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A Trivalent Vanadium Monophosphate with a Tunnel Structure:
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A new vanadium(IIT) monophosphate, Cd,V,(PO,), has been
isolated and its structure has been determined from single-crystal
X-ray diffraction data. It crystallizes in the monoclinic space group
C2/c with @ = 12.446(1) A, b = 12.547(1) A, ¢ = 6.487(1) A,
and fI = 115.66°(1). The three-dimensional framework [V, P01,
is built from bi-octahedral V,0,4 units linked through monophos-
phate groups. It can be described as the stacking of [V,P,04;].
layers, parallel to (100) connected through layers of PO, ietrahedra.
The [V,P,0;]. layers are themselves formed of [VPOy), chains
running along c, connected through the corners of their polyhedra
and the edges of the VO, octahedra alternately. This structure
forms small tunnels running along [001], [110], and [110], where
the cadmium ions are located with distorted octahedral and trigo-
nal prismatic coordinations. In fact, the {Cd;V,P,0,,], framework
forms large empty tunnels running along [001].
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INTRODUCTION

Phosphates of trivalent vanadium form a family of about
13 compounds which exhibit various structures. Most of
them are characterized by isolated VO, octahedra, i.e.,
by octahedra linked to PO, groups only. This is indeed
the case for the diphosphates AVP,0, with A = Cs (1),
Rb (2), K (3), Na (4), and Li (5), and AV,(P,0,), with
A = Sr (6) and Ba (7), for the mixed phosphate Ca,
V(PO,)P,0- (8), for the monophosphate K;V,(PO,), (9),
and for the polyphosphates V(PO;); (10) and CsV,0(PO,);
(11). In addition to this large series there exist some V(III)
phosphates involving bi-octahedral units of edge- or face-
sharing VO, oclahedra but they are rather rare. In fact,
the mixed phosphate KV (PO, )(P,0,)(P,0,;) (12) is the
only example of V(III) phosphate built from isolated
structural units V,0,, of two edge-sharing octahedra.

During our recent investigation of the system
Cd-V-P-0, a new phase was observed in addition to the
vanadium (IV) monophosphates Cd(VO),(PQ,), (13, 14)
and the mixed valent phosphate Cd;V,(VO}(PQO,), (15).
We report here the synthesis and crystal structure of this

compound, which is a trivalent monophosphate with the
formula Cd;V,(PO,),.

EXPERIMENTAL

Yellow single crystals of Cd,V,(PO,), were isolated
from a mixture of nominal composition: “‘CdV,P,0,."”
The crystal growth was performed in two steps. First, a
mixture of CdQO, H(NH,),PO,, and V,(; at a molar ratio
of 5:2:10 was heated to 650 K in order to eliminate NH,
and H,O.

Second, the resulting finely ground product was mixed
with an appropriate amount of vanadium and sealed in
an evacuated silica ampoule. This sample was heated to
1223 K for 24 hr, slowly cooled at a rate of 1 K hr ! to
1073 K, and then quenched at room temperature,

The composition of this phase, deduced from the struc-
tural determination to be Cd;V,P:0,,, was confirmed by
microprobe analysis. Subsequent attempts to prepare a
pure phase were unsuccessful, one always obtained a
mixture of this new phase with the orthorhombic form of
the monophosphate CA(VO),(PO,), (14).

STRUCTURE DETERMINATION

A yellow crystal of Cd,;V,(PO,); with dimensions
0.103 x 0.032 x 0.019 mm was selected for the structure
determination. The cell parameters reported in Table 1
were determined and refined by diffractometric tech-
niques at 294 K with a least-squares refinement based
upon 25 reflections with 18 < 8 < 22°. The systematic
absences 2 + k = 2n + 1 forallthe h kland! = 2n +
1 for & 0 ! are consistent with the space groups C2/c
and Cc.

The Harker peaks present in the Patterson function
are characteristic of the centrosymmetric space group
C2/c. The data were collected on a CAD-4 Enraf-
Nonius automatic diffractometer with the measurement
parameters reported in Table 1.

