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A vanadium (V) monophosphate, KV,0,PO,, with an original
tunnel structure has been synthesized. It crystallizes in the space
group Pn2,a, with a = 13.924(1) A, b = 19.946(1) A, ¢ = 4.749(1) A.
The [V,POq].,, framework consists of 90° oriented [V,04].
pyramidal chains running along a and c, respectively, intercon-
nected by single PO, tetrahedra. This framework delimits two
sets of tunnels: large S-shaped and smaller eight-sided tunnels
running along c and a respectively. The K* cations are located
approximately at the intersection of these tunnels, with an eight-
and nine-fold coordination, respectively. The geometry of the
chains of corner-sharing VO; pyramids is compared to those of
the octahedral chains in the perovskite and hexagonal tungsten
bronze structures. The existence of two abnormally short V-O
bonds per pyramid is emphasized and discussed. © 1999 Academic Press

INTRODUCTION

Vanadium phosphates have been extensively explored
due to the great potentiality that they offer for the genera-
tion of new catalysts, as shown for instance in the V-P-O
system (1-2). The structures of the K-V-P-O system per-
formed these last 10 years have allowed a large number of
phosphates of tetravalent vanadium (3-8) and of trivalent
vanadium (9-12) with original structure to be isolated.

In contrast, only one pentavalent vanadium phosphate,
K,VO,PO,, has been isolated to date in the system K-V-P-O
(13). Nevertheless, phase diagram studies of the latter system
performed by several authors a long time ago (14-18) suggest
the existence of several other vanadium (V) phosphates besides
K,VO,PO,. We have thus revisited the system K,O-V,05-
P,0s. We report herein on a new vanadium (V) phosphate,
KV,0,P0O,, with an original tridimensional framework
built up of corner-sharing VO5 pyramids and PO, tet-
rahedra forming tunnels occupied by potassium cations.

EXPERIMENTAL SECTION
Solid State Synthesis

Various compositions corresponding to different ratios
K,0:V,05:P,05 were explored systematically. A new
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phase was isolated for the molar ratios 1:2:1. Thus, the
vanadium (V) monophosphate KV,0,PO, was synthesized
in air in two steps. First an intimate stoichiometric mixture
of K,CO; and H(NH,),PO, was heated at 673 K for
2 hours in a platinum crucible to decompose the potassium
carbonate and the diammonium hydrogenophosphate. In
a second step, the resulting mixture was added with the
required amount of V,Os, heated up to 798 K for 12 hours,
and quenched to room temperature. In these conditions,
a monophasic yellow powdered sample is obtained, whose
powder X-ray diffraction pattern can be indexed in an
orthorhombic cell, in agreement with the parameters deter-
mined from the single crystal X-ray study (Table 1).

Crystal Growth

Attempts to grow single crystals of this new phosphate
using solid state reactions with the two steps method de-
scribed above in air were unsuccessful. Then a second solid
state reaction procedure was used in which the first step was
identical to that described above, whereas the second step
was performed in a silica ampoule, heating the mixture up
to 823 K for 48 hours and then quenching to room temper-
ature. With this method, yellow plate-like crystals were
obtained. The EDS analysis of these crystals confirmed the
expected K : V: P composition equal to 1:2: 1. But the poor
quality of those crystals and their too small size did not
allow their structure determination.

In order to grow larger crystals with a better quality,
hydrothermal conditions were used. A mixture of 0.545 g
V,05 (99.9 Aldrich) and 0.207 g K,COj3 (99.5 Prolabo),
finely ground, was introduced in a 23 ml teflon container
with 0.342 g H;PO, (75% Prolabo) and 3 ml distilled
H,O. The teflon container placed in a steel autoclave
was heated at 493 K for 20 hours and then slowly cooled
to room temperature (2.5Kh™1). Well faceted yellow
crystals were identified as the KV,0,PO, monophos-
phate, mixed with an unidentified black yellow powder.
Those high quality crystals were used for structure deter-
mination.
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TABLE 1
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Summary of Crystal Data, Intensity Measurements, and
Structure Refinement Parameters for K(VQO,),PO,

