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A new mixed valent vanadium monophosphate Ba,VsOg(PO,), has been synthesized. It crystallizes in the space group I1m1 with
a=17.6405(1), b=22.777(1), c=11.6157(7) A and p=103.38(1)°. Its framework consists of [ V,P,O,, ], layers of corner sharing
polyhedra, interconnected by VO, tetrahedra which delimit tunnels in which the barium atoms are located. The vanadium atoms
exhibit three kinds of coordination; pyramidal, octahedral and tetrahedral, in the same framework.

Transition metal phosphates offer a wide field of investigation
owing to their great ability to form numerous original struc-
tures. Mixed valency of the transition element is of great
interest for the generation of particular magnetic and transport
properties, and also of catalytic properties for oxidation of
organic molecules.

This is especially the case of vanadium phosphates which
exhibit a large number of original structures owing to the fact
that vanadium adopts various coordinations (tetrahedral, octa-
hedral, pyramidal) and various oxidation states ranging from
V! to VY. For instance the VPO system and in particular
(VO),P,0, have been shown to be excellent catalysts in the
conversion of butane to maleic anhydride (see for instance refs.
1-5). The recent study of the phosphates A(VO),(PO,), (A=
Cd, Ca, Pb, Ba)® 1% suggests that the phosphates of divalent
elements may be of interest as catalysts for propene oxidation
although the influence of the structure and the oxidation state
of vanadium on those properties is so far not clear. For this
reason a systematic exploration of vanadium phosphates con-
taining divalent cations should be performed. On this basis we
have reinvestigated the Ba—V-P-O system, for which very few
compounds have been synthetized to date, compared to vana-
dophosphates of univalent elements. Only five vanadophos-
phates containing barium have indeed been isolated: three of
them, o- and B-BaV,(P,0,),!'? and Ba,V,(PO,)s > contain
trivalent vanadium, whereas in the two others, Ba(VO),(PO,),
® and BaVO,PO,,'* vanadium is tetravalent and pentavalent,
respectively. In the present work we report on the first barium
vanadophosphate that exhibits a mixed valence of vanadium,
Ba,V;04(PO,),. The original structure of this phase that
displays three types of coordination for vanadium, tetrahedral,
pyramidal and octahedral, is described.

Experimental
Synthesis

Based on our previous investigations of the Ba—V—-P—O system,
attempts were made to synthesize new mixed valent vanado-
phosphates. Various compositions corresponding to different
VV: V' ratios were studied. A new phase was identified for
VV:VVx4:1 and for P:V:Bax2:2:1. The EDS analysis of
this new phase revealed its exact cationic composition
‘Ba,VsP,, then a systematic exploration of the nominal com-
positions ‘Ba,VsP,0,’ was carried out for x ranging from 22
to 24.5. The powder X-ray diffraction investigation of the
different products evidenced a pure phase for the composition
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Ba,VsP,0,,; this composition was then confirmed later by the
single crystal structure determination.

The synthesis of the vanadophosphate Ba,V;Og(PO,), was
perfomed in two steps. First an intimate mixture of Ba(NOj),,
NH,VO; and H(NH,),PO, in adequate ratios according to
the composition Ba,V,3P,0,, was heated at 673 K for 4 h in
a platinum crucible to decompose the barium nitrate,
ammonium vanadate and ammonium phosphate. In a second
step, the resulting mixture was then added to the required
amount of vanadium (0.2 mol) sealed in an evacuated silica
ampoule then heated for 12 h at 823 K, and finally quenched
at room temperature.

The product was a dark green powder. The powder X-ray
diffraction pattern of the latter was indexed in a monoclinic
cell in agreement with the parameters obtained from the single
crystal X-ray study.

Crystal growth

In order to obtain single crystals of the new phase, we have
incorporated a lithium salt in several compositions since
recently the presence of lithium allowed us to grow single
crystals of a new phosphate Ba;Mo0,0,(PO,),.!> Indeed single
crystals were extracted from a mixture of nominal composition
LiBaV,P,O,, synthesized from Li,CO;, BaCO;, VO, and
H(NH,),PO, in the molar ratios 1:1:2:4 . The mixture was
heated in air in a platinum crucible first at 673 K for 3 h then
after grinding, it was heated in air at 823 K for 2 days, cooled
at 5K h™'to 673 K and finally quenched to room temperature.
In the resulting mixture two sorts of crystals have been
extracted : blue plates, always twinned not yet identified and
a few black crystals. The microprobe analysis of these black
crystals leads to V/P/Ba ratios in agreement with the formula
Ba,VP,0,, deduced from the structure determination.

