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A new mixed-valent vanadium tungsten monophosphate
Cs;V,W,0,,(PO,), has been synthesized in air in spite of the
presence of V(IV). It crystallizes in the space group Cmc2, with
a=14.948(1), b=20.008(2), and ¢=9.942(1) A. Its original
structure, built up from W,O,, bioctahedra, P,VO,, tritetra-
hedra units, and VO; pyramids, can be described from
[W,P,0,;]., layers parallel to (100) interconnected through VO,
tetrahedra and VO, pyramids. This open framework forms inter-
secting tunnels running along @ and ¢, where the Cs* cations are
located. Bond strength—bond length calculations and magnetic
measurements show that the electrons are localized, V (IV) sit-
ting in the VO, pyramid, whereas the VO, tetrahedra and WO,
octahedra are occupied by V (V) and W (VI), respectively. © 1998

Academic Press

INTRODUCTION

Transition metal phosphates have been extensively inves-
tigated over the past several years owing to the open charac-
ter of their structure (for a review, see Refs. 1 and 2) and to
their ability to present a mixed valence of the transition
element. Thus they can be considered as potential materials
for various applications such as heterogeneous catalysis,
ionic conductivity, or molecular sieves.

In addition to the foregoing applications, the research of
matrices for the storage of nuclear elements such as radioac-
tive cesium calls attention to transition metal phosphates. In
this respect, vanadium phosphates are of great interest, since
several cesium vanadophosphates have been synthesized at
temperatures ranging from 973 to 1173 K (3—8). Neverthe-
less, the synthesis of these oxides requires reducing condi-
tions, vanadium being either trivalent (3—5) or tetravalent
(5-8). Recently, a vanadium tungsten phosphate Cs;V,W,
0Oy (PO,),, characterized by the mixed valence V(V)-V(IV)
has been isolated (9), suggesting that mixed frameworks of
the systems V-W-P-O are susceptible to accommodate
cesium. In the present paper, we report on a new cesium
monophosphate, CssVW,O4(VO,)(PO,),, characterized by
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a mixed valence of vanadium, V(IV)-V(V), entirely pre-
pared in air and at low temperature (783 K).

EXPERIMENTAL
Crystal Growth and Chemical Synthesis

Single crystals of this phase were grown from a mixture of
nominal composition CsgV,W,PgO,s. The growth was
performed in two steps: first H(NH,),PO,, CsNO;, and
WO; were mixed in adequate ratios according to the com-
position CsgW3 4,PgO35 and heated in a platinum crucible
for 2h at 673 K to decompose the ammonium phosphate
and the cesium nitrate. The required amounts of V,0;
(2mol) and tungsten (0.33 mol) were then added and the
resulting mixture was sealed in an evacuated silica ampoule.
It was heated at 783 K for 33 h, cooled at 10 K/h to 633 K,
and finally quenched to room temperature. From the result-
ing product, some orange crystals were extracted. Their
EDS analysis allowed the presence of silicon to be ruled out
and led to the cationic composition Cs;V,W,P,, which was
confirmed from the structure determination.

The synthesis of a pure powder of this new phosphate
CssVW,04(VO,)(PO,), is remarkable since it can
be performed entirely in air in spite of the presence of V(IV)
and at low temperature (783 K). The synthesis was
performed in two steps. In a first step H(NH,),PO,,
CsNOj;, and WO; were mixed in adequate proportions
according to the ideal composition CssW,P,0,, s and
heated in air for 2h at 673 K. Under these conditions
tungsten keeps the maximum oxidation state W (VI), and we
avoid a partial reduction of vanadium due to the decompo-
sition of ammonium phosphate, which would be difficult to
control. Then in the second step, the required amounts of
VO, and V,0; were added and the resulting mixture was
heated in air at 783 K for 12h and quenched to room
temperature. For this temperature, vanadium keeps its in-
itial tetravalent state.

