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A new molybdenum monophosphate RbMo,P,04,- (1 — x)H,0,
with the mixed valence Mo(V)-Mo{IV) has been synthesized by
conventional techniques. Its structure has been solved from
single crystal X-ray diffraction in the space group P2,/c with
a = 9.78%1) A, b = 9.752(1y A, ¢ = 12M7D A, B =
128.81(1)°. This compound, isotypic with NHMo,P,0,-H,0
described by King ef al., J. Solid State Chem. 92, 1 (1991),
exhibits the leucophosphite structure. A new description of this
open framework, involving [MoPQq].. chains and Mo,P,0,, units
built up of two edge-sharing MoO, octahedra bridged by two
PQ, tetrahedra, is proposed. The Rb phosphate differs from the
NH, phase by the distribution of Rb* cations which partially
occupy three kinds of sites, whereas one observes only one sort
of site, fully occupied, in the ammonium phase. The possibility
of a large stoichiometry deviation in the interpolated cation is

CO]‘[SidEl’Bd. © 1994 Academic Press, Ing.

INTRODUCTION

The studies of the molybdenum phosphates performed
these last ten years have allowed a large variety of com-
pounds, characterized by different original mixed frame-
works and various oxidation states of molybdenum to
be isolated. In spite of the great adaptability of MoO,
octahedra to PO, tetrahedra, very few phosphates involv-
ing a mixed valence of moiybdenum were synthesized
(1-12). Among them the phosphate NHMo,P,0,,- H,0
isolated recently by King et al. {11}, represents the only
phosphate with the mixed valence Mo(IV)-Mo(V). This
compound is of great interest for its possible use as a
precursor to generate catalysts by combining the low oxi-
dation state of molybdenum and the microporous charac-
ter of the structure; indeed the Iatter was shown by the
authors to be isotypic with the minera! leucophosphite.
However, such an open framework, seems to be difficult
to obtain since it could only be prepared by hydrothermal
synthesis at very high pressures in the form of very tiny
crystals (11). In order to reach a better understanding of

the stability of this structure, we have tried to introduce a
larger cation than ammonium, like rubidium. The present
paper reports on the crystal structure of the isotypic
monophosphate RbMo,P,(Gy, - (1 — x)H,O prepared by a
conventional technique.

SYNTHESIS

Single crystals of this new phosphate were grown from
a mixture of nominal composition *‘RbMo,P,0,,.”" First
H(NH,),PQ,, Rb,C(Q; and MO, were mixed in an agate
mortar in adequate ratios according to the composition
“RbMo, sP,0,,”" and heated at 600 K in a platinum cruci-
ble to decompose the ammonium phosphate and carbon-
ate. In a second step the resulting mixture was then added
to the required amount of molybdenum (0.5 mole), placed
in an alumina tube and sealed in an ¢vacuated silica am-
poule, then heated for one day at 1073 K and cooled at
1.3 K per hour down to 873 K. The sample was finally
quenched to room temperature.,

Two sorts of crystals were extracted from the resulting
product, with a yellow and black color respectively. The
yellow crystals were identified as 8-RbMo,P;0,; pre-
viously synthesized (13). The microprobe analysis of the
black crystals confirmed the composition RbMo,P,0-
(1 — x)H,0 (x = 0.10) deduced from the structure determi-
nation.

Many attempts to prepare large amounts of this new
phase in the form of powder always led to a mixture
with B-RbMo,P,0,;. Thus, black crystals were picked
out with tweezers, using a binocular in order to perform
further characterizations. The crystals were then
crushed, leading to a red brown powder which was
studied by TGA, infrared spectroscopy and X-ray pow-
der diffraction.

The infrared spectra registered with a Nicolet 60 §X
spectrometer indicated the presence of water. The ther-
mogravimetric analysis confirmed this feature, A weight
loss of 2.98% at 423 K was observed, consistent with
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TABLE 1
Intereticular Distances RbMo,P,0,-(1 — x)H,0 (x = 0.1) in
the P2,/n Space Group

LECLAIRE ET AL.