Energy dispersive analysis (EDS)

Elemental analysis of Ba, V, P was performed with a Tracor
microprobe mounted on a scanning electron microscope. The
atomic ratios obtained (18% Ba, 45% V and 57% P) estab-
lished the ‘Ba,VsP,” composition in agreement with the struc-
ture determination.

X-Ray diffraction study

Different crystals were tested by Weissenberg method using
Cu-Ko radiation.

A black crystal with dimensions 0.077 x 0.051 x 0.051 mm
was selected for the structure determination. The cell param-
eters were determined by diffractometric techniques at 294 K
with a least squares refinement based upon 25 reflections with
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18<0<22°. The data were collected on a CAD4 ENRAF
NONIUS diffractometer with parameters reported in Table 1.
The reflections were corrected for Lorentz and polarisation
effects and for absorption.

The systematic extinction h+k+1=2n+1 for hkl is consist-
ent with the space groups I12/m1 and I1m1 The refinement of
the structure was successful in the non-centrosymmetric group
Im. The structure was solved using the heavy atom method.

The refinement of the atomic coordinates, of isotropic ther-
mal factors for the oxygen atoms and anisotropic thermal
factors for the other atoms led to R=0.034 and R,,=0.035.
The calulations were performed on a SPARK station with the
XTAL3.2 programs.'®

Full crystallographic details, excluding structure factors,
have been deposited at the Cambridge Crystallographic Data
Centre (CCDC). See Information for Authors, J. Mater. Chem.,
1998, Issue 1. Any request to the CCDC for this material
should quote the full literature citation and the reference
number 1145/77.

Table 1 Summary of crystal data, intensity measurements and structure
refinement parameters for Ba,VsP,0O,,

crystal data
space group Ilml
cell dimensions a="7.6705(5) A
b=22. 777(1)A p=103.38(1)°
c=11.6157(7) A

volume/A3 1974.3(2)
V4 4
D./gcm ™3 3.49
intensity measurements
Z(Mo-Ka)/A 0.71073
scan mode w—4/30
scan width/degrees 1+0.35 tan0
slit aperture/mm 1+tanf
max. 0/degrees 45
standard reflections 3 every 3600 s
measured reflections 8514
reflections with I >3a(I) 2608
u/mm ™! 6.53
structure solution and refinement
parameters refined 205
agreement factors R=0.034 R,,=0.030
weighting scheme w=1/c?
4/c max. <0.001
Apfe A3 1.9 near Ba(1)

Fig. 1 Projection of the structure of Ba,V;O4(PO,), along a
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Results and Discussion
Structure

The atomic coordinates of this new structure are listed in
Table 2. The projection of this framework along a (Fig. 1)
shows the following features.

(i) The vanadium atom exhibits three types of coordination:
pyramidal [V(1), V(2)], octahedral [V(3), V(4)] and tetra-
hedral [V(5), V(6)]. The existence of these three coordination
modes for vanadium in the same structure is rare: it has never
been observed, to our knowledge, for vanadium phosphates.

(ii) The VO; pyramids and VOg4 octahedra share their
corners forming V,O;5 units in which each V(1) [or V(2)]
pyramid is linked to two VOyg octahedra [V(3) and V(4)].

(iii) The V,0O,4 are linked through monophosphate groups,
forming [V,P,0,;], layers parallel to (010).

(iv) Two successive [ V,P,0,,]. layers are interconnected
along b through VO, tetrahedra [ V(5), V(6)]. The latter share
two of their apices with two PO, tetrahedra of two different
layers [P(1), P(4)], so that they form tetrahedral P,VO,,
strings rings running along b.

(v) This framework of corner sharing polyhedra delimits
two sorts of tunnels running along a: large butterfly shaped
tunnels located at the level of the VO, tetrahedra where the
Ba(1) and Ba(3) cations are located, and six-sided tunnels
located within the [ V,P,0,,]. layers, occupied by Ba(2).

(vi) Each VO, tetrahedron [V(5) or V(6)] has two free
apices, whereas each PO, tetrahedron [P(1), P(2), P(3), P(4)]
has one free apex. Note that all the free apices of these
polyhedra are directed toward the axis of the ‘butterfly-
like tunnels’.

(vii) The [ V,P,0,,]. layer consists of two enantiomorphic
[V,P,0,3]. layers turned by 180° with respect to each other
and connected in such a way that one VOs pyramid of one
layer be linked to one VOg4 octahedron of the other.

