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K,V3P,0,;, Mr = 626.91, orthorhombic, Pra2l, a = 17.407(1), b = 11.3438(7), ¢ = 7.2964(15) A, V =
1440.8(5) A%, Z = 4, D, = 2.89 Mg m~3, A(MoKa) = 0.71073 A, w(MoKa) = 2.96 mm-!, F (000) = 1212,
T =293 K, R = 0.049, and R,, = 0.055 for 574 independent observed reflections with I = 30 (/). The
host lattice [V3P40,,] is built up from corner-sharing VOs octahedra, VOs square pyramids, and PO,
tetrahedra. The structure can be described in terms of mixed chains [V,PsO5]. linked through [V,0y]
units. The [V,PsO]. chains are formed of ReOs-type chains connected to diphosphate groups whereas
the [V,04] units are formed from one corner-shared VOq octahedron and one VOs pyramid. The
framework delimits intersecting tunnels running along ¢ and b which suggest possible ion exchange
properties. The ability of V(IV) to form a short vanadyl bond VO** is observed in all the vanadium
polyhedra leading to the formula Ky(VO0):(P;05);. A comparison of the structure with that of different

V({IV) and V(V) phosphates and related compounds is carried out.

Introduction

Vanadium phosphorus oxides are used as
heterogeneous catalysts in various organic
reactions, such as the mild oxidation of bu-
tenes (/) or butane (2) to maleic anhydride.
The redox mechanism occurring during ca-
talysis results from the ability of vanadium
to exist in several oxidation states, and a
variety of coordinations. This oxidation ca-
talysis depends on the crystal structure of
those mixed frameworks, and their struc-
tural analysis is very important in under-
standing the mechanism of the catalytic re-
action. Moreover such mixed frameworks,
involving d" transition ions are susceptible
to present interesting physical properties.
For this reason, the investigation of the sys-
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tem V-P-Si-O was recently carried out
leading to the V(III) silicophosphate V;Ps
SiOy (3). In an attempt to synthesize new
mixed frameworks involving phosphorus
and vanadium, the K-V-P-0 system was
investigated. The present work deals with
the crystal structure determination of a new
diphosphate of V(IV) K;V3:P40,; and with
its relationships to other mixed frameworks
involving vanadium and phosphorus.

Experimental

Powder synthesis. The starting materials
KzCO], (NH4)2HPO4, and V205 were AR
quality. They were thoroughly mixed in an
agate mortar in the appropriate ratios
4:8:3. The mixture was then heated 1 hr at
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600°C in an platinum crucible in air in order
to eliminate CO,, NH;, and H,0. After
cooling the amount of V,0; or metallic va-
nadium required for the reduction of vana-
dium (V) into vanadium (IV) was added
with the reaction product. The mixture was
homogeneized by grinding and introduced
into a platinum tube which was placed in an
evacuated silica ampoule. The reaction
mixture was heated for 5 days at 550°C. Af-
ter quenching at room temperature, a
greenish slightly sintered powder was ob-
tained.

Single crystal growth. Single crystals
were grown in the following way: approxi-
mately 500 mg of B-VOPQ,, prepared by
conventional methods (4), was introduced
in a platinum crucible containing traces of
K;0. Such traces were obtained by fusing
KHSOQO, in the platinum crucible, short
leaching in hot water, and heating at 800°C.
The reaction mixture was placed in an
evacuated silica ampoule and heated for 5
days at 550°C. The crystals grew on the
walls of the platinum tube in the form of
green needles with a rectangular section.

X-ray analysis. The cell parameters were
determined from the single crystal X-ray
diffraction study. They allowed the X-ray
powder diffraction pattern to be indexed
correctly, except for very weak extra lines
which correspond to the V(III) diphosphate
KVP,0; isotypic to KMoP,Q; (5). This is
easily explained by the low stability of the
oxide Ky(VO);(P,05),. Further heating at
600°C led indeed to the formation of a great
amount of KVP,0;.