TABLE 3
Summary of Data Intensity, Measurements and Structure
Refinement Parameters for RbMo,P,0,5- (1 — 0)H,0 (x = 0.1)

h k { dcak: dubs I h k ! dca]c dnhs f
1 0 0 7.628 7.593 3% 2 31 3 2515 2513 1
0 1 I 6849 6.831 00 3 1 0 2460 2459 4
[ 1 1T 683 0 0 4 2405 2403 2
1 0 2 6173 6.163 2 00 4 1 2363 2362 |1
1 1 0 6008 5.991 12 % 1 5 2363

2 0 2 478 4.769 301 4 1 2363

0 2 1 4349 4347 3 4 1 4 2324 2232 2
1 2 1 4345 1 4 0 232

2 01 2 4297 4291 33 o33 o2 2217 7
2 1 1 4229 415 5 3 2 5 2179 2177 7
I 2 0 4108 4.104 4 4 2 2 14 2112 1
2 0 0 3814 3.809 S 4 1 1 209 2094 2
1 1 3 3684 368 1 2 4 3 2079 2078 1
2 1 0 31552 3.547 11 3 3 0 2003 2003 3
0 2 2 3416 3413 21 2 0 6 1989 1989 2
1 2 1 3388 3.387 4 1 3 3 190 1961 |1
0 3 1 3079 3079 27 2 31 % 1951 1.951 1
1 3 1 3.078 0 4 3 1941 1941 3
2 2 3 3078 4 0 0 1907 196 3
301 3 3.033 3.030 1 3 4 1 1883 1883 1
2 2 0 3.004 3.002 29 3 4 4 1854 1.855 |
2 1 4 2943 2539 4 4 2 6 1838 1837 2
301 1 2831 2827 I 1 3 5 1.83

3002 7 2697 2.694 i1 1 5 1 1802 1803 6
0 3 2 2693 3003 1 L7922 1790 3
2 03 1 2672 2672 o g 2 5 1.79

32 3 2670 304 0 1760 1.759 |
2 2 3 2608 2615 301 4 3 L7 L7t
3 0 0 2542 2539 18 3 2 2 L1709 L1709 6

the formula RbMo,P,0,, - 0.9H,0 deduced from the single
crystal X-ray study (3.10%) was observed. Moreover,
the zeolithic character of the structure was evident: the
structure was maintained up to 423 K and reabsorbed
atmospheric water at room temperature.

The powder X-ray diffraction pattern of this phosphate
was tndexed in a monoclinic cell (Table 1) in agreement
with the parameters obtained from the single crystal X-
ray study (Table 2).

STRUCTURE DETERMINATION

The poor quality of the crystals forced us {o test many
of them before finding a crystal with well resolved reflec-

TABLE 2
Crystallographic Parameters

atd) B(A) c(A) g VIAY

RbMo,P;,0,0- 0.9H,0 9.786(3) 9.762(21) 9.838(2) 102,04(2) 919(1)
NHMoP,0po- ;O 9.780(10) 9.681(5) 9.884(R) 102.17(8) 915()

1. Crystal data

Space group P2/c

Cell dimensions a = 2.789(1) A
b = 9.752(1)
¢ = 12.347(1)

B = 128.81(1)°

volume Vv = 918.5(3) A?
z 4

Peatc (8 em™Y) 374

Pesp (B €M) 3.79

2. Intensity measurements

MMoKa) 0.71073

Scan mode w—%6

Scan width (%) 1.23 + 0.35tan @
Slit aperture (mm) 1.24 + tan 8

Max (%) 45

Standard reflections 3 every 3000 sec (no decay)
Reflections with I > 3¢ 1372

u(mm~5) 8.19

3. Structure solution and refinement
Parameters refined 96
Agreement factors R = 0.043, R, = 0.049
Weighting scheme w = f(sin 8/x)
Ao, 0.01

tions. A black crystal with dimensjons 0.039 x 0.039 x
0.039 mm® was selected for the structure determination.
The cell parameters were determined and refined by dif-
fractometric techniques at 294 K with a least-squares re-
finement based upon 25 reflections with 18° < ¢ = 25°,