The projection of one [V,P,043], layer along b (Fig. 2)
shows that it is built up from [V,P,0;5]., chains running
along [101] in which the VO5 pyramids, the VO, octahedra
and the PO, tetrahedra alternate according to the sequences
P(2)V(2)P(1)V(4)P(2) and P(3)V(3)P(4)V(1)P(3), labelled
C1 and C2 respectively. The latter are assembled along [101]
according to the sequence C1-C2—C1. Each C1 (or C2) chain
shares on one side the apices of its VOs and of its VOgq
octahedra with those of the VO, octahedra and of the VOsy
pyramid of the next C2 (or C1) chain respectively. These chains
form six-sided windows built up of two VOs pyramids, two
VO¢ octahedra and two PO, tetrahedra similar to those
observed in the brownmillerite, and diamond shaped windows
built up of two PO, tetrahedra and two VO pyramids or two
VOg octahedra.

The [VsP,O,,4], framework also delimits six- and four-
sided tunnels running along b, as shown from the projection

Fig. 2 Projection of a [V,P,03], layer along b



Table 2 Atomic positional, isotropic and anisotropic displacement parameters

atom x/a y/b z/c U/A2 atom x/a y/b z/c U/A2
Ba(1) 0.26000 0.0000 0.26000 0.0150(3)* O(8) 0.053(1) 0.1792(3) 0.2556(7)  0.012(2)
Ba(2) 0.2525(2)  0.24897(3) 0.7205(1)  0.0137(2)* 0(9) 0.355(1) 0.1263(4) 0.3604(7)  0.010(2)
Ba(3) 0.6990(2)  0.0000 0.1218(1)  0.0118(3)* 0O(10) 0.347(1) 0.1684(4) 0.5670(8)  0.020(2)
V(1) 0.3076(3)  0.18674(8) 0.0408(2)  0.0072(5)* O(11) 0.896(1) 0.0733(4) 0.5017(7)  0.018(2)
V(2) 0.2040(3)  0.18186(9) 0.4091(2)  0.0073(5)* 0(12) 0.659(1) 0.1267(4) 0.5990(7)  0.016(2)
V(3) 0.8489(3)  0.13802(9) 0.5268(2)  0.0084(5)* O(13) 0.002(1) 0.1503(3) 0.6851(7)  0.011(1)
V(4) 0.6603(3)  0.14294(9) 0.9253(2)  0.0082(5)* O(14) 0.681(1) 0.1570(3) 0.3805(7)  0.010(2)
V(5) 0.1265(4)  0.0000 0.9155(3)  0.0124(8)* O(15) 0.587(1) 0.0790(4) 0.9449(7)  0.022(2)
V(6) 0.3896(4)  0.0000 0.5711(3)  0.0147(9)* 0O(16) 0.857(1) 0.1269(4) 0.8525(7)  0.013(2)
P(1) 0.4916(4)  0.1309(2) 0.6479(3)  0.0081(9)* O(17) 0.520(1) 0.1624(3) 0.7678(7)  0.009(1)
P(2) 0.0030(4)  0.1320(1) 0.1558(3)  0.0067(8)* O(18) 0.831(1) 0.1577(3) 0.0771(6)  0.009(2)
P(3) 0.5132(4)  0.1308(2) 0.2966(3)  0.0088(9)* 0(19) 0.299(2) 0.0000 0.023(1) 0.025(3)
P(4) 0.0290(4)  0.1287(2) 0.8129(3)  0.0077(8)* 0(20) —0.040(2) 0.0000 0.977(1) 0.024(3)
o(1) 0.247(1) 0.2523(4) 0.0604(7)  0.015(2) O(21) 0.114(1) 0.0674(4) 0.8239(7)  0.017(2)
0(2) 0.495(1) 0.1933(3) 0.0149(7)  0.010(1) 0(22) 0.524(2) 0.0000 0.484(1) 0.022(3)
0(3) 0.157(1) 0.1290(3) 0.0901(7)  0.011(2) 0(23) 0.188(2) 0.0000 0.481(1) 0.028(3)
O(4) 0.162(1) 0.1737(4) —0.1189(7)  0.016(2) 0(24) 0.420(1) 0.0682(4) 0.6588(7)  0.023(2)
o(5) 0.467(1) 0.1780(3) 0.199(1) 0.018(2) 0(25) —0.023(1) 0.0726(3) 0.2063(8)  0.015(2)
O(6) 0.265(1) 0.2481(4) 0.4046(7)  0.020(2) 0(26) 0.542(1) 0.0711(4) 0.2497(8)  0.016(2)
o(7) 0.017(1) 0.1820(3) 0.4720(7)  0.012(1)

