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A Niobium Phosphate Bronze with a Tunnel Structure: KNb;P;0,5
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A new niobium monophosphate KNb;P;O;s has been isolated. Its structure was solved from a single-
crystal X-ray study in the space group Pnnm with the cell parameters: a = 13.3085(9), b = 14.7382(10),
¢ = 6.4615(2) A, and Z = 4. The refinement by full-matrix least-squares calculations led to R = 0.029
with 3184 independent reflections. The structure is built up from corner-sharing NbOg octahedra and
PO, tetrahedra which delimit five-sided tunnels containing the K ions and empty square and triangular

tunnels. These tunnels are like those observed in the tetragonal tungsten bronzes.

Inc.

Introduction

The great flexibility of the perovskite
structure (/) has allowed mixed frame-
works built up from octahedral slices con-
nected through monophosphate or diphos-
phate groups to be synthesized. It is indeed
the case of the phosphate tungsten bronzes
(2) which form a very large family of aniso-
tropic metal-like phases owing to the delo-
calization of the eiectrons resuiting from
the final mixed-valence W(VI)/W(V) over
the tungsten—oxygen framework. Niobium,
because of its ability to form octahedral
frameworks similar to those observed for
tungsten oxides, such as perovskite or te-
tragonal tungsten bronze-type oxides, is a
potential candidate for the synthesis of
mixed-host lattices formed of NbO; octahe-
dra and PO, tetrahedra. Moreover, the pos-
sibility for niobium to present two oxidation
states, Nb(IV) and Nb(V), suggests that the
formation of bronzes with an anisotropic
character should be considered. For these
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reasons, the investigation of the system K-
Nb-P-O was undertaken. The present
study reports the structure of a new phos-
phate niobium bronze KNb;P;0;5, whose
structure is closely related to that of the
tetragonal tungsten bronze (TTB) structure
described by Magneli (3).

Synthesis

The preparation was performed in two
steps. (NH,),HPO,, Nb;Os, and K,CO;
were mixed in an agate mortar in a mole
ratio to obtain the stoichiometric KNb; gg;
P;0;5 and heated at 600 K to decompose the
potassium carbonate and the ammonium
phosphate. The resulting mixture was then
added to the required amount of niobium
and placed in an evacuated silica ampoule.
This mixture heated for several days at
1373 K allowed the KNb;P;O;5 to be iso-
lated. Black crystals were obtained. The
composition was confirmed by microprobe
analysis.
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Determination and Refinement of the
Structure

A black crystal of KNb;P;O;5s with di-
mensions 0.168 x 0.096 x 0.072 mm was
selected for the structure determination.
The Laue patterns showed orthorhombic
symmetry (mmm). The systematic ab-
sences h + [ =2nin h0l and k + [ = 2n in
0kl are consistent with the space groups
Pnn2 or Pnnm. The structure was solved
and refined in the centrosymmetrical space
group Pnnm. The cell parameters, initially
measured on Weissenberg films and later
refined by diffractometric techniques at 294
K, with a least-squares refinement based on
25 refiections are a = 13.3085(9), b =
14.7382(10), ¢ = 6.4615(2) A, with Z = 4
formula units of KNb;P;0,5. The data were

TABLE I

POSITIONAL PARAMETERS AND THEIR ESTIMATED
STANDARD DEVIATIONS

Atom x y z B (Ay
Nb(1) 0.43757(2)  0.38721(2) 0.000 0.424(3)
Nb(2) 0.69285(2) 0.27711(2) 0.000 0.408(3)
Nb(3) 0.35872(2) -0.02661(2) 0.000 0.393(3)
K 0.0086(3) 0.3233(3) 0.089(1) 9.6(1)
P(1) 0.27237(7)  0.20218(6) 0.000 0.44(1)
P2) 0.37506(7)  0.37936(6) 0.500 0.43(1)
P(3) 0.20613(7)  0.50253(6) 0.000 0.41(1)
o(1) 0.500 0.500 0.000 1.08(6)
0(2) 0.2999(3) 0.4445(3)  0.000 1.43(5)
03} 0.3624(3) 0.2660(2)  0.000 1.25(5)
0@4) 0.5659(2) 0.3256(2) 0.000 1.01(4)
O(5) 0.4418(2) 0.3866(2) 0.3084(3) 0.83(2)
o) 0.7709(3) 0.3966(2) 0.000 1.40(5)
O(7) 0.6348(2) 0.1539(2) 0.000 0.76(4)
0O@®) 0.8316(2) 0.2169(2) 0.000 0.90(4)
0(9) 0.7046(2) 0.2799(2) 0.3106(3) 6.96(3)
0O(10) 0.2958(2) 0.4533(2) 0.500 0.97(4)
O(11)  0.3129(3) 0.1058(2)  0.000 1.08(4)
0(12) 0.1404(2) 0.4788(2) 0.1878(3) 0.97(3)
0@13) 0.500 0.000 0.000 0.80(5)

