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The barium/molybdenum(VI)/selenium(IV)/oxide phase
space has been investigated using hydrothermal methods.
The syntheses and crystal structures of BaMoO;SeO; and
BaMo,05(Se03), are reported. Spectroscopic and thermogravi-
metric data for these phases are described. BaMoO;SeQ; is a
layered compound, built up from “4-rings” of vertex-sharing
MoOy and SeO; groups, linked into infinite, puckered sheets.
Ten-coordinate Ba?*species provide interlayer charge compen-
sation. The distorted MoQO; octahedron in BaMoO;SeO; shows
an unusual three short + three long Mo—O bond-distance distri-
bution. Crystal data: BaMoO;SeO;, M, = 408.23, monoclinic,
space group P2,/c (No. 14), a = 6.242(3);&, b= 10.192(3)1&,
c = 8373Q)A, B = 94.943)°, V = 530.6(3)A3, Z = 4,
R(F)=2.87%, R(F) = 3.82% [1653 reflections with I > 3o (I)].
BaMo,05(Se03), is a three-dimensional phase with respect to
Mo-0O-Mo and Mo-O-Se connectivity. Isolated, vertex-shar-
ing pairs of MoQOj octahedra are linked into a continuous net-
work by pyramidal selenium atoms (as SeO3~ selenite ions).
The MoQOg octahedra in BaMo,0s(SeQ;), display a typical two
short + two intermediate + two long Mo-O bond-distance
distribution. Ten-coordinate barium cations provide charge
compensation. Crystal data: BaMo,0Os(SeOs),, M, = 663.13,
orthorhombic, space group Cmc2; (No. 36), a = 15.883(4)&
b = 7.887(2)A, ¢ = 7.780(2)A, V = 974.5(4)A3, Z = 4, R(F) =
2.22%, R(F) = 2.65% [943 reflections with I > 3o (I)]. 0196
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INTRODUCTION

We have recently described the hydrothermal syntheses
and crystal structures of a large family of layered phases
(1-8) whose structures are based on a single sheet of the
hexagonal tungsten oxide (HTO) motif of corner-sharing
octahedra (9). Of particular note here are the alkali metal/
ammonium molybdenum selenites, M>(M00O5);SeOs;, with
M = Cs, NH,, Rb, or TI (2, 8). These isostructural, non-
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centrosymmetric phases contain infinite layers of vertex-
sharing MoOg groups, which form a network of three rings
and six rings. Selenium atoms (as pyramidal [SeOs]*" sele-
nite anions) cap three-rings on one face of the Mo/O
sheets. The extra-sheet univalent cations provide charge
compensation for the anionic (M0Qs3);SeOj; layers.

We are now exploring the solid-state chemistry of molyb-
denum(VI), selenium(IV), and oxygen in combination with
alkaline earth cations. In this paper we describe the re-
sults of exploratory hydrothermal synthesis in the barium/
molybdenum(VI)/selenium(IV)/oxygen (Ba/Mo/Se/O)
phase space. The new phases BaMoO;SeO; and BaMo,
O5(Se03;), have been prepared as single crystals and struc-
turally characterized by X-ray diffraction.

EXPERIMENTAL

Hydrothermal Syntheses

The Ba/MoV'/Se'V/O/H,O phase space was explored as
a function of initial composition, temperature, and pH.
Hydrothermal reactions were carried out at autogenous
pressures in 23-mL capacity Teflon-lined stainless steel
Parr hydrothermal bombs, with heating conditions as noted
below. The solid reaction products were recovered by vac-
uum filtration and washing with water. All the phases re-
covered from this system are air stable. The approximate
composition regions where the various phases were recov-
ered and subsequently identified are mapped on a three-
component mixture diagram (Fig. 1).

Transparent, platy, single crystals (to ~0.05 X 0.5 X 0.8
mm) of BaMo0O;SeO; were prepared from the reaction of
0.6855 g BaCO; (3.474 mmol Ba), 0.50 g MoO; (3.474
mmol Mo), 0.771 g SeO, (6.95 mmol Se), and 10 cm? deion-
ized water (Ba:Mo:Se ratio = 1:1:2). These reactants
were sealed into a Parr bomb and heated to 180°C for five
days. Product recovery (44% yield, final solution pH 2.00)
led to a majority phase of platy BaMoO;SeOj; single crys-
tals, accompanied by triangular rods (~0.05 X 0.05 X 0.3
mm) of BaMo0,0s5(SeOs), and microcrystalline powder.