The X-ray powder diffraction pattern of this new phase
confirms its purity. It can be indexed in a monoclinic cell, in
agreement with the single-crystal study (Table 1).
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TABLE 1
Summary of Crystal Data, Intensity Measurements, and
Structure Refinement Parameters for Cs;VW,0,VO,(PO,),

1. Crystal data

Space group Cmc2,

Cell dimensions a=14948(1) A
b = 20.008(2) A
c=9942(1) A

Volume (A3) 2973.6(4)

z 4
Peale (g cm73) 4.668

2. Intensity measurements
/(MoKa) (A) 0.71073
Scan mode w0
Scan width (deg) 1.1 +035tan0

Slit aperture (mm) 1.06 + tan 0

Max 0 (deg) 45

Standard reflections 3 measured every 3600 s
Measured reflections 6618

Reflections with I > 3¢ 3100

3. Structure solution and refinement

Parameters refined 207

Agreement factors R =0.034, R,, = 0.033
Weighting scheme w=1/d?

A/6 pax < 0.005

Single-Crystal X-Ray Diffraction Study

Single crystals were first selected optically and then tested by
the Weissenberg method. The cell parameters were determined
by diffractometric techniques at 293 K with a least-squares
method based upon 25 reflections in the range 18° < 0 < 22°.

An orange crystal with dimensions 0.114x0.114 x
0.064 mm?* was selected for the structure determination. The
data were collected on a Enraf-Nonius CAD4 diffracto-
meter with the parameters reported in Table 1. The reflec-
tions were corrected for Lorentz and polarization effects, for
absorption, and for secondary extinction.

The Laue symmetry is mmm and the systematic extinc-
tions h + k =2n + 1 for all hkl and [ = 2n + 1 for hOl are
consistent with the space groups Cmcm and Cmc2,. The
Patterson function shows no Harker lines along ¢, indicat-
ing that the space group is Cmc2,. The structure was solved
with the heavy-atom method. The refinement of the atomic
coordinates and the anisotropic thermal factors of all the
atoms led to R = 0.034 and R,, = 0.033 and to the atomic
parameters listed in Table 2.

The calculations were performed on a SparcStation with
the XTAL 3.2 program.

Magnetic Study

Magnetic susceptibility measurements were performed on
a powder sample by SQUID magnetometry from 4.5 up to

TABLE 2
Atomic Positional and Isotropic Displacement Parameters

Atom X y z U (A%
W(1) 0.16982(3) 0.18908(2) 0.25000 0.00933(8)
w(2) 030915(3)  0.44019(2) 0.48619(6)  0.0150(1)
Cs(1) 1 0.29225(8) 04269(2)  0.0365(5)
Cs(2) 0.2444(1)  0.37240(6) 0.1283(1)  0.0387(3)
Cs(3) 0 0.02528(6) 02765(1)  0.0218(3)
Cs(4) ! 0.07862(8) —0.0297(2)  0.0473(6)
V(1) L 0.2902(1) —0.0184(3)  0.0104(6)
V() ! 0.1038(2) 03526(5)  0.029(1)
P(1) 0.1865(2)  0.2954(1) 04916(3)  0.0092(6)
P(2) 0.3046(2) 0.0501(1) 0.2830(3) 0.0117(7)
o) 0.1085(6)  0.2529(5) 0.1831(9)  0.020(3)
0oQ) 0.0919(6) 0.1604(4) 0.3754(9)  0.015(2)
003) 0.1465(6)  0.1233(5) 0.1191(9)  0.016(2)
0(4) 0.2776(6) 0.2188(4) 0.1326(9)  0.013(2)
0(5) 02328(5)  0.2456(4) 03915(9)  0.011(2)
0(6) 02636(7)  0.1143(4) 03261(9)  0.019(3)
0o(7) 03727(7)  0.4094(5) 0.355(1) 0.028(3)
o) 0.3755(8) 0.5066(6) 0.535(1) 0.037(3)
0(9) 02254(8)  0.4930(5) 0.371(1) 0.032(3)
0(10) 0.2069(6)  0.3663(4) 0.4484(8)  0.016(2)
o(11) 02121(9)  0.4672(5) 0.6376(9)  0.037(4)
0(12) 1 0.3276(7) 0.123(1) 0.026(4)
0(13) 041355 021534 0.011(1) 0.016(2)
0(14) ! 0.129(1) 0.506(3) 0.099(5)
0(15) L 0.169(1) 0.255(3) 0.100(5)
0(16) 0.5931(7)  0.0500(6) 0.307(2) 0.065(6)

300 K under 0.3 T after zero-field cooling, the magnetic field
being applied after stabilization of the temperature at 4.5 K.
The magnetic moment was then measured in increasing
temperature up to 300 K.

