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A new molybdenum monophosphate BaMo(PO,), with the yava-
paiite structure has been synthesized and its structure was deter-
mined from a single crystal, This is the first phase of this family
characterized by a reduced oxidation state of the transition ele-
ment, i.e., Mo(IV). This layer monophosphate that crystallizes in
the C2/m space group with a = 8.211(1), b = 5.2757(6), ¢ =
7.816(2) A, B = 94.778(1)° exhibits close relationships with the
tridimensional framework of B-cristoballite, a-NaTiP,0,, and
CsMoOP,0;.  © 1995 Academic Press, Inc.

INTRODUCTION

The recent investigations ol transition element phos-
phates have shown the possibility to synthesize numerous
compounds in which the iransition metat exhibits a re-
duced oxidation state. This is particularly the case of the
molybdenophosphates of the systems A-Mo-P-0O with
A = Na, K, Rb,Cs, for which original mixed frameworks
involving either Mo(V}, Mo(lV), Mo(lll), or mixed va-
lencies of molybdenum have been iselated (see for in-
stance for a review Ref. 1). Contrary (o the alkaline phos-
phates, alkaline earth phosphates and especially barium
molybdenophosphates have not been extensively studied
up to date. The only barium compounds that have been
isolated are the "BaMo,P;0,; (2), BaMo,P,O0, (3),
BaMo,P,0,, (4), and BaMo,P,0, (5).

For this reason, the system Ba-Mo(IV)-P-0 has been
reinvestigated. This paper reports on the synthesis and
crystal structure of a new monophosphate BaMo(PO,),
that exhibits the layered structure of the monoclinic aluns
of the yavapaiite type (6, 7}, also described for the phos-
photitanate BaTi(PO,),, by Masse and Durif (8). Struc-
tural relationships between the layer structure of yavapai-
ite and the tridimensional framework of g-cristoballite,
nasicon, and of the phosphates a-NaTiP,Q, (9) and
CsMoOP,0, (10) arc also studicd.
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SYNTHESIS

The growth of single crystals of BaMo(PQO,), was per-
formed in two steps starting from a mixture of nominal
composition Ba,Mo,P¢O,,. First an adequate mixiure of
BaCQ,, (NH),HPO, and MoO; was heated at 973 K in
a platinum crucible to eliminate CQ,, H,0, and NH,. In
the second step, the appropriate amount of molybdenum
(1l mole} was added and the ﬁpely ground product sealed
in an evacuated ampoule was heated up to 1173 K for 12
h and then quenched to room temperature.

Two sorts of crystals were extracted from the resulting
product: mauve crystals and yeliow crystals; the micro-
probe anafysts of the first kind of crystals confirmed the
composition BaMo(PO,), deduced from the structure de-
termination. The microprobe analysis of the yellow crys-
tals reveated a new molybdenum phosphate involving bar-
ium but unfortunately the poor quality of the crystals did
not allow their structure to be determined up 1o now.
Subsequently a reaction to prepar¢ pure powder
BaMo(PO,), was carvied out at 1173 K for 12 hr, quenching
the sample to room temperature. The powder X ray dif-
fraction pattern (Table 1) of this new phosphate was in-
dexed in a monoclinic cell (Table 2) in agreement with the
parameters obtained from the single-crystal X ray study.

STRUCTURE DETERMINATION

A maave crystal with dimensions 0.071 x 0.038 x 0.038
mm was selected for the structure determination. The
cell parameters reported in Table 2 were determined and
refined by diffractometric techniques at 294 K with a least
squares reftnement based upon 25 reflections with 18° =
## = 22°, The data were collected on a CAD4 Enraf-Nonius
diffractometer with the data collection parameters of Ta-
bile 2. The reflections were corrected for Lorentz, polar-
ization, and absorption effects. The systematic absences
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LAYERED MONOPHOSPHATE BaMo(PO,),

TABLE 1

X Ray Powder Diffraction Data of BaMo(PQ,),
hok ol dopslA) dete(A) 1,
00t 7.800 7.788 3
110 4.437 4,434 89
200 4.096 4.091 77
00 2 3.900 3.894 34
111 3.775 3.781 44
201 1.756 3.753 21
2 01 3,511 3.504 10
11 3 2.998 2.994 100
2013 2.948 2.946 1t
112 2.863 2.863 58
202 2.712 2.710 14
6 20 2.640 2.638 54
00 3 2.597 2.596 6
310 2.424 2.423 66
2013 2.272 2.279 3
3011 2.266 .
220 2.220 2.217 1
02 2 2,185 2.184 27
221 2.158 2.159 9
31 2 2.129 2.129 20
4 6 0 2.048 2.045 10
301 02 1.993 1.992 B
222 1.966 1.965 24
Q00 4 1.948 1.947 10
222 1.892 1.890 20
4 0 2 1.876 1.876 8
3113 1.838 1.840 4
20 4 1.319 1.818 19
11 4 1.755 1.754 25
4 0 2 1,752

130 1.720 1.719 16
4 20 1.616 1.616 2
1372 1.583 1.583 20
002 4 1.564 1.566 19
510 1.563

t 32 1.563

4 22 1.529 1.529 1
2075 1.497 1.498 11
12 4 1.497

330 1.478 1.478 24

h + k= 2n + | for all Akl are consistent with the C2,
Cm, or C2/m space group. The atoms were located by
the heavy atom method and successfully refined in the
centrosymmetric space group C2/m. The positional and
thermal parameters for BaMo(PO,), listed in Table 3 lead
to the factors R = 0.030 and R, = 0.036.