234

0022-4596/96 $18.00
Copyright 00 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.



STRUCTURES OF BaMOO3SeO3 AND BaMOZOS(SeO3)2

MoO3

Ba(OH), SeOy
& BaMo,05(Se03), O  BaMog0y32H,0
X BaMoO3SeO3 + phase IV
A phase ITI
FIG. 1. Three-component mixture diagram for BaO/MoO;/SeOs,,

showing the relationship between reaction mixing ratios and the identities
of the solid phases produced. The reaction temperature for all syntheses
shown is 160°C; the final pH range for all reactions 2-3. Note that this
is not a phase diagram for the Ba/Mo/Se/O system, but a representation
of the solid phases recovered and identified at these sampling points
under these specific preparation conditions.

A stoichiometric reaction for BaMo0,0s5(SeOs), (starting
Ba:Mo:Seratio = 1:2:2, heat to 180°C for five days, final
pH 2.00) only resulted in a ~4% yield of BaM0,0s5(SeO3),
and other phases. A minority phase from this reaction was
isolated by hand and identified as a barium molybdenum
selenite with a hexagonal unit cell (phase 111, vide infra).

BaMo0O;SeO; forms over a fairly wide range of condi-
tions (Fig. 1). The best crystals of BaMo0O;SeO; were
formed as irregular plates in 90% yield from a stoichiomet-
ric reaction of 1.315 g Ba(OH), - 8H,O (4.168 mmol Ba),
0.60 g MoOj; (4.168 mmol Mo), 0.4625 g SeO, (4.168 mmol
Se), and 10 cm® H,O. Heating this mixture to 180°C for four
days, followed by solid product recovery (final solution
pH 2.6) led to the crystalline product. Synthesis at lower
temperatures led to slightly increased yields of Ba
MoO;SeO; (e.g., 96% yield after four-day reaction at
160°C, final solution pH 2.7).

A reaction starting from a 1:3:2 Ba:Mo: Se ratio pro-
ceeded from 0.4382 g Ba(OH), - 8H,O (1.389 mmol Ba),
0.60 g MoOs; (4.168 g Mo), 0.3083 g SeO, (2.779 mmol Se),
and 10 cm® H,O. Heating this mixture to 160°C for three
days resulted in a substantial yield of clear hexagonal
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prisms of phase III, accompanied by a second barium
molybdenum selenite (phase IV) in the form of a yellow
powder. Sonicating the mixture of crystals and powder in
water for 15 minutes, followed by sieving (80/120 mesh
sieves) recovered pure phase I11. Phase IV is also produced
under other reaction conditions (see Fig. 1).

Synthesis at the Ba:Mo:Se ratio (1:3:1) led only to
the layered barium molybdate hydrate, BaMo,O,; - 2H,0,
as described previously (10).

Initial Characterization

The initial characterization of reaction products was by
powder X-ray diffraction (Scintag XDS 2000 automated
powder diffractometer, CuKa radiation, A = 1.54178 A,
T = 25(2)°C). Where possible, crystals were hand sorted
by their morphologies and thoroughly ground prior to
X-ray analysis. The instrumental Kal/a2 profile was re-
duced to a single Kal peak position (A = 1.540568 A)
by a software “‘stripping” routine, and d spacings were
established relative to this wavelength. Indexing and least-
squares refinement of lattice parameters was accomplished
with the program TREOR (11). LAZY-PULVERIX (12)
simulations based on the single-crystal structures of Ba
Mo0O;SeO; and BaMo0,0s(SeO;), were in good agreement
with the observed powder patterns. For phase III, final
refined hexagonal cell parameters of a = 13.0286(9) A and
c = 13.890(1) A (V = 2042 A3) were obtained. The d-
spacings, indices, and relative intensities for the three
strongest peaks of phase III are d(obs) = 3.307 A, hkl =
302, I(rel) = 100; 3.631 A, 301, 66; 3.472 A, 004, 76. A
reasonable fit to a hexagonal unit cell (a = 12.933 (3) A,
c=7.824(2) A, V =1133 A% was achieved using TREOR
for the yellow Ba/Mo/Se/O powder (phase IV) noted
above. The d-spacings, indices and relative intensities for
the three strongest peaks of phase IV are d(obs) = 11.195
A, hkl =100, I(rel) = 100;3.909 A, 002, 97;3.107 A, 310, 95.