RESULTS AND DISCUSSION

The projections of the structure of this new phosphate
along ¢ (Fig. 1) and @ (Fig. 2) show the great diversity of the
polyhedra which form the [V,W,P,0,4],, host framework.
The framework consists of corner-sharing PO, and VO,
tetrahedra, WOg¢ octahedra, and VOs pyramids. In this
framework the WO, octahedra form bioctahedral W,O,;
units, whereas the PO, and VO, tetrahedra form tritet-
rahedral VP,0, units.

The important feature which characterizes this structure
deals with the fact that this tridimensional framework can
be described from the stacking along d of [W,P,0,3],
layers (Fig. 1) interconnected through VO, tetrahedra and
VO; pyramids. In fact, the [W,P,0,3], layers are very
similar to the [Mo,P,0,3], layers encountered in several
molybdenum monophosphates, such as 43;M0,04(POy),
with 4 = Rb and Tl (10), Cs3M0,04(PO,), (11), and
A,M0,05(PO,), with 4 =K,Rb, and Tl (12-14). In
these layers (Fig. 3) the bioctahedral W,0;; units are
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Projection of the structure of CssVW,04,VO,4(PO,), along ¢.

FIG. 1.

interconnected through PO, groups forming eight-sided
rings; within a layer each ring shares two polyhedra (one
PO, tetrahedron and one WO, octahedron) with each of
the four surrounding rings. Another interesting feature con-
cerns the VP,0,, tritetrahedral units, which are also ob-
served in Ba,VsOg(POy,), (15), where the corresponding
VO, tetrahedron also ensures the connection between two
rather dense layers, but which exhibits a different composi-
tion and geometry, [V,P,O55] .

The interatomic distances and angles (Table 3) show that
the PO, tetrahedra, which share their apices with three
WOg octahedra and one VO, or one VO5 pyramid, are
rather regular.

The WOyg octahedra are rather strongly distorted, with
W-0 distances ranging from 1.70 to 2.19 A. The distortion
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is rather different for W(1) and W(2). W(1) exhibits one
shorter W—O bond (1.707 A) corresponding to its free apex,
two intermediate W-O distances (1.80-1.844 108) corre-
sponding to the apices shared with V(1) and W(2), and three
longer distances (2.035-2.185 /o\) which form the W(1)-O-P
bonds. For W(2), the two shorter W—O bonds (1.72-1.73 A)
correspond to the two free apices of the octahedron, the
three longer ones (2.00-2.16 A) characterize the three
W (2)-O-P bonds, and the intermediate distance (1.948 /0\)
corresponds to the W(1)-O-W(2) bond.

The geometry of the VO pyramid (V(1)) is characteristic
of the vanadyl bond behavior, with one abnormally short
V-0 bond corresponding to the free apex of the pyramid,
and four almost equal V-O bonds (1.98-2.00 A) corres-
ponding to the basal plane of the pyramid.

FIG. 2. Projection of the structure of CssVW,0,VO,(PO,), along a.
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TABLE 3

BERRAH ET AL.