Note. Anisotropically refined atoms are given in the
form of the isotropic equivalent displacement parame-
ter defined as: (#) * [a? * B(1,1} + b2 * B(2,2) + c? *
B(3,3) + ab(cos y) * B(1,2) + ac(cos B) * B(1,3) +
be(cos a) * B(2,3)].

collected on a CAD-4 Enraf-Nonius dif-
fractometer with MoKa radiation (A =
0.71073 A). The intensities were measured
out to § = 45° with a @ — 6 scan of (1. +
0.35 tan 6)° and a countersiit aperture of (1.
+ tan )mm, all determined after a study of
some reflections in the @ — @ plane. The
background intensities were measured on
both sides of each reflection. A periodic
measurement of three reflections verified
the stability of the apparatus. The 3184 re-
flections with I = 3o (I) were corrected for
Lorentz and polarization effect; no absorp-
tion corrections were performed.

Atomic coordinates of the niobium atoms
were deduced from the Patterson function
and the other atoms were located by subse-
quent Fourier series. Refinement of the
atomic coordinates and their anisotropic
thermal parameters led to R = 0.029, R, =
0.034, and to the atomic parameters of Ta-
ble I.!

Description of the Structure and
Discussion

The host lattice of this compound, which
consists of NbOg octahedra and PO, tetra-
hedra sharing their corners, delimits pen-
tagonal tunnels where the potassium ions
are located (Fig. 1). All niobium and phos-
phorus atoms lie in (001) planes at z = 0 and
0.5. In those planes, the NbOg octahedra
share their corners forming double zigzag
chains running along b; these octahedral
ribbons are connected to PO, tetrahedra
forming rows parallel to b. Each PO, tetra-
hedron shares its corners with four NbOg
octahedra, the Nb atoms of which form a
Nb, tetrahedron (Fig. 2), whereas each
NbOg octahedron is linked to four PO, tet-
rahedra and to two other NbO¢ octahedra.

I Lists of structure factors and anisotropic thermal
motion parameters are available on request to the au-
thors.
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FiG. 1. Structure of KNbsP;O,s projected along ¢
onto the ab plane.

The PO, tetrahedra are characterized by
a classical geometry with four P-O dis-
tances almost equal and ranging from 1.52
to 1.54 A, and angles O-P-O ranging from
104 to 114° (Table II). The three indepen-

FiG. 2. Projection along a of the KNb,P;0,5 struc-
ture showing: (a) the [PNbQOq].. chains, (b) two chains
where one octahedron and one tetrahedron share one
oxygen, (c) two chains where two octahedra share one
oxygen forming six-membered rings.

TABLE 11
DISTANCES (A) AND ANGLES (°) IN THE PO,
TETRAHEDRA

P(1) 0Q3) o) 0(9") oan
0@3) 1.523(3)  2.5233) 2.523(3)  2.452(4)
09 110.7(1) 1.544(2) 2.448(3) 2.534(3)
0(9*) 110.7(1)  104.9(1)  1.544(2)  2.534(3)
o1 107.3(2) 111.6(1) 111.6(1)  1.520(2)

PQ2) 0(5) O(5vii) 0(8Y) 0(10)
o(5) 1.527(2) 2.476(3) 2.451(3)  2.505(3)
O(5vi) 108.3(1) 1.527(2)  2.451(3)  2.505(3)
0(8Y) 106.5(1) 106.5(1)  1.532(2)  2.554(3)
0(10) 110.7(1) 110.7(1) 113.8(1) 1.517(2)