Uy Ui, Uss Ui, Ugs Uss
Ba(1) 0.0102(4) 0.0121(4) 0.0242(5) 0 0.0070(4) 0
Ba(2) 0.0125(2) 0.0098(2) 0.0207(3) 0.0010(3) 0.0078(2) 0.0021(3)
Ba(3) 0.0104(4) 0.0105(4) 0.0159(5) 0 0.0058(4) 0
V(1) 0.0062(8) 0.0088(8) 0.0058(9) —0.0002(7) 0.0001(6) —0.0003(7)
V(2) 0.0051(8) 0.0121(9) 0.0045(8) 0.0003(7) 0.0007(6) —0.0003(7)
V(3) 0.0070(9) 0.0119(9) 0.0054(9) 0.0006(7) —0.0003(7) 0.0008(7)
V(4) 0.0051(9) 0.0137(9) 0.0051(8) —0.0006(7) —0.0002(7) 0.0019(7)
V(5) 0.016(1) 0.010(1) 0.012(1) 0 0.004(1) 0
V(6) 0.015(1) 0.011(1) 0.019(1) 0 0.005(1) 0
P(1) 0.008(1) 0.011(2) 0.006(1) 0.001(1) 0.001(1) —0.002(1)
P(2) 0.006(1) 0.009(1) 0.004(1) —0.001(1) 0.001(1) —0.000(1)
P(3) 0.007(1) 0.010(2) 0.009(1) —0.003(1) 0.002(1) —0.002(1)
P(4) 0.004(1) 0.011(2) 0.007(1) —0.001(1) 0.000(1) —0.001(1)

U, deduced from anisotropic U;;
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Fig. 3 Projection of the structure of Ba,V;O4(PO,), along b

of the structure along b (Fig. 3). The first type of tunnel is
occupied by Ba(2) and Ba(3), whereas Ba(1) sits in the second
type. In the same way, the projection of the structure along ¢
(Fig. 4) shows the existence of large tunnels running along this
direction and occupied by Ba(3). Clearly the monophosphate
Ba,V;04(PO,), can be described as an intersecting tunnel
structure, the barium cations sitting at the intersection of
these tunnels.

Another way to describe this framework is to consider the
(110) layers that are one polyhedron thick (Fig.5). In these
layers two [V,P,0¢3]. chains running along [101] form
[110] ribbons by sharing the apices of their VO5 pyramids
and VO octahedra, and two successive ribbons are intercon-
nected through VO, tetrahedra; one recognizes that each VO,
tetrahedron is linked to two PO, tetrahedra, forming the

IF izl

Fig. 4 Projection of the structure of Ba,VsO4(PO,), along ¢

VP,0,, units. In these layers one observes six-sided brownmill-
erite type windows, and much larger windows limited by twelve
polyhedra. Such windows correspond to the six-sided and
butterfly like tunnels respectively, running along a (Fig. 1).
The entire [VsP,0,,], framework results then from the
stacking of identical [V,P,0,5]., layers along [101], two
successive layers sharing the apices of their polyhedra, accord-
ing to the description made above for the connection of the
[V,P,0,5]. chains.

The distances and angles in the polyhedra of this structure
are listed in Table 3.

The P(1) and P(4) tetrahedra share their four apices with
two VOgq octahedra, one VOs pyramid and one VO, tetra-
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Table 3 Distances (A) and angles (°) in the polyhedra for Ba,VsP,O,,