Structure: Determination and Refinement

Unit cell parameters were determined by
least-squares refinement of the setting an-
gles for 25 reflections [3° < 6(MoKa) < 17°]
automatically centered on an Enraf-Nonius
CAD-4 diffractometer. Intensity data were
recorded on the same instrument with the
experimental conditions given in Table 1.
The data were corrected for Lorentz and
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TABLE I
EXPERIMENTAL DATA

Green needle, 0.024
x 0.032 x 0.312

Crystal form and size

mm

amax 450
Index range: # 0 23

k 0 19

l 0 14
Scan type w—0
Scan angle 0.9 + 0.35 tan 8
Counter slit aperture 1+ tan 6
Monochromator Graphite
Number of hkl with I = 3o (I) 574
Number of refined parameters 104
R 0.049
R, 0.055
A/o qax 0.5
80 max 3e A

polarization effect but no absorption cor-
rection was applied. Scattering factors and
anomalous dispersion were taken from the
International Tables for X-ray Crystallogra-
phy (6).

The structure determination was first car-
ried out in the centrosymmetrical Pnam
space group consistent with the observed
systematic extinctions. The atomic coordi-
nates of vanadium and potassium were de-
duced from the Patterson function. The re-
maining atoms were located by subsequent
Fourier series. The refinement of the
atomic coordinates and isotropic thermal
factors was carried out by the full-matrix
least-squares method and unit weights.
This led to thermal factors often greater
than 4 A? which indicated that some atoms
were shifted to some extent from a mirror
plane (V(1) and V(2)) and the symmetry
center (V(3)). As a consequence, the refine-
ment was performed, in a second step, in
the noncentrosymmetric space group
Pna2,. Having raised the constraints for
the atomic coordinates of vanadium,
smaller values for the isotropic thermal pa-
rameters were obtained. However, nega-
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TABLE II
ATOMIC PARAMETERS

Atom e z Bi
V(1) 0.1005(2) 0.6612(3) 0.2500(0) 0.57(6)

V) 0.1901(2) 0.33923) 0.269219)  0.72(7)

V(3 0.0013(4) 0.0017(6) 0.041214)  0.8%(7)

K(1) 0.1728(4) 0.1371(6) 0761237 3.16(14)
K(2) 0.3619(5) 0.0352(7) 0.241831)  4.31Q21)
P(1) 0.3247(10) 0.3886(15)  —0.0430(29)  0.97(28)
PQ) 0.3285(10) 03916(14)  —0.4435(32)  0.97Q27)
176)] 0.0297(8) 0.2898(14) 0.051126)  0.67Q21)
P(4) 0.0258(8) 0.2936(14) 0.458925)  0.67(23)
o) 0.1534(8) 0.5488(13) 0.2773(48)  0.83(28)
o) 0.1560(14) 0.7569(23) 0.4344(40)  1.03(49)
V) 0.1436(14) 0.7662(22) 0.0641(44)  1.03(51)
0(4) 0.0273(16) 0.6255(25) 0.463037)  0.9%44)
) 0.0177(16) 0.6289(25) 0.093337)  0.9%51)
o(6) 0.1093(19) 0.3465(25) 0.0540(57)  1.11(56)
oo 0.1092(19) 0.3299(25) 0.4523(52)  1.11(58)
o) 0.2638(12) 0.4137020) 0.416333)  0.72(39)
009) 0.2216(10) 0.2074(16) 0.2410(59)  2.27(42)
010 0.2504(11) 0.4086(19) 0.043338)  0.72(35)
o) 0.0327(13) 0.170224) 0011737 0.76(47)
0(12) 0.0071(14) 0.0095(20) 0.2699(64)  3.96(56)
o13)  —0.018K(I3)  —0.1649(23) 0.0486(45)  0.76(38)
0(4)  —0.1101(14) 0.0328(22) 0.0604(40)  1.38(40)
o1s) 0.1112(14)  —0.0263(22) 0.0309(43)  1.38(45)
o(l6)  —0.0078(8) 0.2921(13) 0.2483(53)  1.18(30)
oan 0.3022(12) 04297(19)  —0.237(12) 3.87(47)

tive correlations occurred between the B
values of independent atoms which were
equivalent by a mirror plane in the centro-
symmetrical Pnam space group. For the
atomic pairs located on both sides of this
pseudo-mirror plane in the Pna2; group, it
was observed during the structure refine-
ment that if one of the two isotropic B fac-
tors increased, the second one decreased
and could be negative. To eliminate such an
effect, subsequent refinement cycles were
carried out using the average of their B val-
ues obtained from the previous cycles from
each of the correlated atoms. The thermal
parameters were refined isotropically since
anisotropic refinement allowed for only two
reflections per parameter. The final stage of
refinement led to R = 0.049, R,, = 0.055 and
to the parameters of the Table II.!