Crystal data
Space group
Cell dimensions

Volume
VA

Pearc (gem ™)

Intensity measurements
ACuKa)
Scan mode
Scan width (°)
Slit aperture (mm)
Max 6 (°)
Standard reflections
Measured reflections
Reflections with I > 3¢

Pn2ia

a = 13.9244(6) A
b = 19.9459(7) A
¢ =4.7487(5) A
1318.9(2) A3

4

2.36

1.5418 A

w-0

1.3+ 0.14tan 0

1.2 +0.25tan@

75

3 measured every 3600 s
1392

1006

Structure solution and refinement
Parameters refined 127
Agreement factors R =0.040, Ry = 0.044
Weighting scheme w=1/c?
A/ max < 0.01

Structure Determination

A crystal of K(VO,),PO, with dimensions 0.107 x
0.055 x 0.013 mm? was selected for the structure determina-
tion. The intensities recorded showed a Laue symmetry
mmm. The cell parameters initially measured on Weissen-
berg films and later refined by diffractometric techniques at
293 K with a least-squares refinement based on 25 reflec-
tions are listed in Table 1. The systematic absences
k 4+ 1=2n+ 1for Okl and h = 2n + 1 for hk0 are consistent
with the space groups Pmnma and Pn2;a (other setting
Pna2,). The data were collected on a CAD-4 Enraf-Nonius
diffractometer with the parameters reported in Table 1. The
reflections were corrected for Lorentz and polarization ef-
fects, for absorption (Gaussian method), and for secondary
extinction. The deconvolution of the Patterson function was
consistent only in the noncentrosymmetric space group
Pn2,a and the refinement of the atomic parameters was
successful with this latter space group. The atomic coordi-
nates and the anisotropic thermal factors of V and K and
the isotropic thermal factors of the other atoms were refined
with a full matrix least-squares method which led to
R =0.040 and Rw = 0.044 and to the atomic parameters
reported in Table 2. The thermal factors of the oxygen
atoms are spread over a large range (0.6(3) to 2.5(6) Az), but
Student’s f test shows that the B values are equivalent
within the error range.

Infrared Study

An FT-IR experiment has been performed on a KBr
pressed disk containing 2% of the analyzed phase accurate-
ly dispersed and with a KBr beam splitter. The spectra have
been recorded by a Nicolet Magna 550 FT-IR spectrometer
(resolution 4 cm ™ ') and treated with the help of the Nicolet
OMNIC™ software.

Description of the structure

The projections of the structure of this new V(V) mono-
phosphate along ¢ (Fig. 1) and along a (Fig. 2) show that the
tridimensional [V,POyg], framework consists of corner-
sharing VO5 pyramids and PO, tetrahedra forming large
S-shaped tunnels running along ¢ (Fig. 1) and smaller eight-
sided running along a (Fig. 2).

In fact this framework can be described by the assemblage
of two kinds of pyramidal chains [V,0g],, oriented at 90°
and interconnected through single PO, tetrahedra. The first
kind of [V,04],, chains run along a (Fig. 1). In/thﬁ chains,

two successive VO5 pyramids (V3, V,) form O-O-0 angles

TABLE 2
Positional Parameters and Their Estimated Standard
Deviations in K(VO,),PO,