Infrared spectra for BaM0O;SeO; and BaMo0,05(SeOs),
(KBr pellet method) were recorded between 400 and 4000
sm™! on a Galaxy FTIR 5000 series spectrometer. Thermo-
gravimetric analysis (ramp at 5°C/min to 500°C in flowing
O, atmosphere) was carried out on a DuPont 2950 instru-
ment. The post-TGA residues were examined by powder
X-ray diffraction.

Crystal Structure Determinations

The crystal structure of BaMoO;SeO; was determined
from single-crystal X-ray diffraction data. A transparent,
irregular plate, dimensions ~0.05 X 0.25 X 0.45 mm, was
mounted on a thin glass fiber with cyanoacrylate adhesive,
and room-temperature [25(2)°C] intensity data were col-
lected on an Enraf-Nonius CAD4 automated four-circle
diffractometer (graphite-monochromated MoKoa radia-
tion, A = 0.71073 A).
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TABLE 1
Crystallographic Parameters for BaMoO;SeO;
and BaMo,05(Se0;),

Empirical formula: BaMoSeOg BaMo,Se,Oy;
Formula wt 408.23 663.13
Habit Transparent plate Transparent rod
Crystal system Monoclinic Orthorhombic
a(A) 6.242(3) 15.883(4)
b(A) 10.192(3) 7.887(2)
c(A) 8.373(2) 7.780(2)
BC) 94.94(3)
V(A?) 530.6(3) 974.5(4)
V4 4 4
Space group P2,/c (No. 14) Cmc2,; (No. 36)
T(°C) 25(2) 25(2)
A(MoKa)(A) 0.71073 0.71073
Peate (g/cm?) 5.11 4.52
w(MoKa)(cm™) 164.4 139.2
Min., max. Ap(e/A%) -13, +13 -1.6, +1.1
Observed data® 1653 943
Parameters 83 78
R(F)*(%) 2.87 222
R(F)“(%) 3.82 2.65

@] > 30 (I) after data merging.
PR =100 X 2 |Fo| = |FJl/Z|F,)-
<Ry = 100 X [Sw(|F,| — |F.)YSw|F,"]"2 with w; = 1/a?.

After 25 strong reflections were located and centered,
the unit cell and orientation matrix were established and
optimized by least-squares refinement, resulting in the
monoclinic cell parameters listed in Table 1. Excluding
intensity standards, 2032 reflections were scanned (1° <
20 < 65°% +h, +k, =1). The systematic absence conditions
in the reduced data (h0l, I # 2n; 0kO, k # 2n) uniquely
indicated space group P2,/c (No. 14). An empirical absorp-
tion correction based on ¢ scans (min. = 1.76, max. =
4.21) was applied at the data reduction stage, along with
the usual corrections for Lorentz and polarization effects.

The crystal structure model of BaMoO;SeOj; was solved
and successfully developed in space group P2,/c. Initial
heavy-atom positions (Ba, Mo, Se) were located using the
direct-methods program SHELXS-86 (13), and the oxy-
gen-atom positions were easily located from Fourier differ-
ence maps. The final cycles of full-matrix least-squares
refinement [program CRYSTALS (14)], using complex,
neutral-atom scattering factors from the “‘International Ta-
bles” (15), minimized the function =w;(F, — F.)* and in-
cluded anisotropic temperature factors for all atoms and
a Larson-type secondary extinction correction (16). As-
suming full occupancies of all the atomic sites, the presence
of Mo“! and Se'V, and the normal valences of Ba'l and OU
resulted in charge neutrality without any requirement for
partial site occupancies or proton content, which is consis-
tent with the spectroscopic and physical data for Ba
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Mo0O;SeOs; (see below). At the end of the refinement,
analysis of the various trends in F, versus F. revealed no
unusual effects. Final residuals of R = 2.87% and R,, =
3.82% were obtained for 1653 observed data [ > 3o (/)]
and 83 parameters. Crystallographic and refinement details
for BaMoQO;SeO; are summarized in Table 1. Supplemen-
tary tables of anisotropic thermal factors and observed and
calculated structure factors are available from the authors.