! Lists of structure factors are available on request
from the authors.

Description of the Structure: Structural
Relationships

The host lattice of this vanadophosphate
(Figs. 1 and 2) is built up from corner-shar-
ing VOs octahedra, VOs square pyramids,
and disphosphate groups P,O;. This mixed
framework delimits intersecting tunnels
running along b and ¢, where the potassium
ions are located.

The three crystallographically indepen-
dent vanadium atoms are in the +4 oxida-
tion state. The atoms V(1) exhibit a square
pyramidal coordination. In those polyhedra
the vanadium atoms are displaced from the
basal plane formed by the oxygen atoms by
0.463, 0.465, and 0.082 A for V(1), V(2),
and V(3), respectively. Consequently, very
short apical vanadium-oxygen bonds are
observed: 1.585, 1.606, and 1.674 A for
(V(1-0(1), V(2)-0(9), and V(3)~-0(12), re-
spectively (Table III). These short V-O
distances can be interpreted as the result of



TUNNEL STRUCTURE

173

FiG. 1. Projection of the Ky(VO);(P,0,), structure on to the (ab) plane showing the pseudo-rectangu-
lar tunnels and the ‘‘snail-shell-shaped’’ tunnels running along c.

the ability of V(IV) to form a vanadyl ion
VO?*, leading to the formulation of
Kz(VO)3(P207)2. Such V-O bonds are in-
deed observed in several mixed frame-
works containing V(IV): 1.59 A in VO
SiP,04 (7), B-VOS04 (8), and VO(POs), (9),
1.62 A in a-VOS0, (10), 1.68 A in VOMoO,
(11), and (VO),P,0, (12). This ability of

V{AV) to form a short V=0 bond can be
compared to that of Mo(V) which also ex-
hibits a d! configuration. MoPOs (1/3) and
KiMogP,05, (14) also show similar MoOg
octahedra characterized by a molybdenyl
Mo=0 bond of 1.66 A. Nevertheless, it is
worth pointing out that the ‘‘MQOg’’ octahe-
dra are almost regular in the Mo(V) oxides,

FIG. 2. Projection of the Kx(VO);(P,0), structure on to the (ac) plane showing the tunnels running

along c.
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TABLE 111

INTERATOMIC DISTANCES (A) AND BoND ANGLES (°) IN THE V(1)Os,
V(2)Os, AND V(3)O5 POLYHEDRA

V) oM 0@ 0@3) 04) 0(5)
o) 1.59Q2) 2.63(3) 2.92(4) 2.72(4) 2.87(3)
0(2) 94(1) 1.98(3) 2.71(4) 2.70(4) 3.76(4)
003) 111(1) 87(1) 1.96(3) 3.89(4) 2.70(4)
0(4) 96(1) 84(1) 152(1) 2.05(3) 2.70(4)
005 111(1) 154(1) 89(1) 87(1) 1.88(3)

\70)) o) 0(6) o) 0(®) 09  0(10)
o) 246() 2.92(4) 2.904) 2.66(3) 4.06(5) 2.88(3)
0(6) 79(1)  2.11(4) 2.91(6) 3.85(4) 2.86(4)  2.56(4)
o) 81(1)  92(1) 1.94(4) 2.87(4) 2.85@4) 3.97(4)
0®) 741)  150(1)  97(1) 1.882) 2.773)  2.73(4)
009) 17220 100()  107(1)  105(1) 1.61(2)  2.75(4)
0(10) 781)  75(1)  1S7(1)  86(1)  94(1)  2.11(3)

V@3  odn 032 0U2) 03 014 05
o(1)  2.033) 2784) 2.684) 3.934) 2.983) 2.634)
0(12) 97(1)  1.67(5) 3.66(4) 2.59(5) 2.56(4)  2.55(5)
0(12) 841)  179(4)  1.99G5) 2.7005) 2.82(5)  2.81(5)
o(13) 169(1)  92(1)  87(1) 1.92(3) 2.76(4) 2.75(4)
0(14) 96(1) 89(1)  91(1)  90(1) 1.98(3)  3.92(4)
0(15) 83(1) 89(1)  91(1)  91(1)  178(1)  1.94(3)