P@3) 0Q) O(6vii) 0(12) 0129
0Q2) 1.513(3)  2.524(4)  2.496(3)  2.496(3)
o(6vi)  112.8(2) 1.517(3)  2.498(3)  2.498(3)
0(12) 109.9(1) 109.8(1) 1.536(2) 2.427(3)
012 109.9(1) 109.8(1) 104.4(1) 1.536(2)

Note. For symmetry code, see note to Table IV.

dent niobium atoms exhibit rather similar
NbOg octahedra (Table III) in agreement
with the delocalization of the electrons all
over the niobium-oxygen ribbons. Each
octahedron presents two short Nb-O dis-
tances (smaller than 1.98 A) which corre-
spond to the oxygen atoms shared by two
octahedra, whereas the four other Nb-O
distances which correspond to oxygen at-
oms shared by a PO, and a NbOg octahe-
dron are greater than 1.99 A.

One interesting feature concerns the ar-
rangement of the polyhedra along ¢. One
indeed observes that the structure is
formed of infinite chains [PNbOQOg].. in which
one PO, tetrahedron alternates with one
NbOg octahedron (Fig. 2). Such chains are
often encountered in molybdenum phos-
phorus and in tungsten phosphorus oxides
(see, for instance, MoPOs (4, 5)) and Nb
POs (6), P,W,0y; (7), Mo,P,0,, (8), and
NaPWOg (9) are linked to each other in two
ways alternately: two octahedra share one
oxygen forming six-membered rings (Fig.
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TABLE III
DisTANCES (A) AND ANGLES (°) IN THE NbOj
OCTAHEDRA
Nb(1) o) o) 03) 0@) o) osh
o 1.858(1)  2.786(3) 3.905(3) 2.717(3) 2.714(2) 2.714(Q2)
0Q) 91.81) 2.0173) 2.75%(4) 3.950(4) 2.874(3) 2.874(3)
O(3)  177.3009)  85.5(1) 2.047(3) 2.847(4) 2.8723) 2.837203)
0d) 91.46(8) 176.7(1)  91.2(1) 1.935(2) 2.740(2) 2.740(2)
o) 89.51(5) 91.56(5) 90.56(5) 88.47(5) 1.993%2) 3.985(3)
o(5Y) 89.51(5) 91.56(5) 90.56(5) 88.47(5) 176.8(1) 1.993(2)
Nb(2) 04) 0(6) o) 0O(8) 0(9) 0(9)
O4) 1.834(2)  2.922(4) 2.691(3) 3.882(3) 2.808(2) 2.808(2)
06 97.6(1) 2.045(3) 4.010(3) 2.770(4) 2.787(3) 2.787(3)
o 89.9(1) 172.5(1) 1.973(2) 2.77%(3) 2.887(2) 2.887(2)
0(8) 177.2(1)  85.2(1)  87.4(1) 2.049(2) 2.783(2) 2.783(2)
0©9) 93.64(5)  86.75(5) 92.80(5) 86.50(5 2.013(2) 4.013(3)
0%) 93.64(5)  86.75(5) 92.80(5) 86.50(5) 170.8(1) 2.013(2)
Nb(3)  O(7i) o(10i) o1 OI2v) o2  O(13)
o(7i) 1.878(2)  2.662(3) 3.890(3) 2.8102) 2.810(2) 2.892(2)
O(106)  B4.5(1) 2.077(2) 2.674(4) 2913(2) 2.913(2) 3.996(2)
O(ll)  1653(1)  80.8(1) 2.044(2) 2.82i2) 2.8212) 2.937(3)
o(12%)  92.23(5)  90.63(5) B7.95(5 2.019(2) 4.034(4) 2.768(2)
O(12i)  92.23(5)  90.63(5) 87.95(5) 175.5(1) 2.019(2) 2.768(2)
O(13)  9.15(7 176.40(7) 95.56(8) 89.23(5) 89.23(5) 1.921(1)

Note. For symmetry code, see note to Table 1V,

2) or one octahedron and one tetrahedron
share one oxygen (Fig. 2) as in MoPOs.
The most striking aspect of this structure
is its close relationship with the tetragonal
tungsten bronze structure. Considering one
layer of polyhedra parallel to (001), one ob-
serves that the double chain of NbOg octa-
hedra running along b has exactly the same
arrangement as in the TTB structure. This
double chain is bordered with PO, tetrahe-

FIG. 3. The [Nb;P;0s).. ribbons with the five-mem-
bered, four-membered, and triangular windows.