V(1) O(1) 0(2) 0O(3) 0(4) O(5) V(6) 0(22) 0(23) 0(24) 0(24%)
O(1) 1.594(9) 2.64(1) 2.93(1) 2.71(1)  2.65(1) 0(22) 1.60(2) 2.57(1) 2.82(1) 2.82(1)
0(2) 105.6(5) 1.717(9) 3.44(1) 2.61(1) 2.56(1) 0(23) 104.0(7) 1.65(1) 2.85(1) 2.86(1)
0(3) 112.6(5) 141.8(4) 1.925(9) 2.64(1) 2.67(1) 0(24) 109.5(4) 109.2(4) 1.84(1) 3.11(1)
0O(4) 99.0(4) 90.1(4) 85.8(4) 1.955(8) 3.89(1) O(24") 109.5(4) 109.2(4) 115.0(4) 1.84(1)
O(5) 95.7(4) 88.0(4) 86.6(4) 165.1(4) 1.97(1)
P(1) 0(10) 0(12) O(17) 0O(24)
V(2) O(6) O(7) O(8) 0(9) 0(10)
0O(10) 1.535(9) 2.52(1) 241(1) 2.52(1)
O(6) 1.585(9) 2.69(1) 2.61(1) 293(1) 2.59(1) 0O(12) 110.9(4) 1.52(1) 2.57(1) 2.49(1)
O(7) 106.8(5) 1.757(9) 2.59(1) 341(1)  2.54(1) O(17) 103.1(5) 114.4(5) 1.538(8) 2.52(1)
O(8) 96.9(4) 90.7(4) 1.890(8) 2.65(1) 3.80(1) 0(24) 110.1(5) 108.8(5) 109.6(5) 1.55(1)
0(9) 114.9(5) 138.1(4) 88.9(4) 1.890(9) 2.60(1)
0(10) 94.4(4) 86.9(4) 168.7(4) 85.6(4) 1.933(9) P(2) 0(3) O(8) 0(25) 0O(18Y)
V(3) O(11) 0(12) 0O(14) o(7Y) 0(13Y O(1i) 0(3) 1.55(1) 2.52(1) 2.49(1) 2.55(1)
O(8) 108.2(5) 1.562(9) 2.53(1) 2.41(1)
O(11) 1.561(9) 2.65(1) 2.69(1) 2.69(1) 2.73(1) 4.23(1) 0O(25) 109.8(6) 111.2(5) 1.505(9) 2.54(1)
O(12) 101.1(4) 1.86(1) 2.67(1) 3.63(1) 2.65(1) 2.90(1) 0O(18Y) 111.7(5) 102.1(5) 113.7(5) 1.535(8)
O(14) 100.5(4) 89.7(4) 1.929(8) 2.61(1) 3.82(1) 2.90(1)
0(7‘)_ 103.8(4) 155.1(4) 87.2(4) 1.855(9) 2.60(1) 2.92(1) P(3) O(5) 0(9) O(14) 0(26)
O(13") 101.3(4) 87.7(4) 158.2(4) 86.1(4) 1.960(8) 3.09(1)
Oo(1") 176.3(4) 77.2(4) 76.2(4) 78.1(4) 821(4) 2.672(9) O(5) 1.55(1) 2.53(1) 2.40(1) 2.54(1)
; 0(9) 108.9(5) 1.56(1) 2.55(1) 2.48(1)
V(4) O(15) 0O(16) O(17) oM  o@s™) 06" O(14) 102.2(5) 110.5(5) 1.543(8) 2.55(1)
O(26 113.1(5) 108.0(5) 114.1(4) 1.50(1)
0(15) 1.597(9) 2.77(1) 2.76(1) 2.76(1) 2.78(1) 4.23(1)
O(16) 103.2(4) 1.930(9) 2.67(1) 3.79(1) 2.75(1) 3.03(1) P(4) 0O(13) O(21) 0(16Y) O(4ih)
O(17) 101.9(4) 87.1(4) 1.946(7) 2.67(1)  3.83(1) 2.97(1)
O(2") 101.9(4) 154.9(4) 86.5(4) 1.950(7) 2.68(1) 2.80(1) O(13) 1.531(9) 2.51(1) 2.52(1) 2.38(1)
O(18M) 102.2(4)  89.9(4) 155.8(3) 86.2(4) 1.968(7) 2.90(1) O(21) 109.4(5) 1.54(1) 2.51(1) 2.50(1)
O(6%) 1752(4) 81.5(4) 79.2(3) 73.5(3) 76.5(3) 2.636(9) O(16Y) 112.2(5) 109.6(5) 1.49(1) 2.47(1)
- O(4i) 102.2(5) 110.5(5) 112.8(5) 1.53(9)
V(5) O(19™) 0(20) 0O(21) o(21v)
O(19') 1.59(1) 2.53(1) 2.86(1) 2.86(1)
0(20) 104.7(4) 1.60(2) 2.81(1) 2.81(1)
O(21) 111.9(4) 108.3(4) 1.86(1) 3.07(1)
0(21Y) 111.9(4) 108.3(4) 111.5(4) 1.86(1)
Ba(1)—0(25) 2.69(1) Ba(2)—O(5%) 2.71(1) Ba(3)—0(26) 2.66(1)
Ba(1)—0(25Y) 2.69(1) Ba(2)—O(4i) 2.74(1) Ba(3)—0(26Y) 2.66(1)
Ba(1)—0(26) 2.73(1) Ba(2)—0(10) 2.77(1) Ba(3)—0(25) 2.70(1)
Ba(1)—0(26"v) 2.73(1) Ba(2)—O(17) 2.81(1) Ba(3)—0O(2 5"") 2.70(1)
Ba(1)—0(23) 2.75(1) Ba(2)—O(18Y) 2.85(1) Ba(S)—O(IS‘”“) 2.72(1)
Ba(1)—O0O(19) 2.83(1) Ba(2)—O(13) 2.92(1) Ba(3)—O(15%) 2.72(1)
Ba(1)—0(22) 2.90(1) Ba(2)—O(14Y) 2.97(1) Ba(3)—0(20%) 2.89(1)
Ba(1)—0(9) 3.13(1) Ba(2)—0O(2%) 3.26(1) Ba(3)—0(19) 3.02(1)
Ba(1)—0O(9") 3.13(1)
Symmetry codes: i 1+x, y, z it 1/22+x, 12—y, 1/2+ziii x, y, 14z iv x, -y, z,v 1—x, y zvi -1/2+4x, 1/2—y, 1/24+z vii 1+x, y
T4z viii x, 5 z—1ix x,—y 14z x 1+x,y 1—=2