Note. The diagonal indicates the M—O bond length (A). The values
above the diagonal are the O . . . O lengths (&) and the values below

are the O-M-0 angles (°).

the molybdenum ion being off centered,
whereas they are generally more distorted
in the V(IV) oxides as shown here for
K,V;P,0q; (Table III). However, the d!
electronic configuration cannot be consid-
ered as the only factor governing the exis-
tence of short V=0 bonds since a similar
behavior is observed in various V(V) ox-
ides. «-VPOs (15), B-VPOs (16), and
V AsOs (17) have their VO octahedra char-
acterized by similar short V=0 bonds of
1.58, 1.59, and 1.59 A, respectively. The
ability of V(IV) and V(V) to form a very
short V=0 bond induces the formation of
VOs pyramids confirmed in K;V;P,0;; by
the existence of the V(1)Os square pyramid.
The pyramidal coordination of vanadium

has indeed been observed up to the present
only in mixed valence vanadium oxides
Cs; V5013 (I8) and K,V30z (19), in vana-
dium bronzes A,V,0s5 (20) and Li;;,V30s
(21), and in the V(V) oxide V,0s (22). The
V(1)-O(1) distance (1.585 A) observed in
the pyramid V(1)Os is rather close to that
observed in the other vanadium oxides
whereas the V-0 bonds of the basal plane
(V-0) = 1.97 A is close to those observed
in Cs,VsOp3 (V-0) = 2.05 A), K,V305 (V-
O) = 1.94 A) in the vanadium bronzes (V-
0) = 1.90 A), and in V,05 (V-0) = 1.89
A). The smaller V-0 distances observed
for the vanadium bronzes and V,0s result
from the increase of the V(V) character.
Moreover it is worth pointing out that the
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TABLE IV

INTERATOMIC DISTANCES (A) AND BOND ANGLES (°)
IN THE PO, TETRAHEDRA

P(1) O(2i) 0(10) O(14ii o(17)
029 1.543)  2.50(3) 2.68(4)  2.44(5)
0(10) 113(2)  1.46(3) 2.52(3)  2.25(8)
0(14i) 115(2) 109(1) 1.63(3)  2.69(8)
oan 104(2) 97(2) 116(2)  1.54(8)

P(2) O(3i) o8wY) O(15v) 0a7)
o3%H 1.503)  2.56(3) 2.43(4)  2.54(6)
O(8™) 115(2) 1.54(3) 2.43(3) 2.62(9
O(159) 113(2) 110(2) 1.42(3)  2.32(7)
o7 108(2) 111(2) 99(2) 1.63(8)

P(3) 04+ 0O(6) oan O(16)
O(4v) 1.52(3)  2.49(4) 2.55(4)  2.314)
0(6) 109(2) 1.54(3) 2.454)  2.56(4)
o(11) 119(2) 112(2) 1.43(3)  2.45(4)
0O(16) 96(1) 111(2) 109(1)  1.58(4)

P@) o5 o) O(13vi 0O(16)
0O(5vH) 1.52(3) 2.48(4) 2.444) 2.68(5)
Oo(7) 110(2)  1.51(4) 2.55(4)  2.56(4)
O(13vi) 103(2) 110(2) 1.61(3)  2.66(4)
0O(16) 116(1) 108(2) 1I0(1)  1.64(4)

Note. Symmetry code. i: —x, —y, z — 0.5;1i: 0.5 —
x,y—05,z—05;iii: 0.5+ x,05 -y, z;ivix,y,2 —
1;v.:05-x,05+y,z-0.5vi: —x,1 -y, z—0.5;
vii: —x, 1 =y, z + 0.5; viii: —x, —y,z +0.5;ix: x, y, z
+1;x:05—-x,y—05 z+0.5.
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coordination of vanadium in V,0s and in
the vanadium bronzes is in fact intermedi-
ate between a pyramid and an octahedron,
so that their structure can also be described
as the association of distorted octahedra
(23).

