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A mixed-valent molybdenotungstophosphate, Na,(Mo,
W), 0.{PO,); (x ~ 0.75) has been isolated for the first time, It
crystallizes in the space group P2,/m with a = 7.200(1) A,
b= 6.369(1) ;\, ¢ =9.123(1) ;X, and 8 = 166.29(1)°. Its structure
consists of M,PO; units built up of two MO, octahedra (M =
Mo, W) and one PO, tetrahedron sharing their apices as already
observed in several molybdenum phosphates. These units share
their apices with PO, tetrahedra forming [M,P,0].. chains
running along ¢. The host lattice [(Mo, W),P,0y]. can be
described by the assemblage of such chains or by the assem-
blage of [MPO;].. chains running along b, in which one
PQ, tetrahedron alternates with one MO, octahedron. The
tridimensional framework [Mo, WP,04,].. delimits tunnels
running along b, occupied by sodium with two kinds of
coordination, 6 and 5. The distribution of the different
species, in the octahedral sites according to the formula-
tion Nagzs(Mogh Wik (Mogss Wik ),0s(PO,),, is dis-

cussed. @ 1995 Academic Press, Inc.

INTRODUCTION

An extraordinarily large number of tungsten and molyb-
denum phosphates characterized by a mixed valence of
the transition element have been synthesized up to date.
In these oxides, the behaviors of molybdenum and tungsten
are fundamentally different. The mixed-valence W(V)/
W(VI) involves generally an electronic delocalization,
leading to several series of phosphate tungsten bronzes
(see, for review, Refs. (1-3)) that exhibit metallic proper-
ties and are actually studied for their wave density charge
properties (4). In contrast, the mixed valence Mo(V)/
Mo(VI) does not imply an electronic delocalization but
leads to the formation of molybdenum units that are iso-
lated one from the other, i.e., connected through PO, tetra-
hedra. This different behavior of molybdenum is due to
the particular electronic configuration of Mo(V) that favors
the formation of numerous phosphates of pentavalent mo-
lybdenum (5). Nevertheless Mo(V) and W(V) are some-
times able to form isostructural phases as shown for the
tetragonal phases WPOs (6} and MoPOs (7).

In spite of the great ability of molybedenum and tung-
sten to be associated to form octahedral suboxides, like in
the shear structures (Ma, W), 05, (8), very few phos-
phates involving Mo and W at an oxidation state smaller
than six are known up to date. For this reason we have
investigated the system Na-Mo-W-P-O. We report
herein on the synthesis and crystal structure of an original
mOHOphOSphate Na(].?sMOl_17W0_3303(PO4)2.

SYNTHESIS AND CRYSTAL GROWTH

Single crystals of the title compound were grown from
a mixture of nominal composition Na,MoWP;0,s. The
growth was carried out in two steps. First H(NH,),PO,,
Na;COs, W5, and MoO; were mixed in an agate mortar
in adequate ratios according to the composition Nas-
Moy i3 WP50 4 and heated at 700 K in a platinum crucible
to decompose the ammonivm phosphate and carbonate,
In a second step the resulting mixture was then added to
the required amount of molybdenum (0.17 moie) sealed
in an evacuated silica ampoule, heated for 1 day at 853 K
and cooled at 753 K. The sample was finally quenched to
Toom temperature.

Three sorts of crystals were extracted from the resulting
product, black needles, black plates that have not been
identified owing to their poor quality, and small pale rose
crystais of high quality. The latter were studied by X-ray
diffraction and microprobe analysis confirmed the compo-
sition Nag7sMo, 17Woa3P,0(, deduced from the structure
determination.