The reflections were corrected for Lorentz and polar-

0022-4596/94 $6.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction tn any form reserved.



44 BOUDIN ET AL.

TABLE 1
Summary of Crystal Data Intensity, Measurements, and
Structure Refinement Parameters for Cd;V,(PO,),

Crystal data

Space group C2/c

Cell dimensions a = 12.446(1) A
b= 12.5472) A, B = 115.60(1)°
¢ = 6ART( A

Volume 913(1) A

Zz 2

Intensity measurements

A(MoKa) 0.71073 A

Scan mode w— 8

Scan width (°) 1 + tan 8

Slit aperture (mm) 1 + tan 8

Max 6(°) 45
Standard reflections 3 measured every 3000 sec

Reflections with T > 3¢ 1157

w(mm™1) 5.38
Structure solution and refinement

Parameters refined 93

Agreement factors R = 0.047, R, = 0.046

Weighting scheme w = flsin /1)
Afo max 0.004
ApleA™) 2.5

ization and secondary extinction effects. No absorption
corrections were performed.

The structure was solved with the heavy atom method.
The refinement of the atomic coordinates and the aniso-
tropic thermal factors [ed to R = 0.047 and R, = 0.046
and to the atomic parameters shown in Table 2.

FIG. 1.

TABLE 2
Positional Parameters and Their Estimated Standard Deviations
Atom x ¥ z B(;\l)
cdi) 0.5 0.25198(7) 0.25 1.006(8)
cd(2®  0.0208(1) ~0.0003(1) 0.4637(3) 0.67(2)
v 0.27756(7) 0.15402(8) 0.3676(1) 0.38(1)
P(1) 0.2478(1) 0.3927(1) 0.1395(3) 0.80(2)
P(2) 0 0.2189(2) 0.25 0.78(3)
o 0.3200(4) 0.1615(4) 0.0950(9) 1.26(8)}
O2) 0.2318(4) 0.3213(5) 0.3204(9) 1.26(8)
03) 0.2988(5) 0.0052(5) 0.358(1) 1.65(9)
O4) 0,4457(4) 0.2096(5) 0.5346(9) 1.23(8)
Qs 0.0945(5) 0.14575) 0.229(1) 1.72(9)
Q6) 0.3821(4) 0.3979(5) 0.202(1) 1.46(9)

Note. Anisotropically refined atoms are given in the isotropic equiva-
lent displacement parameter defined as B = 4/3 [8,a° + Bxb® +
Buct + Bpab cos ¥ + Bac cos B + Pybe cos al.

9 Occupatton factor = 0.25.

DESCRIPTION OF THE STRUCTURE AND DISCUSSION

The projection of the structure of this new phase along
b (Fig. 1) and ¢ (Fig. 2) shows that the three-dimensional
framework [V,P,0,,].. consists of corner-sharing VO, oc-
tahedra and PO, tetrahedra. It can be seen that each PO,
tetrahedron shares its corners with VO, octahedra only,
whereas two VO, octahedra share one edge, forming
**V,0y,"" units that are isolated, i.e., linked through PO,
tetrahedra. Thus, this compound is a monophosphate of
V(III) represented by the formula Cd;V (PO,),.

© Cd1
Y Cd2

Projection of the structure along b.
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FIG. 2. Projection of the structure along ¢, showing the two types of tunnels.