The diphosphate groups exhibit an
eclipsed configuration with P~O distances
and O-P-0 bond angles (Table IV) close to
those generally observed in diphosphate
compounds and especially in diphosphate
tungsten bronzes (24). In particular it can
be seen that the P-O distances correspond-
ing to the bridging oxygen of P,0; is higher
than the other P-~-O bonds in agreement
with the Brown theory (25).

In K,ViP4,0,; the existence of [VOs]
chains of corner-sharing VOg octahedra
running along ¢ (Fig. 2) is characteristically
common in several V(V) and V(IV) phos-
phates. Such isolated ReOs-type files are in-
deed observed in a-VPOs (Fig. 3a), VP,
8109 (Flg 43), and VP207 (Flg 5) V2P209
also exhibits ReO;-type chains of VO octa-
hedra (Fig. 6a), but contrary to the previous
structures, the octahedral chains are not
isolated: two ReO;-type chains share the
edge of their octahedra (Fig. 6a), forming
double ReOs-type files which are connected
to each other through diphosphate groups
(Fig. 6b). Infinite files of corner-sharing oc-

F1G. 3. The a-VPOs structure viewed: (a) along a showing the ReQ;-type files, (b) along ¢ showing

the connection between the files.
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F1G. 4. Partial projection of the VP,SiO, structure viewed: (a) along @ showing the ReO;-type files,
(b) along ¢ showing the connection between the files.

tahedra are also observed in 8-VPOs (Fig.
7), as for K,V3P4017. There chains are iso-
lated from each other, but the O-0O-0 bond
angle between two successive octahedra is
close to 120° (or 60°) instead of 90° as in
K,V3P;07. Such files can be described as
hexagonal tungsten bronze (HTB) type
files. The adaptability of the diphosphate
groups to the ReO;-type files is a remark-
able feature of the structure of K,V;P,07.
Each P,0O; group shares two corners with

F1G. 5. The ReOs-type files in VP,0O; and their con-
nection by infinite chains of [PO;}..

the V(3)O¢ octahedra, and each octahedron
of the file shares the four corners of its ba-
sal plane, forming mixed chains [V,P3O03]«
running along c (Fig. 8). Such mixed chains
can also be recognized in the structure of
V.P,0s (Fig. 9). However, the [V,Pg030l)
chains do not exist as isolated files. Two
such files are condensed by sharing the
edges of the VOg and simultaneous elimina-
tion of two disphosphate groups leading
to infinite chains [V4P;04¢). This adapta-
bility of the diphosphate groups to ReO;-
type files can be compared to that observed
in the diphosphate tungsten- bronzes A,
(P204)2(W03)2,,, described by Labbe et al.
(26). The structure of those latter bronzes
is indeed described as ReO;-type slabs con-
nected through diphosphate planes. It is
worth pointiag out that the presence of di-
phosphate groups linked to ReO;-type files
is rather rare in the vanadophosphates. The
analysis of the structure of VP;O; shows
that its ReOs-type files are connected
through infinite chains [PO;).. of -corner-
sharing PO, tetrahedra (Fig. 5) whereas in
the other vanadephosphates, the ReO;-type
files are connected to each other through
single PO, tetrahedra. Moreover contrary
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F1G. 6. V,P,0, structure viewed: (a) along the ¢ axis, (b) along the g axis.

to K,V3P,0y7 their structure is built up from
mixed chains [VPOg]. in which one tetrahe-
dron alternates with one octahedron (Fig.
9a). In a-VPOs and B-VPOs such chains run
along a (Fig. 3a) and b (Fig. 7a), respec-
tively. In both compounds, each octahe-
dron of a chain shares two opposite corners
with one PO, tetrahedron of the adjacent
chain, but the relative orientation of the
chains in a-VPOs (Fig. 9b) is different from
the one in B8-VPO; (Fig. 9¢).

