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The structure of a K,P,W,O,, (x = 0.4) crystal was established by X-ray analysis. The solution in the 
cell of symmetry P2,/m, witha = 6.6702(5), b = 5.3228(8), c = 8.9091(8) A, p = 100.546(7)“,2 = 1, has 
led to R = 0.033 and R, = 0.036 for 21.55 reflections with u(l)/1 I 0.333. This structure can be 
described as two octahedra-wide Rea-type slabs connected through “planes” of PO, tetrahedra. A 
new structural family K,P,W,,O,,, can be foreseen which is closely related to the orthorhombic 
P,W,O,, and the monoclinic RbsPBW,,nOU,,+lB series. 

Introduction 

The recent investigation of the systems 
P-W-O and Rb-P-W-O proved to be 
fruitful. Three structural types were indeed 
synthesized: the RbZPSW8nOZd,,+ts family, 
characterized by ReO,-type slabs con- 
nected through P,O, groups and forming 
distorted hexagonal tunnels (l-3), the 
p4w*n012n+s series, whose framework is 
also built up of ReO,-type slabs, but con- 
nected through single PO, tetrahedra form- 
ing pentagonal tunnels (4), and the oxide 
P,W,,O,, (5), whose host lattice consists of 
WO, octahedra and P,O, groups forming 
both sorts of tunnels, pentagonal and dis- 
torted hexagonal. Moreover, these com- 
pounds exhibit a metallic conductivity (3) 
like the tunnel tungsten bronzes of MagnCli 
(6). An electron microscopy study (7) of 
the series AxP8WS,,024n+16 (A = K, Rb) has 
shown the close structural relations be- 
tween the two families. However, a new 
phase was observed with potassium for n = 
2 and the present work deals with the struc- 

ture of this compound which corresponds 
to the composition K,P,W,O,,.l 

Experimental 

Sample preparation. Mixtures of 
(NH,),HPO,, WO,, and K&O, in appropri- 
ate ratios were first heated in air at 873K to 
decompose the phosphate and the carbon- 
ate. Then adequate amounts of metallic 
tungsten were added to obtain the composi- 
tion K,P,W,O,, and the samples were 
heated for 4 days at 1250K in evacuated 
silica ampoules. The domain of the phase 

1 See NAPS document No. 03973 for 13 pages of 
supplementary material. Order from ASIS/NAPS, Mi- 
crofiche Publications, P.O. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in advance $4.00 
for microfiche copy or for photocopy, $7.75 up to 20 
pages plus $.30 for each additional page. All orders 
must be prepaid. Institutions and Organizations may 
order by purchase order. However, there is a billing 
and handling charge for this service of $15. Foreign 
orders add $4.50 for postage and handling, for the first 
20 pages, and $1.00 for additional 10 pages of material. 
$1.50 for postage of any microfiche orders. 
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TABLE I 

POWDERPA~ERN OF &,P,W,O,, PREPARED AT 125OK (REFINED PARAMETERS: a = 6.673(7), b = 5.327(7), 
c = 8.909(7) A,@ = 100.54(7)“; dabs AND dear ARE GIVEN IN xh) 

hkl Ab. 4 ale III0 hkl d ohs d e*e Ill, 

001 
100 
101 
002 
iii 
111 
102 
112. 
202 
210 
020 
013 
203 
121 
30i 
212 
122 
014 
310 
203 
222 
114 
315 

8.77 
6.577 
4.845 
4.381 
3.924 
3.587 
3.369 
3.200 
2.895 
2.795 
2.664 
2.560 
2.412 
2.333 
2.222 
2.203 
2.088 

2.025 

2.005 
1.960 
1.849 
1.815 

8.759 
6.560 
4.843 
4.379 
3.918 
3.583 
3.369 
3.196 
2.891 
2.793 
2.664 
2.560 
2.411 
2.334 
2.219 
2.204 
2.089 
2.025 
2.023 
2.006 
1.959 
1.849 
1.813 

38 
7 

45 
9 

loo 
2 

72 
34 
20 
31 
16 
61 
15 
6 

13 
10 
12 

4 

12 
23 

6 
15 

225 
005 
312 
124 
204 
314 
223 
412 
405 
115 
313 
231 
125 
006 
133 
421 
423 
234 
502 
405 
026 
119 
414 

1.789 
1.7509 
1.7292 
1.6%9 
1.6850 
1.6313 
1.6017 
1.5661 
1.5540 
1.5495 
1.5454 
1.5142 
1.4773 
1.4605 
1.4474 
1.3474 
1.3443 