The synthesis of the corresponding pure phase in the
form of powder was carried out under the same experimen-
tal conditions but starting with the ideal compositions cor-
responding to the formula Na,Mo,., W, P>0; with 0.25 =
x = 1and 1.75 = y = (.25, From the different attempts
two pure phases could be synthesized, Nag;sMoWP,0O
and NagsMog,s W) 7sP20,,. Their powder X-ray pattern
was indexed in a monoclinic cell in agreement with the
cell parameters deduced from the single-crystal study, as
shown for Na,,sMoWP,0,, (Table 1).
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TABLE 1 STRUCTURE DETERMINATION
Interreticular Distances for Nag;sMoWP,0y,
- - - - A small plate with dimensions 0.078 X 0.032 x 0.07
Rkl deac(A) das(A) 1 hkl duc(A) ds{A) T mm was selected for the structure determination. The cell
00 1 8754 8767 $ 21 -3 2473 2422 19 Pparameters reported il:l Table 2 were determin_ed and re-
10 0 6911 6.986 10 22 -1 237 2377 1o fined by diffractometric technique at 294 K with a least-
10-1 6361 6370 63 12 2 2291 2292 18 squares refinement based upon 25 reflections with 18 =
22 -2 2249 2248 36 @ = 22° The systematic absence k = 2n + 1 for 0kO is
01 -1 3514 5.150 § 21 2 224 consistent with the space group P2,/m. The data were
10 1 4.808 4.810 23 31 -1 2245 . . .
11 0 4680 4685 90 00 4 2188 2186 38 coliected with an Enraf Nonius CAD 4 diffractometer,
11 -1 4498 4.498 0 12 -3 2185 with the parameters reported in Table 2. The reflections
00 2 4377 4380 62 31 0 2166 2163 10 were corrected for Lorentz and polarization eftects and
10 -2 4280 4277 9 22 1 2.161 for adsorption.
L1t 3833 380 18 30 -3 210 e 8 The structure was solved with the heavy atom method.
20-1 3575 3580 9% The W and Mo atoms are distributed over two sites M(1)
10 2 3303 3.304 8 30 1 2.088 2.089 12
20 -2 3181 3180 100 01 4 2060 sgip 7 and M(2). The refinement of the occupancy factors of the
02 0 3180 21 -4 2028 2029 26 latter allows a preferential occupation to be evidenced; the
21 0 3036 304 10 13 0 2027 M(1) sites are preferentially occupied by tungsten—0.58
10-3 3007 3005 60 31-3 2001 2011 10 w042 Mo—whereas the M{(2) sites are essentially occu-
12 0 288 2.887 5 13 -1 2.011 . . .
21 -2 2845 2.840 2 13 1 1939 1937 6 p_1ed by molybden}lm, i.e., 0.25 W/0.75 Mo. The sodium
12 -1 2844 10 4 1936 sites are characterized by an occupany factor of 0.185, in
12 1 2652 2.651 17 03 2 1908 1910 9 agreement with the fact that each site exhibits three closer
01 -3 2652 30-4 1800 1872 13 peighbors located at less than 1.4 A, so that the four sites
g {2) _g ;g?;_:l; ig% i; 1 f ': igg; 1853 4 cannot be occupied simultaneously.
) ] ' The refinement of the atomic coordinates, the isotropic
thermal factor of sodium, and anisotropic thermal factors
of all the other atoms leads to R = (0,046 and R,, = 0.056.
The results are listed on Table 3.
TABLE 2

Summary of Crystal Data, Intensity Measurements and Structure
Refinement Parameters for Nay.sMo, 3. W P04

Crystal data
Space group
Cell dimensions

Volume
Z
Pearc (g cm™)
Intensity measurements
A (MoKa)
Scan mode
Scan width (%)
Slit aperture (mm)
Max & (%)
Standard reflections

P2im

a=720001) A, b = 6369(1) A, ¢ = 9.123(1) A
e = 90.0°, 8 = 106291, ¥ = 90.0°

401.5(1) A?

2

4.31

071073 A

w—4

1.0+ 035tan &
1.06 + tan @

45

3 every hour

Reflections measured
Reflections with [ > 5o
 (mm._)

Structure solution and refinement
Parameters refined
Agreement factors
Weighting scheme
Alg max

6850
2011
14.42

95

R = 0.046, Rw = 0.053
w = f(sin 6/A)

<0.005




Positional Parameters and Their Estimated

TABLE 3

MIXED-VALENT Na, (Mo, W);Q4(PO.), 355

Standard Deviations

Atom x ¥ z B (A%
M@) 0.1099(1) 0.25 0.20000(9) 0.46(2)
M(2) 0.3115(1) 0.25 0.6345(1) 0.56(3)
P(1) 0.4117(5) 0.75 0.6106(4) 0.63(8)
P(2) D.0167(5) 075 0.1738(4) 0.71(8)
Na(1) 0.481(5) 0.594(5) 0.959(4) 3.5(6)