The powder and single crystal X-ray diffraction inves-
tigation shows a monoclinic cell, with the space group
P2,/n similar to that of NH,Mo,P,0,,- H,O (Table 2).
The structure resolution in this space group, led us to
a permutation of the @ and ¢ axis with respect to the
ammonium phosphate. For this reason we prefered to
solve the structure in the P2,/¢ group with the cell
parameters given in Table 3. The reflections were cor-
rected for Lorentz, polarization, and secondary extinc-
tion effects. No absorption corrections were performed.
The structure was solved by the heavy atom method.
The refinement of the coordinates and anisotropic ther-
mal factors for Mo(l), Mo(2), Rb(1), Rb(2), and OH,
and isotropic thermal factors for the other atoms led
to R = 0.043 and R, = 0.049 and te the atomic
parameters of Table 4.

DESCRIPTION OF THE STRUCTURE AND DISCUSSION

The [Mo,P,0,,].. host lattice of RbMo,P,0,,- 0.9H,0 is
very similar to that of NH,Mo,P,0,,- H,O. The projec-
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TABLE 4
Positional Parameters and Their Estimated Standard Deviations

Atom x y z 8 (A)
Mo(l) 0.24602(9) 0.1966(1) 0.16663(8) 0.28(1)
Mo(2} ~0.0{442(9 0.0319(1) 0.39763(7) 0.21(1)
P(D) 0.1526(3) 0.3084(3) 0.3593(2) 0.03(4)*
PQ2) 0.6313(3) 0.0142(3) 0.3403(2) 0.04(4)*
Rb(1) 0.6475(2) 0.3215(2) 0.1264(1) 2.59(3)
Rb(2) 0.662(2) 0.182(2) 0.038(1) 3.4(4)
Rb(3) 0.500 @.060 0.000 3.1(9*
D 0.114(1) 0.066(1) 0.1273(8) 1.9(2)*
o) 0,2818(8) 0.2524(9) 0.3394( 1.o(n*
0(3) 0.2639(8) 0.1608(9)  0.0150(7) LD
O4) 0.0647(8) 0.3501(8) 0.0589(6) 0.9(1)*
(5} 0.475%9) .0986(%) 0.3000(7) 1.3(1)
0(6) 0.4251(8) 0.37099)  0.2165(7) LI()*
on ~ 0.0063(8) 0.2066(9) 0.3144(7) 1.2(1)*
O(8) —0.0693(8) —0.0610(9 0.2254(7 1.3(D)*
O9) 0.2391(8) —0.0087(8) 0.4971(6) 1.0(D)*
O(10) - 0.2676(8) 0.08229)  0.2943(6) LD)*
OH? 0.753(1) 0.338(1) 0.488(1) 3.03)

Nore. Starred atoms were refined isotropically. Anisotropically re-
fined atoms are given in the form of the isotropic equivalent displacement
parameter defined as;

B = G) E,» Sj Bga,- a;.

tions of the structure along [010] (Fig. 1a), [0D1] (Fig. 1b),
and [100] (Fig. 1¢) show large tunnels running along these
directions, and emphasize the microporous character of
this structure.

On the projection of the structure perpendicular to (100)
(Fig. 2) one recognizes the Mo,0,; units bridged by PO,
tetrahedra (Fig. 3) previously described by King ef al.
(11).

In fact this view of the structure allows a single descrip-
tion of this structure to be proposed. Itinvolves [MoPOq].
chains in which one MoQ, octahedron alternates with one
PO, tetrahedron along ¢, already encountered in many
phosphates of transition elements (14), and Mo,P.,0,,
structural units (Fig. 4) built up from two edge-sharing
Mo(; octahedra bridged by two PO, tetrahedra. Thus
the [Mo,P,0,).. framework can be described from the
assemblage of [MoPQOg), chains through Mo,P,0,, units
along two directions, [211] and [211] as shown in Fig. 2:
note that the edge-sharing MoQ, octahedra of the
Mo,P;0,, units share their two common apices with two
octahedra of two [MoPOy]., chains so that the correspond-
ing oxygen atoms are triply bonded.