F1G. 4. The tetragonal tungsten bronze.

dra which take the place of one octahedron
in the TTB structure. It results in [Nb;P;
05 ribbons (Fig. 3), in which one recog-
nizes the different rings observed in the
TTB structure (Fig. 4): five-membered
rings formed of four octahedra and one tet-
rahedron instead of six octahedra, almost
square windows formed of three octahedra
and one tetrahedron which are similar to
those of the perovskite tunnels, and trian-
gular windows formed of two octahedra
and one tetrahedron instead of three octa-

edra. The [Nb;P;0,s] ribbons are shifted a/
2 from one layer located at z = 0 to the next
one located at z = 4, sharing the corners of
their polyhedra in such a way that the tetra-
hedron of one ribbon is connected to one
octahedron of the ribbon belonging to the
upper or the lower level, Despite this shift-
ing of the ribbons, the structure keeps five-
sided and four-sided tunnels running along
¢, as in the TTB structure. However, the
nature of the cages located in these tunnels
is of course different from that of the
bronze: they are elongated along ¢ and are
consequently larger. The four-sided tunnels
which are empty form cages of 18 oxygen
atoms (4 + 4 + 2 + 4 + 4) as shown in Fig.
5A. In the five-sided tunnels the cages are
also much more spacious than in the TTB
structure; they are bounded by 22 oxygen
atoms: 2 X 5 oxygens form the five-mem-
bered rings at z = 0 and 0.3, whereas 2 are
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F1G. 5. Perspective views of the oxygen atoms de-
limiting the cages in: (A) the four-sided tunnels, (B) the
five-sided tunnels.

locatedatz =0.5and2 X Satz=0.7and 1
as shown in fig. 5B. The large dimensions of
the cages with respect to the usual K-O
distances makes the K* ions off centered in
the cages, forming an opened polyhedron;
i.e., one in which K* is not completely sur-
rounded by oxygen atoms, due to the fact
that it is displaced toward the walis of the
cavity (Fig. 6). Consequently the K-0O dis-
tances remain rather large (Table IV). One
can argue that K* has five nearest neigh-
bors, with distances smaller than 3.35 A,
taking this maximum value as a reference
according to the procedure described by
Donnay and Allmann (/0) with Shannon’s
ionic radii (11). The two sites that are avail-
able for K* within the same cage, located

Fi1G. 6. The KOs polyhedron.

TABLE IV
DisTANCES (A) AND ANGLES (°) IN THE KOs
POLYHEDRON
K 0(5Y) O(7%) (0]¢:1)] 09 0(12)
O(5Y) 3.287(4)
O(7x) 94.3(2) 3.160(5)
0’y  46.2(1) 131.22) 2.888(4)
O(9%) 73.9(1) 55.0(1) 117.6(2) 3.088(5)
0(12) 147.9(2) 54.6(1) 161.5(2) 80.5(1) 2.955(3)

Note, Symmetry code: i, x, y, —z; ii, 1 — x, =y, —z; iii, § —
x,y-4i-zmivii-xy-bz-Hv,x~Li-yd-zvix
—hi-y,z—hvil,x,y, 1 —z;vili, | —x, 1 —y,z;ix, 4+ x,
-ywi-uxx-1,yz

on both sides of the mirror plane, are only
half occupied owing to their short distance
(1.15 A).

KNb;3P;0y5 can thus be considered to
have a structure related to the TTB type,
which suggests various possibilities of non-
stoichiometry in the different tunnels. The
large size of the latter contrary to those in
the TTB structure suggests the possibility
of replacing potassium by larger cations
such as rubidium, thallium, or cesium.
Such compounds, characterized by a mixed
valence of niobium and an anisotropy of the
structure should present interesting electri-
cal properties. Systematic investigations on
those oxides are in progress.
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