Atom X y z B (A?)
V(1) 0.2885(3) 0.35530 0.2043(7) 0.77(6)"
V() 0.4568(3) 03979(1)  0.7039(7) 1.03(7)"
V3) 0.1265(2) 0.11923)  0.6542(7) 1.09(7)"
V4) 0.3763(2) 0.13483)  0.8339(7) 1.10(7)°
P(1) 0.2329(3) 026033)  0.683(1) 0.84(6)
PQ) 0.0168(3) 0.4970(3) 0.304(1) 0.81(6)
K(1) 0.2894(5) 0.0036(5)  0.2889(9) 221(8)"
KQ2) 0.0307(5) 02506(4)  0.197(1) 1.97(8)"
o(1) 0.2315(8) 04202(6)  0.326(3) 13(2)
0Q) 0.3885(8) 03508(6)  0.400(2) 132)
0Q3) 0.2269(8) 02818(7)  0.378(2) 1.52)
0(4) 0.2265(8) 03231(6)  —0.12502) 122)
0(5) 0.3566(8) 04107(6)  —0.103(2) 13(2)
0(6) 0.5143(9) 0.3382(7) 0.828(3) 172)
o(7) 0.5239(8) 04366(6)  0.379(2) 1.1(2)
0(@8) 0.5220(8) 04766(6)  0.881(2) 112)
009) 0.1203(9) 0.12089)  0.31503) 2002)
0(10) 0.244(1) 0.1047(9) 0.736(2) 0.6(3)
O(11) 0.079(1) 0.0304(9) 0.760(2) 1.0(3)
0(12) 0.147(2) 0.216(1) 0.746(2) 0.703)
o(13) 0.490(2) 0.152(1) 0.742(2) 2.5(6)
O(14) 0.3764(9) 0.1367(9) 1.174(3) 212)
o(15) 0.394(2) 0.044(1) 0.754(2) 1.3(4)
0(16) 0.326(1) 0.2188(9) 0.742(2) 1.13)

“ Atoms have been refined anisotropically. Anisotropically refined atoms
are given in the form of the isotropic equivalent displacement parameter
defined as: B =4 Yi2;i-by. By
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FIG. 1. Projection along ¢ of the KV,0,PO, structure showing the
large shaped tunnels. The projection axis was tilted 10° to avoid the Esher
perspective of edge sharing pyramids on the corner-sharing chains running
along c.

close to 60° (Fig. 3a), i.e., exhibit a geometry similar to that
observed for the chains of WO, octahedra in the hexagonal
tungsten bronzes (Fig. 3b). Moreover two successive pairs of
pyramids have their apical oxygen in a trans-position lead-
ing to the sequence “cis-cis-trans-trans.” Note that a similar
geometry of [ V,Og],, pyramidal chains has previously been
observed in the ammonium hydrogenophosphate o-
NH,VO,PO;OH [19]; however in the latter case the apical
oxygens of the pyramids are all in cis-position (Fig. 3c). The
second kind of [V,04],, chains run along ¢ (Fig. 2). In/t}&se

chains two successive VO5 pyramids (V4, V,) form O-O-0O
angles close to 90° (Fig.4a) like MOg octahedra in the

FIG. 2. Projection along a of the KV,0,PO, structure showing the
height-sided tunnels.
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FIG. 3. (a) The [V,04],, chains of corner sharing pyramids running
along a. (b) The [WOs],, chains of corner sharing WOg octahedra in the
hexagonal tungsten bronze. (¢) The [V,0g], chains of corner-sharing
pyramids in o-NH,VO,PO;OH with all the apical oxygens in cis-position.

perovskite structure (Fig. 4b). Moreover, two adjacent cor-
ner-sharing pyramids have their apical oxygens in a trans-
position, so that each [V,04],, chain can also be described
as built up from two rows of VOs pyramids whose apical
oxygens are in a trans-position with respect to each other
(Fig. 4a). The [V,04],, chains are displayed in the form of
layers parallel to (0 1 0). Thus, along b, one layer of “V;, V,”
chains alternates with one layer of “V;, V,’ chains (Figs. 1, 2),
the chains inside each layer being completely isolated. Two
successive layers are connected through single PO, tet-
rahedra: each PO, tetrahedron shares indeed two apices
with one ‘Vy, V,’ chain running along ¢ and two apices with
the next 90° oriented V3, V,’ chain running along a.