The PO, tetrahedra, which share their four apices with
MoQ, octahedra have a very similar geometry to that
observed in NH,Mo,P,0,,' H,O (Table 5). Note that the
P(}) tetrahedra, with O-0 distances ranging from 2.43 to
2.55 A are more distorted than the P(2) tetrahedra (O-0O
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distances ranging from 2.47 to 2.56 A), though they exhibit
more homogencous distances (1.52-1.53 A) for P(1)
against (1.50-1.56 A for P(2)). This difference comes from
the fact two oxygen atoms of P(2) are more strongly linked
to rubidium than the other ones.

The Mo(2) octahedra which form the Mo,P,0,; units
are characterized by rather homogeneous Mo-0O dis-
tances ranging from 1.99 to 2.06 A (Table 5). The
remarkabie structural feature deals with the very short
Mo(2)-Mo{2) distances of 2.442 A, between the Mo
atoms of the two edge-sharing octahedra. This distance
is close to that observed for the ammonium phosphate
by King er al. (11} (2.453 A) and described by these
authors as a Mo—Mo double bond. The valence calcula-
tions according to the Brown and Altermatt model
(15}, confirms that molybdenum in these edge-sharing
octahedra is tetravalent (3.99). The Mo(l) octahedra
which form the [MoPQy)., chains are linked to four PO,
tetrahedra, and share one apex triply bonded oxygen
with the two edge-sharing Mo(2) octahedra, their sixth
corner being free. The valence calculations show that
this molybdenum atom is pentavalent (5.01). Indeed the
geometry of these octahedra (Table 5) is characteristic
of MQ(V), with an abnormally short Mo-0O bond of
1.65 A characteristic of the molybdenyl ion, the longer
Mo-O distance of 2,23 A corresponding to the oppos-
ing bond.

The main difference between the rubidium and the
ammonium phosphates deals with the distribution of
cations and water molecules in the tunnels. The water
molecules are located in the tunnels running along ¢, in
the same position as in the ammonium monophosphate.
However only 90% of the sites are occupied in the
rubidium phosphate, whercas these sites are fully occu-
pied in the ammonium phosphate. This is due to a
different distribution of the rubidium cations, which do
not occupy only one site contrary to ammonium, but
are distributed over three sites labelled Rb(i), Rb(2),
and Rb(3). The Rb{l) sites which are located at the
intersection of the [010] and [001] tunnels, correspond
to the NH; positions; 85% of the rubidium cations are
located in these sites, and are surrounded by 11 oxygen
cations with distances ranging from 2.876 to 3.49 A,
one of the oxygens belonging to the H,O molecule.
Note that the polyhedron can be described as a distorted
Archimedian antiprism with one square face and two
opposite triangular capped faces. The Rb(2) sites, which
were not occupied in the ammonium phase, are 10%
occupied in the rubidium phosphate. In these sites which
are located at the intersection of the [010) and [001]
tunaels, rubidium exhibits a sevenfold coorqjination,
with Rb—0 distances ranging from 2.94 to 3.27 A (Table
5). Note that the RbO; polyhedron can be described
as a pyramid with two opposite triangular capped faces.
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A, belong to the H,0 molecules. This RbO,, polyhedron

Rb(3) site, which is located in the center of symmetry can be described as a distorted dicapped pentagonal anti-

at the intersection of the [010] and [100] tunnels, is 5%

prism.

FiG. 1. Projection of the structure of RbMo,Py0,,+ 0.9H,0. (a) along b, (b} along ¢, (c) along a, showing the tunnels.
It is also remarkable that this site is located very near occupied. In this site, rubidium is surrounded by 12
the H,O position, so that both sites cannot be occupied oxygen atoms with Rb-0O distances ranging from 2.89
simultaneously; for this reason 10% of the H,O sites to 3.34 A; two of these oxygen atoms, located at 3.02

are unoccupied in the tubidium monophosphate. The
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FIG. 2. Projection of the RbMo,P,0y;- 0.9H,0 structure along the perpendicular to (100).
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FI1G, 3. The Mo,Oy unit bridged with PO, tetrahedra.
CONCLUDING REMARKS
The synthesis of the monophosphate RbMo,

P,0,,-0.9H,0 demonstrates that the leucophosphite
structure can be synthesized with conventional tech-
niques, especially using normal pressures. The important
characteristic of this microporous structure, which is
evident here, deals with the possibility of occupancy
of three kinds of sites by inserted cations or molecules.
This feature, different from that observed from
NH,Mo,P,0,,- H,O, suggests that it should be possible
to induce large deviations from stoichiometry on the
interpolated cations, provided the Mo(V) specificity be
conserved in order to ensure a great flexibility of the
structure.