1.3261 

1.3228 
1.2798 
1.2379 
1.1805 

1.787 
1.7517 
1.7285 
1.6%9 
1.6844 
1.6297 
1.6025 
1.5652 
1.5567 
1.5501 
1.5449 
1.5147 
1.4772 
1.4598 
1.4482 
1.3469 
1.3440 
1.3272 
1.3253 I 
1.3242 
1.2801 
1.2378 
1.1806 

15 
3 

23 
20 
11 
17 
10 
12 
16 
14 
13 
9 
4 
6 
3 
4 
3 

12 

9 
3 
4 

12 

K,P,W,O,, ranges from x = 0.5 to x = 1.5. 
Crystals were selected from the preparation 
of nominal composition I(o.5P2W4016. The 
corresponding powder patterns showed a 
pure phase and were indexed in the mono- 
clinic cell deduced from a preliminary sin- 
gle-crystal study (Table I). The only sys- 
tematic absences OM), k = 2n + 1, led to the 
space groups P21 or P2,lm. 

Structure determination. The crystal 
used for the structure determination was a b 
axis copper-colored needle with a hexago- 
nal section limited by (100) and (001). Its 
dimensions were 30 x 50 x 290 pm. The 
monoclinic cell parameters deduced from 
Weissenberg photographs were confirmed 
by dithactometric techniques with a least- 
squares refinement based on 25 reflections: 
a = 6.6702(5), b = 5.3228(g), c = 8.9091(8) 
A, /3 = 100.546(7)“. The data were collected 
with a CAD 4 Enraf-Nonius diffractometer 

using MoKa! monochromatized radiation. 
The intensities were measured up to 28 = 
90” by the w - 28 technique, with a maxi- 
mum scan width of 1”. The background in- 
tensity was measured on both sides of each 
reflection. A periodic control verified the 
stability of the sample. Among 2702 reflec- 
tions within a quarter of the reciprocal 
sphere, 2155 which had a(Z)/1 I 0.333 were 
retained and corrected for Lorentz and po- 
larization effects, then for absorption with a 
program based on crystal morphology. The 
minimum and maximum transmission fac- 
tors were 0.119 and 0.338 for ~1 = 393 
cm-‘. 

The structure was solved by the heavy- 
atom method in P2,lm. The W atom posi- 
tions were fixed by the Patterson function 
and refined by least squares. P, 0, and K 
atoms were then located in the subsequent 
difference synthesis. The determination of 
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the K composition by refinement is not ac- 
curate owing to a strong correlation be- 
tween the K composition and the thermal 
coefficient. The occupancy of the K sites 
would be 20 + 5%, the content of the cell 
being then &.4P2W4016, slightly different 
from the preparation stoichiometry I<o,5 
PZW4016. The atomic parameters were 
refined by full-matrix least squares. Scat- 
tering factors for PO, K+, and W6+ were 
from Cromer and Waber (a), corrected for 
anomalous dispersion (9), and for O*- fi-om 
Suzuki (10). A linear weighting scheme was 
adjusted according to (w IF,,/ - IF,]) in 
terms of sin O/h. The refinement with aniso- 
tropic thermal coefficients for W and iso- 
tropic for P, 0, and K led to R = 
XI IF,,I--IF,( I/C(F,I = 0.033 and R, = 
[~c,(~Fo~-~F,~)2/2,~F~~z]1~2 = 0.036. Final 
atomic parameters are given in Table II and 
a projection of atomic positions onto (010) 
is shown in Fig. 1. 

Description of the Structure and Discussion 

The host lattice of the bronze K,P,W,O,, 
is built up from corner-sharing WOs octahe- 

a 
- 

FIG. 1. K,P,W,O,,: projection of the structure onto 
(010). The polyhedra with dark and light outlines lie at 
the level y = $ and 4, respectively. 

dra and PO, tetrahedra. Although it does 
not belong to the structural family 
P4W&2n+* (4), this structure exhibits a 
great similarity with the second member of 
this series, P4W8032. Like that of P4Ws032, 
the framework can be described by the as- 
sociation of chains of octahedra and tetra- 

TABLE II 

I&,P,W,O,,: POSITIONALANDTHERMALPARAMETERSAND~XI'~ 

Position x Y Z 

K Gel 0.138(2) t -0.0801(12) l&2) 
P (2e) 0.7113(3) 0.1296(2) 0.31(2) 
W(l) (2) 0.13897(4) : 0.41163(3) B, = 0.26(l) 
W(2) (2e) 0.56375(4) t 0.74928(3) Bep = 0.22(l) 
O(l) (4f) 0.2827(7) -0.0026(9) 0.3119(5) 0.67(4) 
O(2) (2e) 0.3643(9) t 0.5764(7) 0.54(5) 
O(3) (2c) 0 0 t 0.68(6) 
O(4) (2e) -0.072(l) 0.2223(8) 0.82(7) 
O(5) eel 0.7344(9) : 0.%08(7) 0.56(6) 
O(6) (4f) 0.3982(8) -0.013(l) 0.8368(6) 0.97(5) 