RESULTS AND DISCUSSION

The projection of the structure of BaMo(PO,), onto the
{010) plane (Fig. 1) shows the layered character previously
found for the alun sulfates (6, 7). It consists of very simple
(MoP,0g). layers built up from corner-sharing PO, tetra-
hedra and MoO; octahedra, and interleaved with barium
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TABLE 2
Summary of Crystal Data Intensity, Measurements and
Structure Refinement Parameters for BaMo(PO,),

1. Crystal data

Space group Clm
Cell dimensions a=28211(H A
= 5.27576) B =9%4.77(1y
c = 7.816{2)
Volume (A)* 337.4(2)
Z 2
Pege (gEM) 4.17
2. Intensity measurements
AMoKe) 0.71073
Scan mode @

Scan width () 13+0351@nd

Slit aperture (mm) 1.4 + tan &

Max 6(°) 45

Standard reflections 3 measured every 3600 sec

Measured reflections 1554
Reflections with [ > 3o 801
{mm™ %.09

3. Structure solution and refinement
Parameters refined 37
Agreement factors R =10030 R, =003
Weighting scheme w = f(sin 8/x)
Afo max <0.004

cations. Note that each PO, tetrahedron exhibits one free
apex pointing out of the layer.

Each MoQy, octahedron shares its six apices with PO,
tetrahedra as shown from the projection of one layer onto
the (001) plane (Fig. 2). Reciprocally, cach PO, tetrahe-
droa is linked to three MeQ, octahedra. As a result each
PO, tetrahedron exhibits three identical P-O distances
corresponding to the P-O-Mo bonds, i.e., to O(1) and
O(2), and a shorter P--O bond corresponding to the free
apex O(3) (Table 4), The Mo-0O distances of the MoQ;
octahedron (Table 4} are similar to those observed for
other Mof1V) monophosphates. Note however, that the
geometry of the MoQ, octahedron is very similar to that

TABLE 3
Positional Parameters and Their Estimated Standard Deviations
Atom x ¥ z B{A2)
Ba 0. 0. 0. 1.309(6)
Mo 0. 0. 0.5 0.856(8)
P (0.1294(2) 0.5 (1.2899(2) 0.88(2)
a 0.0242(4) 0.2610(6) 0.3123(4) 1.29(4)
o) 0.2652(3) 0.3 0.4392(6) 1.21{6}
03} (,1862(6) 0.5 0.1122(6) 1.65(7)

Note. Anisotropically refined atoms are given in the form of the
isotropic equivalent displacement parameter defined as

B=(4/3)22'&;'b’1,&-}-.
i
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FIG. 1.

Projection of the BaMo(POy), structure along [010].

of the Fe0, octahedron in the mineral yavapaiite (7}; one
indeed observed in both cases a flattening of this polyhe-
dron l;eading to two short Mo(Fe)-O bgnds (1.947~
1.954 A) and four iarger ones {2.00-2.034 A},

The barinm cation is linked to four O(1) atems located
within the [MoP,O,]. layer and to two O(3) atoms corre-
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FIG. 2. Projection of a [MoP,04], layer onto the [001] plane.

sponding to the free apices of the PO, tetrahedra. Like
potassium in the yavapaiite, barium exhibits an octahedral
coordination. However, the BaQ, octahedron, with six
Ba-0 distances ranging from 2.79 to 2.795 A (Table 4),
is remarkably regular (Fig. 3) compared to the KO octa-
hedron (2.826 to 2.860 A). It appears as one of the most

TABLE 4
Distances (A3 and Angles (°) in the Polyhedra
Mo o(th o) Oty (1% o™ 02
o1H 2.034(3) 4.067(T) 2.754(1 2.994(7) 2.846(5) 2.784(5)
o 180 2.034(3) 2.994(7) 2.754(7) 2.784(5) 2.846(5)
o3H 85.2(2) 94 B(2) 2.034(3) 4.067(T) 2.846(5) 2.784(5)
O 1) 94.8(2}) 85.2(2} 180 2.034(3} 2.784(5) 2.846(5)
0 88.7(2) 91.3(1) 88.7(2) 91.3(2) 1.947(4) 3.894(7)
Q29 91.3(2) 88.7(2) 91.3(2) £8.7(2) 180 1.947(4)
P o o™y D2} 03}
Q1) 1.547(4) 2.522(n 2.483(5) 2.480(3)
01" 109.2(3) 1.547(4) 2.483(5) 2.480(5)
o 106.8(2) 106.8(2) 1.546(5) 2.584(7)
o3 108.9(2) 108.92) 116.0(3) 1.5015)

