CHEETHAM, J. A. K. HowARD, G. JAKUBICKI,
AND W. H. McCarroL, fnorg. Chem. 23, 737
(1984); A. Moni, M. A. SUBRAMANIAN, A.
CLEARFIELD, F. J. DiSALvVO, AND W. H. McCAR-
ROL, J. Solid State Chem. 66, 136 (1987).

. H. MATTAUSCH, A. SIMON, AND E.-M. PETERS,
Inorg. Chem. 25, 3428 (1986); A. SIMON, W. MER-
TIN, H. MATTAUSCH, AND R. GRUEHN, Angew.
Chem. Int. Ed. Engl. 25, 845 (1986).

. R. E. McCaRrLEY, K. H. Li, P. A. EDWARDS,
AND L. F. BrougH, J. Solid State Chem. 57, 17
(1985); R. E. McCARLEY, Philos. Trans. R. Soc.
London Ser. A 308, 141 (1982); R. E. MCCARLEY,
Polyhedron §, 51 (1986); C. C. TorARDI, Paper
presented at the 14th International Congress of
Crystallography, Perth, Australia, August, 1987.

. C. C. TorarDI AND R. E. McCARLEY, J. Less-
Common Met. 116, 169 (1986).

. K. H. Lu, Ph. D. Dissertation, Iowa State Univer-
sity, Ames (1985).

. K. H. Li;, R. E. McCARLEY, K. SANGS00, AND
R. A. JacossoN, J. Solid State Chem. 64, 347
(1986).

. K. H. Lt AND R. C. HAUSHALTER, J. Solid State
Chem. 69, 320 (1987); K. H. Li1, R. C. HAUSHAL-
TER, AND C. J. O’CONNOR, Angew. Chem. Int.
Ed. Engl. 26, 549 (1987); K. H. Lu, D. C. JoHN-
sTON, D. P. GosHORN, AND R. C. HAUSHALTER,
J. Solid State Chem. T1, 131 (1987).

. (@) S. L. WaNg, C. C. WaNG, aND K. H. L1, J.

Solid State Chem. 74, 409 (1988); (b) C. C. WANG,

K. H. Li1, aND S. L. WANG, unpublished work;

A. LecLAIRE aND B. Raveau, J. Solid State

Chem. T1, 283 (1987).

R. D. SHANNON, Acta Crystallogr. Sect. A 32,751

(1976).

I. D. BRownN AND K. K. Wu, Acta Crystallogr.

Sect. B 32, 1957 (1976).

L. PauLING, ‘““The Nature of the Chemical

Bond,” 3rd ed. p. 400, Cornell Univ. Press,

Ithaca, NY (1960).

. R.E. McCaRLEY, Polyhedron 5, 51 (1986).