Pll P22 P22 P12 PI3 Pm 

W(l) 0.00136(3) 0.00230(5) 0.00081(2) 0 -0.00007(2) 0 
W(2) 0.00136(3) 0.00716(5) 0.00065(2) 0 -080001(2) 0 

(1 The occupation of the corresponding site obtained by refinement is 21(2)%. 
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FIG. 2. Projection onto (010) of (a) the idealized K, 
P,W,O,, structure and (b) the idealized P,W,O,, struc- 
tore. 

hedra parallel to the [loll direction and ly- 
ing at the levels y = $ and 6 (Figs. 1 and 2a). 
Each of these periodic chains is built up 
from strings of two octahedra and one tetra- 
hedron within the period in such a way that 
each PO, tetrahedron shares its corners 
with four WO, octahedra (W(1) + 3W(2)) 
whose centers are located at the apices of 
an almost regular W, tetrahedron: the dis- 
tance of P from the center of gravity on this 
tetrahedron is 0.60 A. The environment of 
the WO, octahedra is also very similar to 
that observed for P,W,O,,. Each W(l)O, 
octahedron shares its corners with one tet- 
rahedron and five octahedra whose centers 
(P + 2 W(1) + 3 W(2)) are located at the 
apices of an almost regular octahedron, the 

distance between W(1) and the center of 
gravity of this octahedron being equal to 
that observed in P4W80S2, i.e., 0.13 A. In 
the same way, the W(2)0, octahedra are 
linked to three PO1 tetrahedra and three oc- 
tahedra whose centers (3P + 3W (1)) form 
an octahedron; the distance from the center 
of gravity of this octahedron to W(2) is, 
however, greater for K,P,WdO,B (0.25 A) 
than for P4WsOS2 (0.13 A), involving three 
W(2)-W(1) long distances and three W(2)- 
P short distances. The bond distances and 
angles (Table III) show that the geometry of 
the polyhedra PO1, W( l)O,, and W(2)0, are 
almost identical to those observed in 
P,W,O,, (4). The W(2) atom is indeed char- 
acterized by a 3 + 3 coordination with three 
longer W(2)-0 bonds corresponding to the 
three oxygen atoms linked to the P atoms; 
the displacement of W(2) off the center of 
gravity of this octahedron (0.16 A) is not 
very different from that observed in 
P,W,O,, (0.11 A). As for P4W8032, the 
W(1)06 octahedra and the PO, tetrahedra 
are almost regular and the W(1) and P at- 
oms are only shifted, respectively, 0.0s and 
0.04 A from the center of gravity of their 
polyhedra. 

Figure 2a shows the projection of the ide- 
alized structure onto the (010) plane. It can 
be seen that this structure can be described, 
like that of P4W80Z2, as two octahedra-wide 
ReO,-type slabs connected through 
“planes” of PO, tetrahedra. In spite of all 
these similarities, the framework of this 
phase is different from that of P4WS032 in 
that it delimits distorted hexagonal tunnels 
parallel to [OlO], while pentagonal tunnels 
are observed in P,W,O,, (Fig. 2b). This dif- 
ference comes from the relative orientation 
of the PO4 tetrahedra which limit the strings 
of two octahedra in both structures. Two 
successive PO, tetrahedra in a string are 
disposed, one with respect to the other, in 
an eclipsed configuration in K,P,W40,,, 
while they are in a staggered configuration 
in P4W8032. We thus observe straight chains 
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TABLE III 

COORDINATION OF K, P, AND W ATOMS IN K,P2W,01s (INTERATOMIC DISTANCES ARE 

GIVENIN A) 

Bond 

Neighbor N K-N P-N W( 1)-N W(2)-N 

O(1) 2 x 3.08(l) 2 x 1.956(5) 2 x 1.813(3) 
cm) 1.899(6) 1.842(6) 
O(3) 2 x 1.875(l) 
O(4) 2.63(l) 1.528(7) 1.989(6) 

O(5) 

O(6) 

2.65( 1) 
2 x 2.797(4) 1.540(7) 

2 x 2.83(l) 2 x 1.513(6) 

2.015(6) 

2 x 2.026(6) 

made of octahedra and tetrahedra running 
along the [loll direction in K,P,W4016 (Fig. 
2a), and zigzag chains built up of the same 
units (two octahedra + one tetrahedron) in 
P,W,O,, (Fig. 2b). Correlatively, two suc- 
cessive slabs of WO, octahedra in the c di- 
rection are symmetric with respect to a 
(001) plane in the orthorhombic structure 
(Fig. 2b), but present the same orientation 
in KXP2W4016, leading to a monoclinic de- 
formation (Fig. 2a). 