The result is that the two other corners of
each octahedron which are shared with an-

F1G. 7. Projection of the 8-VPOjs structure along b
showing the HTB-type chains running along a.

other  VOg¢ octahedron of the adjacent
chains form an ReO;-type chain parallel to
c in a-VPO:s (Fig. 3b) and a HTB-type chain
parallel to a in 8-VPOs (Fig. 7b). The struc-
ture of V,P,0s is also built up from those
mixed chains, which are associated in the
(100) plane through the edges of their octa-
hedra (Fig. 6b). Along a, the PO, tetrahedra

FiG. 8. [V,PsOx]. chains running along c¢ in
KAVO)(P,09),.
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b

{3}

F1G. 9. (a) [VPOsl. chain. Relative orientations of
the [VPOgl. chains in: (b) a-VPOs, (¢) 8-VPOs.

of each chain share their corners forming
the P,O; groups, whereas the VOg octahe-
dra are also linked through their apices
forming ReOs-type chains (Fig. 6a). The
structure of VSiP,0q also shows the mixed
chain [VPOg]., formed from VOg octahedra
and PO, tetrahedra running along the [110]
direction (Fig. 4a), but in this case the ori-
entations of the tetrahedron are different:
two successive tetrahedra are in a trans po-
sition (Fig. 4b) while they are cis in the
other oxides (Fig. 9a).

An interesting feature concerns the infi-
nite ReOs-type or HTB-type [VOsl. file: in
the same [VOs]. file, the vanadium ions are
all displaced from the barycenter in the
same direction, forming a row of dipoles
similar to those observed in ferroelectric
oxides. Moreover, it is worth pointing out
that in all those compounds the neighboring
rows of dipoles point in opposite directions,
leading to an antiferroelectric-type configu-
ration. In this respect V(V), in spite of its d°

LECLAIRE ET AL.

configuration, differs from Nb(V) and
Ti(IV) which exhibit several ferroelectric
perovskites.

The host-lattice of K,V3;P407 is also in-
teresting by its particular character of inter-
secting-tunnel structure. The mixed chains
[V,P5O3] are linked to each other through
[V2010] units formed from one VOs pyramid
and one VQOg octahedron sharing one corner
(Fig. 1). This framework delimits two types
of tunnels running along the c axis, pseudo-
rectangular tunnels similar to those ob-
served in PgW,0s5, (27) and ‘‘snail-shell-

shaped” tunnels which resemble the
pseudo-hexagonal tunnels observed in
M050]4 (2 8 )

Along the b axis, the observed tunnel
(Fig. 2) results from the superposition of
pentagonal rings (3 octahedra + 2 tetrahe-
dra) and heptagonal rings (4 tetrahedra + 2
octahedra + 1 pyramid). The potassium
ions K(1) belong to the ‘‘snail-shaped’’ tun-
nels whereas the cations K(2) are located at
the intersection of the pseudo-rectangular
tunnels and of the tunnels parallel to the b
axis.

TABLE V

PoTASSIUM—~OXYGEN
DISTANCES (A)

K(1)-O(14viiy = 2.66(3)
K(D)-0(15%) =2.91(3)
K(D-0(11%) = 2.97(3)
K(1)-O(8%) = 2.99(3)
K(1)-0O(13vii) = 3.12(3)
K(D-0(1% =3.19(2)
K(1)-0(10%) = 3,32(3)
K(1)-0(7) = 3.33(4)
K(2)-0(4%) = 2.99(3)
K(2)-0(16i%) = 3.00(2)
K(2)-0(17%) = 3.10(2)
K(2)-09) = 3.132)
K(2)-0(6%) = 3.17(4)
K(2)-O(7i) = 3.18(4)
K(2)-0(10") = 3.28(3)

Note. See symmetry code in
Table IV.
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To determine the maximum bond
length of the potassium atom to oxygen, the
Donnay and Allman (29) procedure with
the revised ‘‘Ionic radii’’ of Shannon (30)
was used K-Opax = 3.35 A. Accordingly
each K(1) ion can be considered to be sur-
rounded by eight oxygen atoms with K-O
distances ranging from 2.66 to 3.33 A (Ta-
ble V). The mean K-O distance (2.94 A) is
a little greater than that deduced from the
ionic radii (2.91 A) of Shannon (30). Most
striking is the K(2)-O bond lengths (Table
V) which are all larger than 2.99 A. The
mean value of 3.12 A is much greater than
the sum of the ionic radii (2.86 A). Such
behavior suggests a possible mobility of the
K ions which could account for their rather
high isotropic thermal parameter (B > 3
A?). Thus, ion exchange properties of
K,V;P,04; should be investigated.
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