The crystal structure of BaMo,0s(SeOs), was deter-
mined in similar style, using a clear rod-like crystal
(0.1 X 0.1 X 0.4 mm). A C-centered orthorhombic cell
was established after completion of peak search, centering,
and indexing routines (Table 1), and 1025 intensity maxima
were scanned (1° < 20 < 65°% +h, +k, +1). The systematic
absence conditions (hkl, h + k # 2n; 0kl, k # 2n; hOl, h,
[ # 2n; hk0, h + k # 2n) indicated space groups Cmc2,
Cmcm, or C2cm. Attempts to develop a structural model
in each of these three space groups was only successful in
Cmc2; (No. 36) and this space group was used for the rest
of the crystallographic study. Initial heavy atom positions
are from SHELXS-86; full-matrix refinement was obtained
using CRYSTALS; O atoms are from difference maps; at
convergence, R = 2.22%, R,, = 2.65% for 78 parameters
and 943 reflections with I > 30(I); empirical absorption
correction was obtained using DIFABS (17) [min. 0.80,
max. 1.39]; the polarity of the individual crystal studied
was determined by refining the Flack parameter (18) and
is described below [with opposite polarity fixed, R = 2.94%,
R,, = 3.26%]; refinement is summarized in Table 1; supple-
mentary data (tables of anisotropic thermal factors and
structure factors) are available from the authors.

Single crystals of phase III were of insufficient quality
(weak scattering, very broad peak scans) to allow for sin-
gle-crystal structural analysis. Phase IV could only be ob-
tained in polycrystalline form.

RESULTS

Structure of BaMoO3SeO;

Final atomic and thermal parameters for BaMoO3;SeO;
are listed in Table 2, with geometrical data given in Table
3. BaMo00O;SeOs is built up from octahedral MoOg and
pyramidal SeO; groups, sharing Mo—O-Se vertices. The
MoOg group in BaMoO;SeOs is highly distorted, with the
Mo atom displaced from the geometrical center of its six
O atom neighbors by 0.41 A. This displacement (Fig. 2)
is unusual for Mo"! and is locally toward an octahedral
face. This results in three short Mo—-O bonds [to O(1),
0O(2), and O(3)] with d < 1.77 A, each of which is trans
to a long [d > 2.12 A] Mo-O bond [O(4), O(5), and
O(6)]. The three former molybdenum-oxygen bonds are
terminal, and the three latter each bridge to a different
neighboring selenium atom. Despite the unusual MoOg
distortion (vide infra), the bond valence sum (BVS) value
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TABLE 2
Atomic Positional/Thermal Parameters for BaMoO;SeO
Atom X y z Uy
Ba(1) 0.27121(8) 0.69135(4) —0.01197(5) 0.0115
Mo(1) 0.7739(1) 0.92050(6) 0.23217(7) 0.0079
Se(1) 0.7094(1) 0.89852(7) —0.17738(9) 0.0085
o(1) 0.8135(9) 1.0877(5) 0.2000(7) 0.0136
0(2) 1.0086(9) 0.8465(5) 0.1750(7) 0.0144
0(3) 0.817(1) 0.9105(6) 0.4424(7) 0.0186
0(4) 0.608(1) 0.8861(5) 0.0024(6) 0.0114
0(5) 0.4400(9) 0.9820(5) 0.2744(7) 0.0118
0(6) 0.5839(9) 0.7379(5) 0.2410(7) 0.0118

a ch(AZ) — (U1U2U3)1/3.

(19) for Mo(1) is 5.96, in good agreement with the expected
value of 6.00 for Mo“..