Both structures K,P,W,OIG and P,W,O,, 
must be compared with those of the two 
forms, respectively, monoclinic (Fig. 3) and 
orthorhombic (Fig. 4), of the oxide Mo,O,, 
established by Kihlborg (II) and Magneli 
(12). We observe in these oxides, respec- 
tively, the same rows of distorted hexago- 
nal and pentagonal tunnels, formed by al- 
most identical planes of MOO, tetrahedra. 
Very similar slabs of ReO, type are also ob- 
served, but with a different width corre- 
sponding to three octahedra. Thus, 
P,W,O,, and y-M04011 can be considered 
as the members n = 2 and n = 3 of an 
orthorhombic series T4M4n012n+8 (T = P, 
MO; M = W, MO). In the same way, K, 
P,W,O,, and r)-Mo,Oll also correspond to 
the members n = 2 and n = 3 of a mono- 
clinic family which can be formulated A, 
~JULz+s (A = K or vacancy) with a cell 
content which can be a submultiple of that 

formula. From these observations, it ap- 
pears that the possibility of existence of a 
series of monoclinic phases KIP2W2806n+4 
corresponding to ReO,-type slabs of vari- 
ous widths should be considered. 

The comparison of these results with our 
previous works (1, 2) shows that the be- 
havior of rubidium is different from that of 
potassium, the oxides RbrP8W8n024fi+18 also 
being characterized by ReO,-type slabs but 
connected through P,O, groups exclu- 
sively. Potassium gives both sorts of struc- 
tures, built up from PO, and P,07 units. 
Nevertheless, the presence in K,P,W,OIG 

FIG. 3. Projection onto (010) of the idealized 
clinic Mo,O,, structure from Kihlborg (II). 

mono- 
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FIG. 4. Projection onto (010) of the idealized 
orthorhombic Mo,O,~ structure from Magntli (12). 

of distorted hexagonal tunnels led us to ex- 
amine the relation of its framework with 
those of the bronzes RbrPsW8n024n+lG 
(I, 2). The tunnels can be described as a 
stacking along b of hexagonal rings built up 
of two tetrahedra and four octahedra (Fig. 
5). These rings are strongly inclined with 
respect to the axis of the tunnel, i.e., about 
50” with respect to b, their mean plane be- 
ing approximately parallel either to (443) or 
to (443), owing to the fact that the tetrahe- 
dron of a ring shares two of its corners with 
the octahedra of the adjacent tunnel. These 
rings are very similar to those forming the 
distorted hexagonal tunnels in the Rb, 
psws?&,,, family (I, 2), but in this fam- 
ily the stacking is different, with the mean 
planes normal to the tunnel axis (b axis) and 
the successive rings being oriented in such 
a way that the tetrahedra are connected to 
form P,O, groups. 

The examination of a layer of polyhedra 
parallel to the mean plane of a hexagonal 
ring shows that the structure of K,P,W,O,, 
is in fact closely related to that of the oxides 
RW’sWsnOs4n+m and especially to the 
member n = 2, i.e., RbZPsWlsOsq, that we 
are investigating at the present time. Its hy- 

pathetical structure (H) has been deduced 
from the study of the members n = 3 and n 
= 4 (I, 2) and depicted by the projection of 
a layer in Fig. 6a. The comparison with a 
one-octahedron-thick layer parallel to a 
hexagonal ring in KZP2W4016 (Fig. 6b) 
shows clearly that in both cases we find 
rows of identical pseudohexagonal rings 
separated by a double string of octahedra. 
The only difference concerns the orienta- 
tion of the fourth apices of the PO, tetrahe- 
dra: for the two tetrahedra of a ring, they 
are directed on the same side of the mean 
plane of the L, layer in Rb,PsW,,OM (Fig. 
6a), while they are alternately directed on 
either side of the mean plane of the L, layer 
in KxP2W4016 (Fig. 6b). Thus the structure 
of K,P,W,O,, can be described as a stack- 
ing of such identical L, layers approxi- 
mately along the [23i] or [231] direction. 
Two adjacent layers correspond to one an- 
other in projection through the translation 
T, or TZ (Fig. 6b), whose modulus is, re- 
spectively, equal to the diagonal or twice 
the edge of an octahedron. This disposition 
of two adjacent layers differs from that of 
Rb,P,W,,O, by the fact that two tetrahe- 
dra of different layers are never connected. 
The structure of Rb,P,W,,Os, is obtained 
by stacking alternately one layer L, with one 
layer deduced from L, by a rotation of 180” 
(Fig. 6a). It is noteworthy that, stacking al- 