The geometry of the PO, tetrahedra is similar to that
usually observed in various monophosphates with P-O
bonds ranging from 1.49 to 1.57 A (Table 3). Similarly, each
VOs pyramid exhibits a shorter apical V-O bond, ranging
from 1.55 to 1.69 A (Table 3) corresponding to the free apex.
In contrast, the nature of the equatorial V-O bonds is rather
unexpected. The V3 and V, pyramids exhibit indeed one
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b

FIG. 4. (a) The [V,04]., chains of corner-sharing pyramids running
along c. (b) Chain of octahedra in the perovskite structure.

a

shorter V-O bond (1.68 to 1.70 A) opposed to a longer one
(2.00 to 2.06 10%), corresponding to the [VO],, chain (Fig. 3a),
whereas the V-O distances corresponding to the V-O-P
bonds are intermediate, ranging from 1.87 to 2.01 A
(Table 3). For the V; and V, pyramids, one still observes
a second abnormally short equatorial V-O distance of
1.68-1.69 A (Table 3), opposed to a longer one (1.97 to
2.06 A), corresponding again to a V-O-V bond (Fig. 3b).
However in this case, the [VO], chains are no longer
straight, but form 90° oriented V-O-V bonds (Fig. 4a) so
that the other equatorial V-O distances corresponding to
V-0O-P bonds remain close to the longer ones ranging from
1.89 to 2.00 A (Table 3). Such pyramids involving two ab-
normally short V-O bonds have already been observed for
the phosphate «-NH,VO,PO;OH (19), which exhibits pyr-
amidal chains similar to the first kind of chains encountered
here. A similar geometry is also observed for K,VO,PO,
(13), but in that case the existence of two abnormally short
V-0 bonds per pyramid can be explained by the fact that
the two corresponding oxygen apices are free. In fact, the
great ability of V(V) to be off-centre in the VO5 pyramids,
and especially the alternation of abnormally short and long
V-0 bonds, seems to be a characteristic of frameworks or
chains where VO5 pyramids share their apices. V,0j5 itself
shows, indeed, besides the vanadyl bond (1.577 A), rather
short V-O bonds (1.779 A) opposed to long ones (2.017 A)
(20). Bond valence sum calculations using the Brese and
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O’Keeffe formulations (21) confirm the pentavalent charac-
ter of vanadium in this new phosphate and agree with the
expected valences of the other atoms.

The K* cations which are practically located at the
intersection of the S-shaped and eight-sided tunnels (Figs. 1,