Distances (A) and Angles (Deg) in the Polyhedra
in Cs;VYW,0,VO,(PO,),

TABLE 3—Continued

Cs(3)-0(7)" = 3.10(1) Cs(4)-O(10) = 3.29(1)
Cs(3)-O(7)i = 3.10(9) Cs(4)-O(10)" = 3.29(1)
Cs(3)-0(2) = 3.19(1) Cs(4)-O(16)4 = 3.35(1)
Cs(3)-0(2)" = 3.19(1) Cs(4)-O(16) = 3.35(1)
Cs(3)-0(8)" = 3.20(1) Cs(4)-0(15) = 3.36(1)
Cs(3)-0(8)i = 3.20(1)

Cs(3)-0(3) = 3.33(1)

Cs(3)-0(3) = 3.33(1)

W(1) o(1) 0O(2) 0@ o) O(5) O(6)
0(1) 17079) 2.67(1)  2.73(1) 267(1)  279(1) 3.88(1)
o) 99.3(4)  1.800(9) 2.78(1) 3.86(1) 271(1) 2.77(1)
003) 98.9(4)  97.8(4)  1.884(9) 274(1) 387(1) 2.71(1)
0(4) 89.0(4) 169.3(4) 87.4(4) 20779 2.71(1) 2.85(1)
0(3) 959(4)  89.9(4) 162.1(4) 82.6(3)  2.036(9) 2.75(1)
0(6) 1726(4)  8754)  83.1(4) 839(3) 8L1(3)  219(1)
W(2) 003) o(7) 0(@8) 09 010 o1
00) 1.949(9) 272(1) 2.75(1) 3.89(1) 2.78(1) 2.79(2)
0(7) 952(4)  172(1) 2.64(1) 277(2) 278(1) 3.87(2)
0() 96.6(5  99.8(5  173(1) 279(2) 387(1) 2.76(2)
009) 161.1(4)  958(5) 965(5)  2.00(1) 2.66(1) 2.71(1)
0(10) 85.0(4)  90.8(4) 169.0(5 79.6(4)  2.159(9) 2.76(1)
o(11) 85.4(4) 1702(5 89.8(5 812(4) 795  2.16(1)
V(1) 0() 0(2) 0(12) 0(13) 0(13)
()i 200(1)  275(1) 2832 2742  3.82(1)
o) 87.0(4) 200(1) 2832  3.82(1)  2.74(1)
0(12) 103.5(4)  103.5(4) 1591) 2912  291(2)
0(13) 86.9(3)  147.7(4)  108.7(5) 1.980(8)  2.59(2)
013 1477(4)  869(3) 108.7(5  8L5(3) 1.980(8)
V(2) 0(14) 0(15) 0(16) o(16)
0(14) 1.61(3) 2.63(5) 2.89(3) 2.89(3)
0(15) 109(2) 1.63(3) 2.81(3) 2.81(3)
0(16) 114.8(8) 109.1(8) 1.82(1) 2.78(2)
0(16)" 114.8(8) 109.1(8) 100.1(6) 1.82(1)
P(1) O(4) 005) 0(10) 0O(13)
oWy 1.528(9) 2.51(1) 2.51(1) 2.48(1)
0(3) 108.0(5) 1.569(9) 251(1) 2.52(1)
0(10) 111.3(5) 109.1(5) 1L51309)  2.46(1)
0o(13) 109.5(5) 109.7(5) 109.2(5) 1.511(8)
PQ) 0(6) o9y O(11)i o(l6)
0(6) 1.49(1) 2.42(1) 2.51(1) 251(2)
O(9)i 111.3(6) 1.51(1) 2.46(1) 237(2)
O(11)i 114.0(6) 109.5(6) 1.51(1) 247(2)
0(16) 111.4(7) 101.8(7) 108.2(8) 1.55(1)
Cs(1)-0(15) = 3.00(3) Cs(2)-0(6)i = 3.02(1)
Cs(1)-0(12) = 3.10(1) Cs(2)-0(7) = 3.05(1)
Cs(1)-O(7)" = 3.10(1) Cs(2)-0(@) = 3.11(1)
Cs(1)-0(7) = 3.10(1) Cs(2)-0(1) = 3.18(1)
Cs(1)-O(1)i = 3.15(1) Cs(2)-0(10) = 3.23(1)
Cs(1)-O(1) = 3.15(1) Cs(2)-O(8)* = 3.25(1)
Cs(1)-0(3) = 3.36(1) Cs(2)-O(11)* = 3.25(1)
Cs(1)-0(3)i = 3.36(1) Cs(2)-0(5)i = 3.35(1)
Cs(1)-0(14) = 3.37(3) Cs(2)-0(9) = 3.42(1)
Cs(3)-O(8) = 3.10(1) Cs(4)-0(13) = 3.03(1)
Cs(3)-0(8)i = 3.10(1) Cs(#)-0(13)" = 3.03(1)

.3 1 1 1, ;s 1 1 1.