Y 
I 
I 

FIG. 5. K,P,W,O,,: a pseudohexagonal ring drawn 
from a projection onto (100). The tetrahedra point on 
both sides of the mean plane of the ring. 



Two sorts of cages are observed in K, 
PZW40,, which can be compared to those of 
P,W,O,, and Rb+PBWBn024,,+16. The first 
type consists of perovskite cages built up of 
seven octahedra and one tetrahedron and 
which are almost identical to those ob- 
served in P4W8032. Like P4WB032 and the 
rubidium oxides, K,P,W,O,, is character- 
ized by cages bound by 18 oxygen atoms. 
These cages, located in the distorted hexa- 
gonal tunnels, are formed by eight octahe- 
dra and four tetrahedra (Fig. 8). Geometri- 
cally they are very close to those of 
P4 W,Q2 (4) but different in Rb,P,W,, 
0 24nf16 9 where they correspond to the S’ 
sites (I) bound by PZO, groups. The K+ 
ion is off-centered inside the “O18” cage 
(Fig. 8), the displacement being 0.95 8, from 
the center of gravity, so as to avoid too 

TI short distances (2.15 A between the center 
of gravity and O(6) atoms). The size of the 
“016” cage should be considered as inter- 

FIG. 6. Schematic representation of a layer of poly- 
hedra parallel to the mean plane of a hexagonal ring (a) 

mediate between that of P4WB092 and that 

in the monoclinic RbzP,W,,O,I and (b) in K,P,W,O,,. 
of rubidium compounds as shown from the 
K-O distances of Table III. This can ex- 

ternately one layer L, of K,P,W,O,, with 
one layer deduced from b by a rotation of 
180“ (Fig. 6b), we would obtain a hypotheti- 
cal structure H’ very close to H. The only xx 
difference between H and H’ is the relative 
positions of the P,O, group along b: two 
P,O, forming a distorted hexagonal tunnel 
are at the same level in H, while they are 
situated at different levels in H’ (Fig. 7). On xx 
account of the results obtained for the 
terms n = 3 and n = 4 of the Rb, 
p6w*n%+ls series, it appears that the H 
structure is more probable for the term n = 
2; nevertheless, the study of the term IZ = 5 

x x ly x i‘ ly 
(13) and of a nonintegral member IZ = 3.5 
(24) allows us to consider H’ as a possible 
framework. Whatever it may be, it must be FIG. 7. Schema of the relative disposition of the 

pointed out that these close structural rela- 
P@, groups bounding a pseudohexagonal tunnel (a) in 

tions between the Rb and K oxides could 
the hypothetical H structure and (b) in the hypotheti- 
cat H’ structure. 
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involve the possibility of intergrowth of the 
two structural types. 
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3.08 

2.63 

3.06 

I ()K 00 
z 

FIG. 8. A “Ols” cage drawn from a projection onto 
(100). T and t are, respectively, a face and an edge of a 
tetrahedron. The neighboring 0 atoms for K are. given 
with the K-O distances in A. 

plain that such a structure is stabilized by 
K+, whose size is smaller than that of Rb+, 
Tl+, or Cs+. 

It is worthy of note that perovskite tun- 
nels running along the [loll direction are 
obtained, so that the framework of K, 
P2W40i6 can also be described as an inter- 
secting-tunnels host lattice. 

Conclusion 

The structural study of the K,P2W40,, 
bronze confirms the great ability of the PO, 
tetrahedra to accommodate an octahedral 
framework. A new structural family K, 
p2wmo6n+4 7 closely related to the two pre- 
vious series, is observed. The possibility of 
formation either of other microphases or of 
intergrowths of these different structural 
types should be considered. A great num- 
ber of the cavities of this structure are 

empty, so that the possibility of intercala- 
tion of cations such as lithium or sodium 
will be investigated. Moreover, the great 
similarity of this phase with ReO, and the 
mean oxidation state of tungsten close to 
5.4 let us foresee a metallic conductivity. 
Nevertheless, the presence of “planes” of 
PO, tetrahedra should involve an anisot- 
row. 
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