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The structure of Na, ,P,W 05, was established by single crystal X-ray analysis. The compound is the
m = 7 member of the family of monophosphate tungsten bronzes with hexagonal tunnels, Na (PO,),
(WOs),., characterized by ReOs-type slabs of various widths connected through PO, tetrahedra. In
order to compare with other members of the MPTB,, family, a cell symmetry Al has been chosen with g
=6.575(2), b = 5.304(1), ¢ = 27.076(3) A, a = 89.62(1), 8 = 96.17(1), and y = 90.26(1)°. The refinement
has led to R = 0.040 and R,. = 0.036 for 6634 reflections with o(/)/1 < 0.333. A comparative study is
carried out concerning the behavior of the alkaline ions in that sort of framework and especially their

coordination state in the Oy cages.

Introduction

During the investigation of the P-W-0
and A-P-W-0O systems (A = Na, K, Rb,
Cs, TI), several series of bronzes called
‘‘phosphate-bronzes’’ were isolated whose
structures are built up from ReO;-type slabs
connected through phosphate planes.
Among these oxides, the monophosphate
tungsten bronzes with hexagonal tunnels
(MPTBy) A,(POy)(WOs);,, which are
closely related to the structure of »-Mo,O;,
described by Kihlborg (/), appear to be sta-
bilized by ions of intermediate size such as
Na* and K*. Contrary to the monophos-
phate bronzes with pentagonal tunnels
MPTB,, (PO2)«(WOs)m, or to the diphos-
phate tungsten bronzes DPTB, A,(P,O,),
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(WOs), only four MPTB;, compounds
were known up to the present: A,P;Wg0;;
(m = 4) with A = K and Na (2, 3), Na,P;,
W04 (m = 6) (3), and K, PsW 1,05 (m =
7) (4). What is more, the sodium bronzes
exhibit a symmetry different from that of
the potassium bronzes, although they are
both monoclinic.

The present paper deals with a new so-
dium member, Na, P4W 4,050 (m = 7), which
is triclinic, and with the influence of the A
ion, sodium or potassium, on the distortion
of the ReOs-type framework.

Experimental

A mixture of Na,CO;, (NH,),HPO,, and
WO; in appropriate ratios was first heated
in air at 773 K in an alumina crucible to
decompose the carbonate and the phos-
phate. An adequate amount of metallic W



TABLE I

EXPERIMENTAL DATA AND STRUCTURE
REFINEMENT PARAMETERS FOR Na, ;P,W 405,

Crystal shape and size

Lattice parameters (A, °)

Conditions limiting
possible Space
Group

Possible Space
Group

Data collection tech-
nique

(sin 6/A) max

Standard reflections
and their intensity
variation

Number of reflections
measured

Number of reflections
used in the refinement
Absorption correction

Linear absorption coeffi-
cient, u(AgKa)

Max and min values of
the transmission
factor

Method used to solve
the structure

Atomic scattering fac-
tors, f' and f” values
R, R,

Triclinic sample 216 X
192 x 96 um limited
by {100}, {100}, {110},
{110}, {110}, {110},
{001}, and {001}

a= 6575Q2)
= 5.304(1)
¢ = 27.076(3)
o = 89.62(1)
B = 96.17(1)
v = 90.26(1)

No condition

Al or Al (see text)

CAD 4 Enraf-Nonius
w—0 scan

0.941

3 reflections with (AI/T)
max = 0.04

10,390 (0 < h < 12,
-10 < k < 10, —54
<l < 54)

6634 with o(I)/I <
0.333

Based on the crystal
morphology Program
AGNOSTC (5, 6)

121.6 cm™!

0.50 and 0.33

Patterson and Fourier
methods. Use of F
magnitude in least-
squares refinement

International Tables (7)

0.040, 0.036

was then added to obtain the composition
Na, P4W 405 and the sample was heated for
3 days at 1173 K in an evacuated silica am-
poule. The sample was formed by dark-red
triclinic crystals (Table I).