The Se(1) atom adopts the characteristic pyramidal ge-
ometry of Se!V as the SeO%" selenite anion (2). The fourth
vertex about the pseudo-tetrahedral Se center is presumed
to be occupied by an (unobserved) lone pair of electrons.
The BVS[Se(1)] of 4.07 is in good agreement with the
expected 4.00. Each Se—O vertex connects to a different
nearby molybdenum atom.

The barium cation in BaMo0O;SeOs is tenfold coordi-

_TABLE 3
Bond Distances(A)/Angles(°) for BaMo0O;SeO;

Ba(1)-0(1) 2.772(5)  Ba(1)-O(1) 2.908(6)
Ba(1)-0(2) 2.842(6)  Ba(1)-O(2) 2.995(6)
Ba(1)-0(3) 2.982(6)  Ba(1)-0(3) 3.011(7)
Ba(1)-O(4) 2.886(6)  Ba(1)-O(5) 2.785(5)
Ba(1)-0(6) 2.795(5)  Ba(1)-O(6) 3.050(6)
Mo(1)-O(1) 1.746(5)  Mo(1)-0(2) 1.750(6)
Mo(1)-0(3) 1.760(6)  Mo(1)-O(4) 2.134(5)
Mo(1)-0(5) 2234(6)  Mo(1)-0(6) 2211(5)
Se(1)-0(4) 1.687(6)  Se(1)-0(5) 1.698(5)
Se(1)-0(6) 1.709(5)

O(1)-Mo(1)-0(2)  1042(3) 0(1)-Mo(1)-0(3)  101.5(3)
0(2)-Mo(1)-0(3)  100.9(3) 0(1)-Mo(1)-0(4)  94.9(2)
0(2)-Mo(1)-0(4)  92.0(2) 0(3)-Mo(1)-0(4)  155.9(3)
0(1)-Mo(1)-0(5)  84.1(2) 0(2)-Mo(1)-0(5)  168.0(2)
0(3)-Mo(1)-0(5)  85.6(3) O(4)-Mo(1)-0(5)  78.6(2)
0(1)-Mo(1)-0(6)  155.5(2) 0(2)-Mo(1)-0(6)  963(2)
0(3)-Mo(1)-0(6)  87.4(2) 0(4)-Mo(1)-0(6)  70.8(2)
0(5)-Mo(1)-0(6)  73.7(2)

O(4)-Se(1)-0(5)  104.4(3) O(4)-Se(1)-0(6) 95.8(3)
0(5)-Se(1)-0(6)  100.3(3)

Mo(1)-0(4)-Se(1)  127.0(3) Mo(1)-0(5)-Se(1)  127.4(3)
Mo(1)-0(6)-Se(1)  118.0(3)
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0(6)

0(2) 0(4)

0(3) Mo(1)

o(1)

FIG.2. ORTEP view of a detail of the BaM0QO3SeOj structure show-
ing the distorted MoOs species, displaced toward the octahedral face
defined by atoms O(1), O(2), O(3).

nated by oxygen atoms in irregular coordination (Fig. 3).
All six of the crystallographically distinct O atoms bond
to Ba. The barium BVS of 1.98 is typical and a d,,(Ba-0)
of 2.903(2) A results. The oxygen atoms in BaMo0O;SeO;
divide into two groups: O(1), O(2), and O(3) bond to Mo
and Ba, and O(4), O(5), and O(6) bond to Ba, Mo, and Se.

The structural motif in BaMoO;SeO; (Fig. 4) consists
of four-rings of alternating MoOg and SeOj; centers linked
by Mo-O-Se bonds. These four-rings are connected into
an infinite, puckered sheet of stoichiometry [MoO;SeO3]*
in the (011) plane (Fig. 5). Eight-rings (alternating Mo

o(s)

o(1)

0(3)

0(3)

FIG. 3. Tenfold barium atom coordination in BaMo0O;SeO3.
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FIG. 4. Connectivity of MoOg and SeO; units into “four-rings” in
BaMo0O;SeO;.

and Se nodes) also result from this four-ring connectivity.
Barium cations occupy sites between the Mo/Se/O layers
and provide charge compensation (Fig. 6).