The projection of half a cell of this structure perpendicu-
lar to the (100) plane (Fig. 3) shows the arrangement of
the *“V,0,,”’ units in the (100) plane, Note the similarity
with the structure of the V(1V) diphosphate (VO),P,0,
(16) (Fig. 4). In both structures one observes **V,0,,"
units linked through PO, tetrahedra in such a way that
some oxygens are triply bonded, i.¢., shared between one
PO, tetrahedron and two VO, octahedra, However, in
(VO); P,0O; the “V,0,,” units are all parailel (Fig. 4),
whereas they form a fishbone array in Cd,V,(PO,) (Fig.
3). In the fatter structure the V,0,, units and PO, tetrahe-
dra form [V,P,0y].. ribbons running along ¢ that are one
bi-octahedral unit wide. Such ribbons share the corners
of their polyhedra in the (100) plane in such a way that

the “*V,0,,"" units of two successive ribbons are oriented
at 90°. Thus the {V,P,0,]. ribbons form (V,P,0 ;1. layers
parallel to (001), where the fourth apices of the PO, tetra-
hedra of the successive [V,P,0,,].. ribbons are alternately
pointing below and above the mean plane of the [V,P,0),]1..
layer (Fig. 3).

In fact, the [V,P,0]. layers can be described by the
assemblage of [VPOg), chains running along e¢. Such
chains (Fig. 5a), in which one¢ PO, tetrahedron alternates
with one VO, octahedron, are classically observed in
many phosphates of transition elements (17-23}. In the
present structure they are associated either by the corners
of their polyhedra or by the edges of their VO, octahedra,
forming double [V,P,0,,. chains (Fig. 5b) also observed
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FIG. 3. Projection of half a cell of this structure perpendicular to

the (100} piane.

FIG. 4.

Projection of the (VO).P;0; structure along a.
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FIG. 5. (a) The [VPOyl, chain, (b) the [V,P,0,,1.. double chain, and
(c) the [V,P;0,]. ribbon.

in many monophosphates of transition elements or the
[V,P,0,]. ribbons (Fig. 5c), respectively. Thus the
[V.P,0,;]). layers (Fig. 3) can be described either from
{V,P,0,]. double chains sharing the edges of their octahe-
dra or from [V,P,0,,].. ribbons sharing the corners of their
polyhedra. It is also worth noting that the PO, tetrahedra
P(1} of the {V,P,0,5].. layers have their fourth apex free
as shown from the projection of the structure along ¢
(Fig. 2).

The latter view of the structure along ¢ (Fig. 2) shows
also that the [V,P(0,4].. framework consists of a regular
stacking of identical {V,P,0,].. layers connecied through
layers of PO, tetrahedra (labeled P(2)). In fact, in two
successive (100) [V,P,0,]. layers the **V,0,,"" units are
oriented in a different way, i.e., are turned $0° with respect
to each other. This orientation can easily be understood
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© Ccdi
¥ Cd2

FIG. 6. Projection of the structure along the [011] direction.

by viewing the structure along the [011] direction (Fig.
6). The latter projection shows that the P(2) tetrahedra,
which ensure the junction between two [ V,P,0,,].. layers,
share two opposite edges with V,0,, units of two succes-
sive layers; as a result one observes [V,PO,,]. columns
(Fig. 7) running along the direction perpendicular to the
(100) plane in which the V,0,, units are alternately turned
9(0° with respect to each other.

The [V,PO,]. framework induces series of tunnels
along ¢ (labeled A and B in Fig. 2) and [011], [011] direc-
tions (Fig. 6). The [001]-A tunnels and [011], [011] tunnels,
which are bordered by the free oxygen atoms of the P(1)
tetrahedra, are fully occupied by the cadmium ions. The
Cd(1) ions, which are located at the intersection of the
[011] and [011] tunnels, exhibit a distorted octahedral co-
ordination with Cd-O distances ranging from 2.286 to
2.317 A (Fig. 8a). The Cd(2) ions which are located at the
intersection of the [001]-A and [011] tunnels exhibit a
prismatic trigonal coordination (Fig. 8b) with Cd-0O dis-
tances ranging from 2.225 t0 2.781 A only one intersection
of two is randomly occupied. In fact, the short Cd-O
distances show that this structure would not be described
as a true tunnel structure if the [001] tunnels, labeled B,
were not involved. The latter are indeed much larger and
paradoxically empty (Fig. 2). Thus the CdQ, octahedra

FIG. 7. The [V,PO]. columns perpendicular to the (100} plane.