hedron, whereas the P(2) and P(3) tetrahedra share only three
apices with one VOgq4 octahedron and two VO5 pyramids, the
fourth free apex pointing toward the axis of the butterfly
tunnels. The P—O distances ranging from 1.49 to 1.56 A are
close to those generally observed for monophosphate groups.

Each tetrahedron [ V(5) and V(6)] exhibits two short V—O
bonds (1.59-1.65 A) and two longer ones (1.84-1.86 A). The
short V—O distances correspond to the free apices [O(19),
0(20), O(22) and O(23)], whereas the longer ones correspond
to V—O—P bonds. The mean <V—O> distance of 1.73 A
is close to that observed in vanadates as shown for instance
in Li;VO, © and Cas(VO,), 7 that exhibit average V—O
bonds of 1.72 and 1.69 A respectively.

The geometry of the VOg4 octahedra [V(3) and V(4)] is
characteristic of the vanadyl species. Each octahedron exhibits
one abnormally short V—O bond (1.561 and 1.597 A) opposed
to a very long apical bond (2.672-2.636 A) and four intermedi-
ate equatorial V—O bonds (1.855-1.968 A). The abnormally
short V—O bond corresponds to the free apex [O(15) and
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O(11)] whereas the equatorial distances correspond to three
V—O—P bonds and one V—O—V bond with a VO, pyramid.
The abnormally long apical V—O distance characterizes
oxygen atoms [O(1) and O(6)] shared with the VO5 pyramid.
This geometry leads us to describe the configuration of V(3)
and V(4) as intermediate between a pyramid and an octa-
hedron, rather than a pure octahedron. Therefore the V(3)
and V(4) sites are either vanadium(1v) or vanadium(v). The
bond valence calculations give 4.86 and 4.31 respectively for
V(3) and V(4), indicating that vanadium(1v) lies preferentially
on the V(4) sites.

The VOs pyramids [ V(1) and V(2)] are rather distorted.
Their apical V=0 distances are very short (1.594-1.585 A)
and correspond to oxygen atoms [O(1) and O(6)] shared with
the very long apical V—O bond of the VOq4 octahedron, so
that these oxygens can be considered as almost free forming a
vanadyl bond. The three equatorial distances are normal,
ranging from 1.925 to 1.97 A for V(1) and from 1.890 to
1.933 A for V(2); they correspond to V—O—P bonds. The



Fig. 5 Projection of a [110] layer

fourth equatorial distance is intermediate (1.717, 1.757 A) and
corresponds to the oxygen atoms [O(2), O(7)] which form
another equatorial V—O bond with the VOq octahedron.
The barium cations, Ba(1) and Ba(3), which sit in the
butterfly shaped tunnels (Fig. 1 and 3) exhibit a nine- and
eight-fold coordination, respectively. Ba(1) exhibits a tricapped
trigonal prismatic coordination with Ba—O distances ranging
from 2.66 to 3.02 A, whereas Ba(3) has a bicapped trigonal
prismatic coordination with Ba—O distances ranging from

2.71 to 3.26 A. The Ba(2) cation which is located in the six-
sided tunnels within the [V, P,0,;], layers (Fig.1) has a
distorted cubic coordination with Ba—O distances ranging
from 2.71 to 3.26 A.
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