. TABLE 3
Distances (A) and Angles (°) in the Polyhedra in K(VO,),PO,

V(1) o(l) o) 0(3) o) 0(5)
o(1) 1631)  2612) 27120 2892)  2.6902)
o) 104.3(6) 168(1) 2642 3412 2711
003) 103.8(6)  95.2(5) 1.891) 2532 38902
0(4) 110.06) 14495  83.8(5) 190(1)  2.5202)
0(5) 9295 9245 159305  79.0(5) 2.06(1)
V(2) 0(2) 0(6) o(7) 0(8) o(5)
0(2) 1.971)  2692)  2552)  3872)  2.68(1)
0(6) 99.2(6) L551)  291Q2)  2772)  2.6502)
o) 80.9(5)  110.8(6) 196(1)  2.511)  3.43(1)
0(8) 154605 102.16)  78.8(5) 2001) 2652
0[5 94.0(5  103.7(6)  139.5(5)  91.6(5) 1.69(1)
V(3) 0(9) 0(10) o(11) 0(12) o(131)
0(9) 1621)  266(2)  2842)  28202) 2840
0(10) 106.3(6) 1702)  2.733) 2613)  3.654)
o(11) 1048(7)  96.4(8) 1952)  3833) 27203
0(12) 101.9(7)  88.8(9)  150.1(5) 2012)  2534)
o(131) 100.6(6)  151.7(6)  85.19) 77(1) 2.06(3)
Vi4) 0(10) 0(13) O(14) o(15) 0(16)
0(10) 2002)  356(3) 2852  2423)  2553)
o(13) 150.9(6) 1683)  261(2)  2.544)  2.6503)
O(14) 104.0(6)  104.4(6) L612) 2732 2720
o(15) 77.409)  91(1) 103.0(7) 1872)  3.6203)
0(16) 82.4(7)  96(1) 102.0(7)  150.7(6) 1.8702)
P(1) 0(3) 0(12) o(16) o)
0(3) 1L511)  24502)  2.542)  2.500)
0(12) 108.0(7) 1522)  2493)  248(3)
0(16) 111.5(6) 108(1) 1562)  2.5802)
o4} 109.28)  107.78)  111.8(7) 1.55(1)
PQ2) o(15)  O(11%) o7 O(8)
O(15ti) 1572)  2593)  2503)  248(2)
o(11%) 114(1) 1522)  24202) 2520
o7 109.79)  107.3(7) 1491)  2.50(1)
O(8) 1053(6)  110.36)  110.3(7) 1.55(1)
K(1) — O(15):2.76(2) K(2) — O(12%):2.77(2)
K(1) — O(1¥): 2.77(1) K(2) — 0(2"):2.85(1)
K(1) — O(5"): 2.80(1) K(2) — O(6): 2.86(1)
K(1) — O(8"#):2.80(2) K(2) — O(13%):2.92(2)
K(1) — O(147):2.97(2) K(2) — 0(3):2.93(1)
K(1) — O(10):3.00(2) K(2) — 0(9):2.93(2)
K(1) — O(15%): 3.03(2) K(2) — O(6%): 3.05(1)
K(1) — O(1¥%): 3.06(1) K(2) — O(12):3.14(1)

K(2) — O(147):3.18(2)

Note. Symmetry codes: (i) x; y; z + 1. (i) + x — 1/2; y; — z + 3/2. (iii)
—x+1/2;y+1/2; +z—1/2.(1v) —x;y+1/2z+1.(v) +x—1/2; y;
—z+ 120 (vi) —x+1/2 +y—1/2; +z—-1/2. (vi) —x+1/%
+y—1/2z4+ 12 (viii) —x+1; +y—1/2; —z4+1.(x)x; 5 +z— 1
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FIG. 5. FT-IR spectrum of KV,0,PO, sample in the skeletal vibration modes region.

2) exhibit two sorts of coordinations. K(1) is surrounded by
eight oxygen atoms with distances ranging from 2.76 to
3.06 A and K(2) is linked to nine oxygen atoms with distan-
ces ranging from 2.77 to 3.18 A.

The infrared spectrum of KV,0,PO, is repeated in
Fig. 5. According to the band assignment for parent com-
pounds proposed in the literature (13), v,,P-O and v,P-O
stretches give rise to the complex mass if in the spectral
region 1400-800 cm ~ !, with the asymmetric modes placed
in the higher energy side of that range. Superimposed to
those bands we should find the V=0 stretches of the free
apex of the VOs pyramid, likely near the maximum at
994 cm 1. The asymmetric bending §,;O-P-O of the cor-
ner-sharing phosphate tetrahedra is responsible for the fea-
tures between 700 and 600 cm !, while the corresponding
symmetric bending §,0-P-O is placed below 450 cm™!.
The complexity of the infrared spectrum, the high number of
structure components, and the calculations connected with
so many atoms in the elemental cell yield a difficult task
further distinct in band assignments, such as separation of
the modes belonging to different vanadyl chains or isolated
VO5 pyramids.

CONCLUDING REMARKS

This study has allowed a second V(V) phosphate to be
synthesized. The existence of large tunnels where K* ca-

tions are inserted suggests that isotypic phases involving
ammonium or methylammonium cations should exist.
A systematic study of such phases using hydrothermal syn-
thesis is in progress. In a more general manner, the combi-
nation of the two types of [V,0z], pyramidal chains
described herein for this structure should lead to the
generation of other original frameworks.
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