“Symmetry codes: i, —x + ,, —y+3,z+ 1, X+5, —y+,,z+,;

1 1 1. 1 1 1 . -

m, —=x+,, =y+3, 2=, X+, —y+, —+zV, =X, ) 2V,
.. 1 1 1 PR

—x+ 1L,y +zVvi,bx—,,y—,,zVil, —X+,,y—,,2IiX,x, —y+1,

1. 1 1 1. o: 1. 1
Z— X% X—5, =V +,,2— X, X, =y, z— X, —x+1, —y,z—,.

The VO, tetrahedron (V(2)) exhibits two shorter V-O
distances (1.61-1.63 A) corresponding to its two free apices
and two longer ones (1.82 A) which form the V-O bonds of
the VP,O, tritetrahedral units.

The cesium cations are distributed over four types of sites
which are all fully occupied. Cs(2) is located within the
[W,P,043], layers, at the center of the eight-sided ring
(Fig. 3), i.e., on the axis of the tunnels running along d
(Fig. 2). In contrast, Cs(1), Cs(3), and Cs(4) are all located
between the [W,P,043],, layers, at the level of the VO35
pyramid and VO, tetrahedron (Fig. 1). Cs(3) sits near the
axis of the tunnel running along ¢, whereas Cs(4) and Cs(1)
are located between the VO, tetrahedra and the VO; pyr-
amids along ¢, respectively. It is remarkable that, whatever
the positions, one observes Cs—O distances larger than 3 A
(Table 3), which emphasizes the open character of this struc-
ture. This result is in agreement with the thermal factor
values after refinement, which are rather high, ranging from
2.18 to 4.73 A% Thus the coordination of cesium is difficult
to define: it can be considered as ranging from seven to ten,

FIG. 3. A [W,P,0,;] layer veiwed in projection along d.
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FIG. 4. Inverse molar magnetic susceptibility versus T.

if one admits that Cs—O bonds exist for distances between
cesium and oxygen smaller than 3.5 A.

Electronic Localization

From the interatomic distances, an electronic localization
appears as most likely, with hexavalent tungsten sitting in
octahedral sites, whereas the VO, tetrahedra and VO,
pyramids should be occupied by pentavalent and tet-
ravalent vanadium, respectively. The bond strength—bond
length calculations (16) strongly support this hypothesis.
One obtains indeed valences of 6.156, 6.176, 3.977, and 4.974
for W(1), W(2), V(1), and V(2), respectively.

The inverse molar susceptibility y,, *(T) established after
correction of the sample holder signal, was fit with
a Curie—Weiss type law yn, = yo + Co/(T — 0) (Fig. 4),
leading to an effective magnetic moment of 1.32 ug per
V(IV)and to 8 = — 1.33 K for yo = — 0.0001. This value of
the effective magnetic moment is significantly lower than the
theoretical moment, which is 1.73 ug for V(IV). Since the
V(IV)Os pyramids share two of their apices with two
W,0,; bioctahedral units, this difference could be at-
tributed to the existence of the interactions between the
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atoms of the VW,O, 5 pentapolyhedral units resulting from
this assemblage as shown in the molybdenum phosphates
(17). Molecular orbital calculations will be carried out to
verify this hypothesis by studying the nature of the elec-
tronic levels in this pentapolyhedral structural unit.
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Note added in proof. Molecular orbital calculations have been carried
out which confirm the occupancy of VO, tetrahedra and VO5 pyramids by
V3* and V** respectively. They also evidence a partial delocalization of
the electron of V(1) on W(1)Og octahedra of the V(1)W(1), W(2),0,5 unit.
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