FIG. 4. Mo,P,0, unit.
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TABLE 5
Main Distances (A) and Angles (°) in the Polyhedra
Moy O o2) o) 04) 015) 0i6)
o) 1654(9) 2732 273D 2852  27BD) 389
oD 961 2008(8)  3.99(2)  286(2)  2.69(2) 1.88(2)
O3)  95.6(4)  166.9(4) 2017(8) 2972  281() 2.822)
O@)  100.0(d)  89.73)  93.94) 2.050(8)  4.012) 2.77()
O 9814  B424)  88.54)  161.5(4) 20119 2.78(2)
OF) L7864 85.23)  83.03)  80.5(3)  S81.6Q3)  2.234(9)
Mol2) O o) o 0(8) ) 0310}
Or4) 200180  3.16(2)  4.05(2) 2IH2) 294D 2.8002)
Oy 104.5(3) LOBKE) 2752 40M2) 274D 2.8%2)
o 169.0(3)  85.6(3) 20649  2.742) 28X  2.80Q2)
O  B6.d(3)  1683(3) 8381 2.0499)  2.820) 2.922)
O 94503)  86.7(3)  B99C)  88.1(4) 2.001(8) 4.01(2)
O0D)  8B.5() 5260  §L1(3)  918(3)  177.03)  2.DIAE)
P(1) o) 03 o 087
0r2) L5329y 2431 2551}  2.49(1)
003" 105.2(5) 1.53209) 2.5 2.51(D)
o 1129(5) 11055 1.5339)  2.48(1)
OE™  109.2(5)  110.6(5)  108.4(5) 1.520(9)
P2 O(5) O(6™) oY) o107
0(5) L5149 248(1) 24N 2.56(D)
06" 110.6(5) 1.505(9)  2.56(1)  2.53(D
Og) 10635 109.45) 1565 2.52(1)
O(10%) 112.6(5  110.8(5)  107.0(5) 1.565(9)

Rb(1)-0(1¥) = 3.389(5)
Rb(1)-0(2%) = 3,161(9)
RB{1)-0(3) = 3.461(9)
Rb(1)-O(5*# = 3.345(9)
Rb(1-0(5¥) = 3.311(9)
Rb(1}-0(6) = 3.040(9)
Rb(1)-O{7") = 2.960(%}
Rb(1)-0{8"H) = 3.498(9)
Rb()-0(5"iy = 2.90%49)
Rb(1)-O(10%) = 2.876(9)
Rb(1}-OH.%i = 2.941(12)

Rb(2)-0(2"1) = 2,97(2)
Rb(2}-O(5"" = 3.13(2)
Rb(2}-0(6"1) = 3.14(2)
Rb(2)-O(7¥) = 2.94(2)
Rb(2)-O(8") = 3.21(2}
Rb(2}-O) = 3.27(2}
Rb(2)-O(10%) = 2.95(2)

Rb(3)-0{2) = 3.002(9)
Rb(3)-0(2") = 3.002(9)
Rb(3)-0(3) = 2.893(9)
Rb(3}-0(3) = 2.893(%)
Rb(3)-0O(10) = 2.943(8)
Rb(3)-0(10%) = 2.943(8)
Rb(3}-OH," = 3.025(14)
Rb(3)-OH. il = 3.025¢14)
RB(3)-CHE™) = 3.341(9)
RB(3)-O(6") = 3.341(9)
Rb(3)-0(8") = 3.342(8)
Rb(3)-0(E9 = 3.342(8)

Symmetry codes
i=-x;—d+yid-z
i=nt—yi+z
i = ~x;4+yid—2z
v=1-x -b+yi-z
v=1l-xyl—-z
vi=1+ux —-yz
vii =l —xid+yid—2z

vii=x;d—y; -4 +2
X=1t—-x -y —z
X = —x -y, 2
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