A crystal was adjusted on an Enraf-Non-
ius goniometer and studied with MoKa ra-
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diation. The triclinic lattice parameters sus-
pected on X-ray films were then confirmed
although the intensity distribution was not
far from the monoclinic symmetry. The
chosen coordinate system would involve an
easy comparison with K, P,W;Os (4) of
A2/m symmetry: this compound has a =
6.660(2), b = 5.3483(3), ¢ = 27.06(5) A, and
B = 97.20(2)°. An axial orientation was
fixed (Table I) and a data collection was
registered with approximately the same val-
ues for the lattice parameters, « and vy an-
gles close to 90°, and an unusual A-centered
cell. Unfortunately, this set of intensities
gave results of poor quality whatever cor-
rections were used, and in particular, some
factors of thermal vibration 8; became neg-
ative for heavy atoms. It was thought
that absorption certainly played a part
(w(MoKa) = 212 cm™!) and we decided to
collect a new set of intensities using AgKa
radiation. The major experimental data and
structure parameters are listed in Table I.
The refinement was made assuming the
centrosymmetric group. The results (Table
IT) were obtained using a linear weighting
scheme (w|AF)) in terms of (sin 6/\). The
composition in Na* obtained during the re-
finement gives the formula Na;;)PsWy,
Oso.

Description of the Structure and
Discussion

These results confirm that Na, ;P,sW 405
belongs to the monophosphate tungsten
bronze series MPTBy, A, (PO,)4{(WO3)s,, pre-
viously described for A = K and Na (2-4).
However, the structure of this bronze is
characterized by a triclinic symmetry and
appears to be a distortion of the usual
monoclinic structure of MPTBy,. A projec-
tion onto (010) of the unusual A cell is
drawn in Fig. 1.

The dispersion of the cation-oxygen dis-
tances is generally slightly larger than in the
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TABLE II
PosiTIONAL AND THERMAL PARAMETERS WITH e.5.d.’s FOR Na; ,P,W 4,04

x y z B (A?)
w() 0 0 0 B, = 0.323(7)
Ww(2) 0.69794(5) 0.49951(5) 0.054473(9) B, = 0.285(9)
Ww(@3) 0.39771(4) 0.99115(5) 0.111453(9) B, = 0.274(5)
W) 0.08628(4) 0.49454(4) 0.167629(8)  B., = 0.268(3)
P 0.2046(2) 0.5227(3) 0.29191(6) 0.32(1)
o) 0.192(1) —0.006(1) 0.0597(2) 0.71(4)
0@ 3 1 0 0.58(6)
03)  0.82258) 0.78659)  0.0327(2) 0.65(3)
04) 0.8654(7) 0.2810(8) 0.0237(2) 0.53(3)
o) 0.5209(7) 0.7085(8) 0.0927(2) 0.54(3)
0(6) 0.5639(8) 0.2117(9) 0.0834(2) 0.64(4)
o) 0.901(1) 0.495(1)  0.1139Q2) 0.82(5)
0(8) 0.2204(8) 0.7774(8) 0.1523(2) 0.60(3)
(01C)] 0.2654(8) 0.2775(9) 0.1459(2) 0.60(3)
0(10) 0.585(1) 0.000(1) 0.1779(3) 0.94(5)
o1 0.2500(9) 0.490(1) 0.2380(2) 0.73(4)
0(12) 0.1208(9) 0.792(1) 0.2965(2) 0.76(4)
0(13) 0.055(1) 0.316(2) 0.3042(3) 1.25(7)
Na 0.330(3) 0.012(3) 0.2368(6) 1.4(2)
U; Uy Uy Us Up Us Uy

W(1) 0.0040(1)

0.00430(9) 0.00407(9) —0.00014(6) 0.00097(6) 0.00040(6)