Na(2) 0.391(5) 0.496(5) 0.018(4) 3.2(6)

o(1) ~0.136(1) 0.25 0.128(1) 1.18(2)
0Q2) 0.132(1) 0.25 0.394(1) 0.87(2)
0(3) 0.149(1) 0.556(1) 0.184(1) 0.87(2)
O4) 0.144(1) 0.25 —0.026(1) 1.11(2)
0(5) 0.419(1) 0.25 0.247(1) 0.87(2)
0(6) 0.454(2) 0.25 0.816(1) 1.97(3)
o(7) 0.067(1) 0.25 0.690(1) 0.95(2)
0(8) 0.283(1) 0.557(1) 0.607(1) 1.11(2)
0(9) 0.523(1) 0.25 0.535(1) 0.95(2)

Note. Anisotropically refined atoms are given in the form of the iso-
tropic equivalent displacement parameter defined as 8 = 4 3; E, Ei-Zij,-.
M(1) = WyssMoyaz; M(2) = WyasMogzs.

DESCRIPTION OF THE STRUCTURE
AND DISCUSSICN

The projection of the structure of NagzsMoj;r
Wos30:(PO,); along b (Fig. 1) shows that the host lattice
[Mo,; 17 W48:P201,]. consists of bioctahedral units con-
nected through PO, tetrahedra delimiting large tunnels

running along b, where the Na® cations are located.
The whole structure can in fact be described by the
assemblage of [M,P,0s]. chains. Such chains are built up

from M,P0,, units already observed in several molybde-
num phosphates {8); two corner-shared M(1) and M(2)
octahedra share one apex with the same P(1) tetrahedron
(circled unit, Fig. 2). In each [M,P>0s]. chain two succes-
sive M,PQ;; units are connected through a P(2) tetrahe-
dron (Fig. 2). At the same y level the different [M>P,0].
chains are disconnected (Fig. 2). In the [M,P,0,]. frame-
work each [M,P,0s}. chain is linked to two identical
chains located above and two others located below them,
as shown in Fig. 1. The connection between the different
chains is ensured through the apical oxygens of the M{(1)
and M(2) octahedra that are shared with the P(2) and P(1)
tetrahedra, respectively.

The connection of the octahedra and tetrahedra along
the apical M-O bonds of the octahedra forms, in fact,
[MPOy]., chains running along 5. As a result the tridimen-
sionnal framework [M,P;0;]. can also be described by
the assemblage of two kinds of chains, [M(1)P(2)Os]. and
[M(2)P(1)Oqg]w, that share their apices in such a way that
one octahedron of one chain can be linked either to one
octahedron or to one tetrahedron of another chain (Fig.
3). In this way, each [M(1)P(2)Og)- chain is linked to one
identical [M(1)P(2)Og]. chain and to three [M(2)P(1)Og)..
chains, and conversely each [M(2)P(1)Og]. is linked to
three [M(1)P(2)Og]. chains and to one identical
[M(2YP(1)Og).. chain (Fig. 1).

In this framework each PQ, tetrahedron shares its four
apices with four MQOg octahedra and exhibits the classical
geometry of monophosphate groups, as shown in Table 4.
Each MOy octahedron shares four apices with four PO,
tetrahedra and one MOy octahedron, the sixth apex being
free. Note that this free apex is directed toward the center
of the tunnel. One observes that the geometry of the Oy

[M2zP20 5] chain

FIG. 1. Projection of the structure of NagsMo, 17Wo02(PO); along b.
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{M2P2015] chain

[M2P2015]e chain

FIG. 2. Chains [M,P,0s]. running along ¢ in the (010) plane.

octahedra is rather regular (Table 4). However the M-O
distances spread over a rather large range and are different
for the M(1) and M(2) octahedra (Table 4). In the M(1)
octahedra that are mainly occupied by tungsten, one ob-
serves two short M—O bonds (1.71-1.73 A), two intermedi-
ate bonds (1.98 A), and two larger ones (2.14-2.15 A).
The M(2) octahedra that are preferentially occupied by
molybdenum exhibit one short M-O bond (1.69 A), four
intermediate M—O distances (1.96-1.98 A ), and one abnor-
mally long M—O bond (2.21 A). This geometry of the MO,
octahedra suggests that the M(1) octahedra are occupied

[M(2)P(1)0g]= chain

[M(1)P{2)0g]e= chain

by W(VI) and Mo(V1), whereas the M(2) octahedra are
occupied by Mo(V) and W(VI). In many tungstates and
molybdates such as NaWY'Q,PO, and NaMo"'0,PO, (9)
the W—0O and Mo—O distances spread indeed over a broad
range of values, in agreement with the interatomic dis-
tances obtained for the M(1) octahedra.