Structure of BaMo0,05(SeO5),

Final atomic and thermal parameters for BaMo,Os
(Se03), are listed in Table 4, with geometrical data given
in Table 5. BaM0,05(SeO3), is built up from vertex-sharing
MoOg and SeO; groups, connected via Mo—O-Mo and

FIG. 5.
showing the infinite network of four-rings and eight-rings built up from
MoOg and SeOs; units. Compare Fig. 1 of Ref. 25.

View perpendicular to (011) of the BaMoO;SeOs structure,
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TABLE 4

Atomic Positional/ Thermal Parameters for BaMo,05(SeQ;),
Atom X y z U
Ba(1)? 0 0.21974(9) 0.1790(1) 0.0072
Mo(1) 0.89217(4) 0.73393(8) 0.1599(1) 0.0046
Se(1) 0.79124(4) 1.0858(1) 0.3103(2) 0.0053
o(1)® 1 0.819(1) 0.078(1) 0.0091
0(2) 0.9102(4) 0.754(1) 0.3754(9) 0.0153
0(3) 0.9095(4) 0.5229(9) 0.126(1) 0.0135
0(4) 0.8570(3) 1.0052(8) 0.1601(9) 0.0081
0(5) 0.7648(3) 0.7214(8) 0.181(1) 0.0113
0(6) 0.8585(4) 0.7709(8) —0.1050(8) 0.0077

a ch(AZ) — (U1 U2U3)1/3
b Wyckoff site 4a (symmetry m. .).

Mo-0O-Se bonds, into a continuous, three-dimensional
structure.

The Mo cation in BaMo0,05(SeOs), adopts a typical two
short + two intermediate + two long Mo-O bond-distance
distribution within the MoOg octahedron. The short bonds
are in cis configuration, and each is trans to a long Mo-O
bond. The Mo atom makes two terminal Mo= O bonds,
three links to nearby Se atoms, and one link to an adjacent
Mo atom [d,,(Mo-0) = 1.959(3) A, BVS(Mo) = 6.00].

The Se atom [d,,(Se-0) = 1.699(4) A, BVS[Se] = 4.07)
in BaMo0,05(Se0O3), adopts its normal pyramidal coordina-

. TABLE 5

Bond Distances(A)/Angles(°) for BaMo,0s(Se0O53),
Ba(1)-0(1) 326(1)  Ba(1)-0(1) 3.122(9)
Ba(1)-0(2) X 2 2.767(7)  Ba(1)-O(3) X 2 2.820(6)
Ba(1)-0(4) X 2 2.836(6)  Ba(1)-0(6) X 2 2.807(6)
Mo(1)-0(1) 1.945(4)  Mo(1)-0(2) 1.708(7)
Mo(1)-0(3) 1.707(7)  Mo(1)-0(4) 2.211(6)
Mo(1)-0(5) 2.033(5) Mo(1)-0(6) 2.149(6)
Se(1)-0(4) 1.691(6)  Se(1)-0(5) 1.716(7)
Se(1)-0(6) 1.689(6)
0(1)-Mo(1)-0(2) 98.1(3) O(1)-Mo(1)-0(3)  98.3(4)
0(2)-Mo(1)-0(3)  102.2(4) O(1)-Mo(1)-0(4)  83.7(3)
0(2)-Mo(1)-0(4) 87.4(3) 0(3)-Mo(1)-0(4)  169.8(3)
0(1)-Mo(1)-0(5)  156.9(3) 0(2)-Mo(1)-0(5)  952(3)
0(3)-Mo(1)-0(5) 97.2(3) 0(4)-Mo(1)-0(5)  782(2)
0O(1)-Mo(1)-0(6) 81.9(3) 0(2)-Mo(1)-0(6)  166.1(3)
0(3)-Mo(1)-0(6) 91.5(3) 0(4)-Mo(1)-0(6)  78.9(2)
0(5)-Mo(1)-0(6) 80.6(3)
0(4)-Se(1)-0(5) 98.6(4) 0(4)-Se(1)-0(6) 97.5(3)
0(5)-Se(1)-0(6) 98.0(3)
Mo(1)-O(1)-Mo(1)  123.4(5) Mo(1)-O(4)-Se(1)  121.4(3)
Mo(1)-0(5)-Se(1)  126.4(3) Mo(1)-0(6)-Se(1)  128.5(4)
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FIG. 6. View of the BaM00O;SeO; structure perpendicular to the MoO4SeO; layers. Interlayer barium cations are represented by shaded

ellipsoids. Ba—O bonds are omitted for clarity.