W(2) 0.00361(7) 0.00384(7) 0.00346(6) —0.00008(4) 0.00066(5) 0.00016(4)

W(3) 0.00340(8) 0.00389(7) 0.00318(6)
W(4) 0.00375(6) 0.00387(6) 0.00265(6)

0.00016(4) 0.00042(5) 0.00012(4)
0.00005(4) 0.00071(4) 0.00007(3)

Note. The values of the thermal coefficients were obtained from B

43,3,8a;a; and U;; = (11209 8,;a:a; (AY).

other members of the series (Table III). The
distances of P or W from the center of grav-
ity G of the surrounding oxygen atoms are
generally larger than in the previously stud-
ied compounds if one excepts the case of
W(1) which is located at the center of sym-
metry and gives an almost regular octahe-
dron with homogeneous W-0 distances.
As we have previously observed, the coor-
dination of the tungsten atoms is not as reg-
ular for the WO¢ octahedra connected to
PO, tetrahedra as W(3) which shares its
corners with one PO, tetrahedron or W(4)
which is connected to three tetrahedra (Fig.
1). The W-G distances are 0.205(4) and
0.215(5) A, respectively, whereas they are

shorter in K, P,W,0,s and Na,P,;W;30s,
(0.08 and 0.16 A in both cases) or in Na, P,
W 204 (0.15 and 0.16 A). Nevertheless the
values observed in K, PsW 405 (4) are
close to those described here for Na; ;PsW 4
Os and the comparison of the W-O dis-
tances in the two oxides shows very small
differences in the coordination of W. The
octahedral coordination of the W(1) atoms
is almost regular in both cases with a ten-
dency toward 4 + 2 coordination, and we
have noted that, in Na; /P;W 405, the O-
W(1)-0O angles are very close to the theo-
retical values (88.6(2) to 91.4(2) and 180°).
As for W(1), the W(2)Oq octahedra are
linked only to other octahedra. They are
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z

Fi1G6. 1. Na;;P,W,05: projection of the structure
onto (010). The polyhedra with dark and light outlines,
respectively, lie at levels y = § and 0. Na* ions lie at y
~ 0 (open circles) and y ~ 0.5 (filled circles).

nearly regular with a tendency toward 3 + 3
coordination as in K; 4PsW4,05. For the W
atoms connected to PO, tetrahedra, the co-
ordination is 3 + 3, well marked in the case
of Nal,7P4W14O50. The W(3)06 and W(4)06
units seem to be equally distorted with W-
G ~ 0.21 A and O-W-O angles ranging
from 79.8(2) to 96.1(2)°, and 168.8(2) to
171.2(2)° for W(3)O¢. For W(4)O4 the val-
ues are 82.2(3) to 98.5(2) and 168.3(2) to
171.7(3), and the W-O distances (Table III)
show a more pronounced 3 + 3 coordina-
tion: indeed W(4) is linked to three PO, tet-
rahedra by the longest W(4)-O distances.
In all cases, the O-O distances are usual,
ranging from about 2.6 to 2.8 A in the octa-

hedra and from about 2.4 to 2.6 A in the
tetrahedra.

From the projection onto (010) (Fig. 1) it
is easy to compare the host lattice of this
bronze to that of K;,P;W ;05 previously
described (4). Both frameworks are built up
from corner-sharing WO¢ octahedra and
PO, tetrahedra forming hexagonal tunnels
where the Na* or K* ions are located.
Thus, the structure can be regarded as
ReQ;-type slabs connected through ‘‘phos-
phate planes.”” The width of these slabs is
determined, as for K, 4P,W 4,05, by chains
of alternately three and four octahedra lim-
ited at each end by one tetrahedron and
running approximately along [301]. A slight
rotation of the octahedra around the mean
axis [301] with respect to those of K ,PsW 4
Os is observed. This rotation occurs in op-
posite directions for the adjacent chains, or
for successive chains of three and four oc-
tahedra (Fig. 1). However, the position of
the P atoms with respect to the heavy at-
oms is identical to that observed in the po-
tassium members of the series. The four W
atoms involved in the W-O-P bonds form a
tetrahedron including the P atom which is
located at 0.652(2) A from the center of the
corresponding W, tetrahedron, compared
to 0.60 A in Ko4P,W,06 (2) and 0.61 A in
K1.4PsW14Osp (4).