The coordination 1 + 4 + 1 observed for M(2) is in
perfect agreement with the preferential occupancy of this
site by Mo(V); the unability of W(V) to exhibit an irreg-
ular octahedral coordination suggests that this site is
partly occupied by W(VI). Consequently, this compound

c 2

FIG. 3. Projection of Nap7sMoy 17Wpz0:(POy); along ¢ showing the [MPOg]. chains.



MIXED-VALENT Na,(Mo, W),03(POy),

. TABLE 4
Distances (A} and Angles (°) in Polyhedra
M)  0Q) o) o) 0@  OF) o)
O(1) 1711} 264(2) 277(1)  276(2)  384(2) 27H1)
O(2) 100.3(5) 173(1)  2.76(1)  386(2) 2.76(2) 2.76(1)
O(3) 972(2)  959(2)  1977(N  2.52(1) 2.76(2) 3.89(1)
O@) 91.1(5) 168.6(4) 82.6(2) 214(10)  2.72(1) 2721
O(5) 169.5(5)  902(4) 816(2)  785(4)  2.15(1) 2.70(1)
0(3) 97.2(2)  959(2) 159.5(4)  826(3) 81.6(2) 1977
MQ2)  0O@) 0(6) o(7) o 0O O)
0(2)  22088) 390(2) 286(2)  275(2) 2.75(1) 275(1)
O(6) 178.5(5) 1.69(1)  2.70(2) 2771y 2795(2) 2.77(1)
O(7)  865(4)  95.0(5)  196(1)  273(1) 392(2) 2.73(1)
O(8) 8212 9792 88.003) 1.972(8)  2.80(2) 3.91(1)
O(9) 81L7(4)  968(5) 1682(4)  S04(3)  198(1) 2.80(1)
O(8) B821(2)  979(2) BBO(3) 1639(3) 904(3) 1972(8)
P(1) O oG Ol 0(8)
O@)  153(1)  251(1)  248(1)  2.46(1)
O(5%) 110.7(4) 151(1)  252(2)  2.51(1)
O(9%) 108.1(4) 112.3(6)  1.52(1)  2.48(1)
O(8) 1066(5) 110.7(4) 108.1(4) 1.53(1)
P2)  O() 0@y O 039
O(3)  155(1)  251(1) 251(1)  2.47(1)
O(41} 110.8(4) L51(1y  249(2)  2.5i(1)
O(7%) 1093(4) 110.5(6)  153(1)  2.51(1)
O3 1062(5)  110.7(8)  109.3(4) 1.55(1)

Note. Na(l)-O(6%) = 220(2): Na(2)-O(6") = 2.28(2); Na(l)-
O(5%) = 2.41(2); Na(2)-O(4) = 2.32(2); Na(1)-O(6) = 2.43(2); Na(2)
O(1) = 2.53(2); Na(1)-0(1*} = 2.58(2); Na(2)-O(6") = 2.55(2); Na(1)-
O(47) = 2.78(2); Na(2)-O(5) = 2.57(2); Na(2)-O(3) = 2.64(2). Symmetry
codes:, —x, 12+ y: —z; x, 12—y, ;5 1 —x, 12+ 3,2 -, ¥,
1—-x124+y1-z% =12+l -z%xyz

may be formulated Nag;s{Mog Wy is)a(Mog7sWeis)as
O3(POs)s.
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FIG. 4. The Na* surroundings.

In the tunnels, the Na* cations exhibit two kinds of
coordination, a square pyramidal for Na(1) (Fig. 4a) and
a sixfold one for Na(2) (Fig. 4b).

In conclusion, Na, (Mo, W},0(PO,), represents the first
phosphate containing tungsten and molybdenum simulta-
neously and is characterized by a mixed valence of molyb-
denum. This study opens the route to the exploration of
mixed MoW phosphates with various oxidation states of
the transition element.
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