Ba-O(1"1} = 2.795(4)

o) =

2.795(4)

o1y = 2.795(4)
O(1¥) = 2.795(4) y
03" = 2.790(5)
03N = 2.790(5)

Symmetry code

M ~x,-v1l-z

Gy -—x,y,1-z

(i} x, -y, z

av) x~ 12,y ~- 12,z

v 12-x,12-y,1-z
(vi) x,1 -1z

(vil) —x, -y, ~2

(vifi}) —x, ¥, —z2

(ix}) 12-x,12~y ~2
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FIG. 3. The oxygen polyhedron around Ba.

regular ocizhedra encountered in the AM(XO)), struc-
tures. Moreover, the next nearest oxygen neighbors are
located at much larger distances (>3.5 A), contrary to
potassium in the yavapaiite structure thai exhibits three
additional neighbors at 3.12 A.

Many compounds with the generic formulation
AMXO), with X = §, Se, Cr, Mo, W, and P have been
syathesized up to date. Most of them exhibit a layer struc-
ture with close relationships that have lead to an interest-
ing structural classification (11). In this classification the
yavapaiite structure, and consequently BaMo(PO,),, be-
longs ta category II; i.e., it can be considered as the less
distorted structure with respect to the highest symmetry
P3m! observed for the class 1 compounds. Thus the
[(MoP,0,]. lavers (Fig. 2) derive from the ideal trigonal
layers (Fig. 4) of KAI(MoQ,), (12) by a rotation of the
PO, tetrahedra around axis located within the [ayer as
already described (11).

The most interesting feature leads with the close rela-
tionships between the layer structure of the AM(XO,),
compounds and the tridimensional structures of a-
NaTiP,04 (9) and consequently of 8-cristoballite. Consid-
ering the view of the BaMo(POQ,), structure along b (Fig.
1), a tridimensional framework [MoP,04].. similar to that
of «-NaTiP,0;, (Fig. 5) can be obtained by translating two
successive [MoP,0;. layers of ((@/3) + (¢/5)) with respect

FIG. 4. The [TiP;04]. layer in a-NaTiP,0);.
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FIG.5. The projection of the a-NaTiP,0, structure along [110] show-
ing the octahedral layers and the POy layers.

to each other and by connecting the PO, tetrahedra of
these two layers. In this way, the [MoP,0,), framework
consists, like the [TiP,O,),. framework, of octahedral lay-
ers connected through layers of diphosphate groups. It
results in distorted hexagonal tunnels with a disposition
very similar to that of S-cristoballite {Fig. 6). In fact the
BaMo(PQ,), structure differs mainly from the a-NaTiP,0,
structure by the distortion of the (MoP,0;],. layers (Fig.
2). The a-NaTiP,(; structure can indeed be described as
the stacking of mixed [TiP,Q4], layers absolutely similar
to the [AlMo0,04l, (Fig. 4) encountered in the molybdate
KAI(MoO,}, (12), i.e., built up from corner-sharing TiOg
octahedra and PO, tetrahedra with the P3/m symmetry.,
In summary, the KAI(MoQO,), layer structure (class I)
derives from the e-NaTiP,0; structure by a simple sharing
mechanism at the level of the bridging oxygen of the P,O,
groups leading to the formation of single MoO, tetrahedra
(instead of MoQ, groups}, whereas in the BaMo(PO,),
structure (class II), the sharing mechanism at the level of

FIG. 6. The projection of the 8-cristobailite structure along [110].
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FIG. 7.

Projection of the structure of CsMoP,Oy along 4.

the bridging oxygen is followed by a distortion of the
[MoP,04].. layers.

The close relationships that have been previously estab-
lished between a-NaTiP,0; and B-cristoballite (9) make
obvious the structural fillation between these different
compounds. Let us indeed recall that the o-NaTiP,0,
structure derives from the B-cristoballite structure by re-
placing one (111) layer of P,0; groups out of two by one
layer of Ti(), octahedron (compare Figs. 5 and 6).

The close relationships between the CsMoOP,0, (10)
and a-NaTiP,0; (9) structures, which both consist of the
stacking of similar layers of P,O, groups with layers of
TiO, (or MoOy) octahedra, show that the layer structures

LECLAIRE ET AL.

AM(XO0,), are also closely related to the tridimensional
framework of CsMoOP,0, (Fig. 7). Nevertheiess, it must
be peinted cut that in the latter, the P,O; groups exhibit
a staggered configuration contrary to a-NaTiP,0; so that
the orientations of the successive octahedral layers are
different in the two structures,

In conclusion, the Mo(I1V}) monophosphate BaMo(P(,),
is the only one that involves a reduced oxidation state
of the transition clement among all the compounds
AM(XO,), related to the yvavapaiite structure. This feature
and the close relationships with the tridimensional struc-
tures of B-cristoballite and «-NaTiP,0, open the route to
research of other phosphates related to this family.
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