tion for Se'v (SeO3 selenite group), and each Se-O vertex
links to a different adjacent molybdenum atom. Of the six
crystallographically distinct oxygen atoms, one [O(1)] links
to two Mo atoms, two [O(2) and O(3)] bond only to Mo,
three [O(4), O(5), and O(6)] bond to Mo and Se (Fig. 7).
O(1) occupies a special position with mirror symmetry in
the BaMo0,05(Se0O3), structure.

0(5)

The barium cation in BaMo,0s(SeOs), occupies a spe-
cial position with mirror symmetry and is tenfold coordi-
nated to nearby O atoms. All of the O atoms except O(5)
participate in Ba-O bonds, resulting in d,,(Ba-0O) =
2.884(3) A and BVS(Ba) = 2.16. The barium coordination
is distorted pentagonal prismatic (Fig. 8).

The structural motif in BaMo0,05(SeO3) (Fig. 9) consists

o(5)

0(6)

0(6)

FIG. 7. View of a M0,04; unit and surrounding selenite groups in BaMo,05(SeO3),.
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0(2)

FIG. 8. Barium atom coordination in BaMo0,05(SeO3),.

of pairs of vertex-sharing MoQOg groups (i.e., M0,Oy;
groups), with the Mo atoms connected through O(1). Se
atoms (as selenite groups) connect these Mo,0O;; entities
into a continuous structure via Mo—O-Se bonds. The
Mo,0; units are roughly aligned in the a direction of the
unit cell, and the short molybdyl Mo=0O(2) bonds are
almost aligned along the polar ¢ direction.
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Thermogravimetric Analysis

TGA for BaM00O;SeO; showed a sharp, one-step weight
loss of 26.4% between 410 and 470°C, compared to the
expected weight loss of 27.2% for the loss of one equivalent
of SeO, from BaMo00O;SeO;. Powder X-ray diffraction in-
dicated that the post-TGA residue consisted of BaMoO,
(identification by comparison with JCPDS No. 29-0193).

TGA for BaMo0,05(SeOs), showed a one-step weight
loss of 31.5% from 340 to 440°C, resulting in a mixture of
BaMoO, (JCPDS No. 29-0193), BaMo0,0; (JCPDS No. 34-
1206), and unidentified phases. The expected weight loss
for the loss of two equivalents of SeO, from BaMo,
05(8603)2 is 33.5%.

Spectroscopic Data

The infrared spectra of BaMoO;SeO; (Fig. 10) and
BaMo,05(Se0;), (Fig. 11) are featureless between 4000
and 1100 cm™', which is consistent with the absence of
protons in these materials (crystal structure results). Both
spectra show a complex set of overlapping bands below
1000 cm™!, probably due to partially resolved MoOg and
SeO; modes, as previously observed in related Mo/Se/O-
containing materials (2, 8).

DISCUSSION

The barium/molybdenum(VI)/selenium(IV)/oxygen phase
space has been investigated by hydrothermal methods.

FIG. 9. View down c of the BaM0,0s(SeQ3), structure.
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FIG. 10. IR spectrum of BaMo0O;SeOs.