FIG. 8. (a) The Cd** (1) environment and {b) the Cd>* (2) environment.

TABLE 3
Bond Distances (A} and Angles (°) in the Cd,V,(PO,); Structure
v ol o) oY) o) 0O(4) O(5)
O(1) 2.055(6) 2.959(9) 4.12(1) 2.687(8) 2.661(8) 2.282(9)
02) 89.1(2) 2.162(6) 2.82(1) 4.04(1) 2.789%8) 2.692(9)
(o]PAd] 164.7(2) 82.7(2) 2.100(6) 3.15(1) 2.778(8) 2.815(9)
0(3) 85.8(3) 170.6(3) 104.1(3) 1.890(7) 3.07(1) 2.903(8}
o) 81.6(2) 83.6(2) 84.8(2) 103.4(2) 2.019(5) 4.02(1)
o5) 105.9(3) 79.3(2) 85.2(3) 94 .6(3) 161.1(2) 2.058(6)
P(1) o 0(2) 0@3) O(6)
O(1) 1.542(6) 2.494(8) 2.540(8) 2.530(8)
o) 107.2(3) 1.556(6) 2.536(9) 2.501(8)
0(3) 111.6(3) 110.6(4) 1.528(6) 2.505(7)
0r6) 110.3(4) 107.7(4) 109.3(3) 1.542(5)
P(2) 0) 0(4') o5 0(5%)
O4Y) 1.547(6) 2.52(1) 2.563(8) 2.508(9)
O4vih 109.2(5) 1.547(6) 2.508(9) 2.563(8)
o) 111.9(3) 108.4(4) 1.546(6) 2.48(1)
o5t 108.4(4) 111.9¢3) 107.0(6) 1.546(6)
Cd(1)-0(1) 123175 A Cd(2)-0¢5) : 2.781(8)
CdiD-0(1" 1 2.317(5) Cd(2)-0(5™) : 2.328(6)
Cd(1)-0(4) 1 2.286(6) Cd(2)-0¢5) - 2.400(6)
Cd(1)-04h 1 2.286(6) Cd()-0(™)  : 2.225(6)
Cd(1)-0(6) : 2.282(6) Cd(2)-0(6") : 2.354(7)
Cd(D)-0(6) : 2.282(6) Cd2)-0O(6")  : 2.318(6)
Symmetry codes:
i 1 —x " 172 - 2

ii
Ii

vi

-x Ly 12—z
x i oz o+ 12
x=12 ; y-12 ; z

/2 ~-x ; /72—y ; 1 -z
V2-x , y—- 12 ; lV2-1¢
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and trigonal prisms can be considered as a part of the
host lattice which should be written [Cd;V ,P;O,,]...

The interatomic distances observed for the PO, tetrahe-
dra (Table 3) show that the P(1) tetrahedra are almost
regular in spite of the existence of one free apex. Contrary
to other phosphates such as K;V,P,O,; (9), Na,VP,0O,
(24), or Na;V,P,0,, - H;0 (25), the P(1)-0O(6) bond corre-
sponding to this free apex is not short (1.542 A); this is
easily explained by the fact that oxygen atom is not really
free, since it is strongly bonded to Cd(2).

The **O¢"" octahedron surrounding the vanadium atom
is very distorted, with O-0 distances ranging from 2.687
10 3.282 A; nevertheless the V-Q distances are distributed
in a rather short range, from 1.89 to 2.16 A, in agreement
with the vwsvoal behavior of V(III) in phosphates.

CONCLUDING REMARKS

This structural study shows the second example of
V(III) phosphates characterized by bi-octahedral V,0y,
units. There is no doubt that the cadmium species, owing
to their small size, can be considered part of the frame-
work rather than insertion cations. Ope interesting feature
of this structure is the existence of rather large tunnels,
running along j001], which are empty. This suggests the
possibility of interpolation nonstoichiometry, which
should be obtained by introducing univalent cations in
the structure in such a way that the trivalent oxidation
state of vanadium is maintained.
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