Four new BaO/MoO5/SeO, phases have been identified
in the region studied. The BaO/MoO;/SeO,/H,O phase
diagram is sensitive to temperature and pH, as described
in the experimental section. As is typical of hydrothermal
synthesis, there is no particular correlation between ratios
of the starting materials and stoichiometry of the crystalline
products. BaMoO;SeQOj; is formed almost quantitatively
at the stoichiometric 1:1:1 Ba:Mo: Se starting ratio, but
BaMo0,05(SeO3), only forms in <5% yield at a 1:2:2
Ba:Mo:Se under the heating and pH conditions investi-
gated here. Thus, although hydrothermal methods are an
outstanding route to single crystals of new materials (20),
there is often little control over product composition, at
least in terms of reaction composition. Exploratory synthe-
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FIG. 11. IR spectrum of BaM0,0s(SeO53),.
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sis, investigating a wide range of conditions (reactant ratios,
concentrations, pH, and temperature) is essential to map
out phases accessible by the hydrothermal method. The
important role of “structure directing” agents essential
to the reaction, but not incorporated into the condensed,
crystalline products, has been noted previously (21).

The two-dimensional BaMoO;SeO; and three-dimen-
sional BaMo0,05(SeO3), have been structurally character-
ized by single-crystal methods. The structures of these new
materials are understandable in terms of the sole presence
of MoV! and Se!¥ species along with Ba'l and O'". They
are both anhydrous despite their hydrothermal syntheses.
Their spectroscopic and TGA properties are consistent
with their crystal structures. In BaMoO;SeO;, the Mo atom
shows an unusual displacement within its MoOg octahe-
dron (three short + three long Mo-O bonds), whereas in
BaMo0,05(Se03),, the MoOg group shows a two short +
two intermediate + two long Mo—O bond-distance distri-
bution. The structures and precise compositions of phases
IIT and IV are at present unknown, and are being stud-
ied further.

The distortion (off-center cation displacement) of a
formal d° cation such as Mo"! in octahedral coordination
may be understood in terms of a second-order Jahn—
Teller effect (22). “Spontaneous” distortion of the MoOg
group will remove (near) degeneracies in the molecular
energy levels which arise from overlap of the unoccupied
d orbitals of the metal species with the filled p orbitals
of the oxygen atom species. The magnitude and direction
of the cation displacement inside its octahedron is much
harder to predict from first principles and reflects a
combination of factors including second-order electronic
effects, lattice stresses, and cation—cation repulsions (23).
The MoOg group may distort in various ways: for exam-
ple, in Keggin-ion structures such as [N,C,;H;,]:M0,,POy
(24), the local distortion mode for Mo is along a Mo-O
bond axis, resulting in one short Mo=O0 link trans to
a long Mo-O bond and four Mo—O bonds of intermediate
length. In most MoV!-containing materials, including Ba
Mo,05(SeOs),, the Mo atom shifts from the nominal
center of its octahedron towards an octahedral edge,
resulting in two short Mo—O bonds in cis configuration
(often described as “molybdyl” Mo=O double bonds),
each of which is trans to a long Mo—O bond. The two
remaining Mo-O vertices are of intermediate length.
The third distortion mode for the Mo atom is toward
an octahedral face, which results in the three short +
three long Mo-O bond-distance distribution seen in
BaMoO;SeO;. This third mode of octahedral distortion
is uncommon, but it is also observed for the Mo species
in the layered M,(Mo00);SeO; (M = NH,, Cs) phases (2).

In BaMo0O;SeOs;, the three short + three long MoOg
distortion is clearly related to the local bonding environ-
ment of the molybdenum-oxygen octahedron, with the
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three long Mo-O vertices linked to nearby selenium atoms
and three short Mo=0O terminal vertices. The recently
described isostructural layered phases MMo(H,0)O,PO,
(M = K, NH,) (25) show a striking resemblance to Ba
Mo0O;SeO;. The MMo(H,0)O,PO,4 materials show a four-
ring/eight-ring sheet structure (built up from vertex-shar-
ing MoOg octahedra and PO, tetrahedra, with one terminal
P-O bond) similar to the MoOs/SeO; layers in Ba
MoO;Se0O;, although in the former structure type, the
layers are much less puckered than the similar Mo/Se/O
layers in BaMoO;SeO;. We note that in the MMo
(H,0)O,PO, phases, the MoOs group shows a two
short + two intermediate + two long Mo-O bond-distance
distribution [two Mo=O0; one Mo—OH, and one
Mo — Op; two Mo—Op bonds), as opposed to the three
short + three long Mo-O distribution observed in
BaMo00O;SeO;.
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