The main difference between the bronzes
Nal_7P4W14050 and K1,4P4W14050 concerns
the geometry of the O, perovskite cages.
The projection of a structural layer along
{301] shows that the perovskite tunnels run-
ning along this direction exhibit a diamond-
shaped section (Fig. 2) whereas the two
other directions, about [581] and [581], are
characterized by square perovskite tunnels.
The behavior is different from that of K, ;P4
W 14050 which exhibits square tunnels along
the three directions as in the ideal
perovskite structure. In a perovskite cage
formed by WO, octahedra exclusively, the
calculated distances G-O from the center
of gravity of the Oy, group to the oxygen
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TABLE III
Na, ;P,W /05 INTERATOMIC DISTANCES (A)

Na“ P wa) w(Q2) Ww(3) W4

Gt 1.19(2)  0.063(6) 0 0.092(3) 0.205(4) 0.215(5)
o) 2 X 1.944(6) 1.837(6)
02 1.8593(4)
0@3) 2 X 1.904(5) 1.848(5)
0@ 2 x 1.889(5) 1.862(5)
O(5) 1.985(5) 1.809(4)
0) 1.959(5) 1.816(5)
o) 1.976(6) 1.796(6)
0O(8) 2.64(2) 2.028(5) 1.806(5)
09) 2.82(2) 2.035(5) L.797(5)
O(10) 2.43(2) 1.536(7) 2.068(7)

2.59(2)
O(11) {2.77(2) 1.533(6) 2.085(5)

2.82(2)
0(12) 2.51(2) 1.546(6) 2.094(6)
O(13) 2.81(2) 1.528(9) 2.070(9)

a Next neighbors are beyond 3.16 A.

b @ is the center of gravity of Oy, Oy, and O4 polyhedra.

atoms show a large variation for Na; ;P4W 14
Os, (2.48 t0 2.93 A) and a homogeneous dis-
tribution in K 4PsW4Oso (2.67 to 2.75 A).
The difference appears as a common fea-
ture to all the members of the MPTB, se-
ries;: K, ,PsWg0O3, exhibits only square
perovskite tunnels whereas Na,P,W;0;,
and Na,P,W,,04 (3) have diamond-shaped
tunnels along one direction and square tun-
nels along the two others. Thus it appears
that the ReOs-type slabs of the potassium

bronzes are built up from corner-sharing
idealized octahedral units ‘“W,05’’ charac-
terized by angles of 90° as in the cubic
perovskite, while the sodium bronzes form
diamond-shaped windows along one direc-
tion with angles tending toward 60 and 120°
(Fig. 7) as in some other perovskite-type
structures.

It must be pointed out that the com-
pounds with diamond-shaped tunnels do
not exhibit a greater distortion of the WOq

FiG. 2. Projection along [301] of a structural layer.
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F1G. 3. A cage bounded by 18 oxygen atoms drawn
from a projection along {100]. The filled circle is Na*
and the open circles are the 8 first oxygen neighbors.

octahedra but result from a tilting of their
octahedra with respect to the ideal
perovskite. In spite of this difference be-
tween sodium and potassium phosphate-
bronzes, the mean distances G~O are prac-
tically the same in the perovskite cages,
i.e., 2.69(1) and 2.71(1) A, respectively. Al-
though these distances are compatible with
the presence of Na* or K* in the perovskite
cages, it must be pointed out that these
cages are always empty in the phosphate
tungsten bronzes. Thus the Na* ion, in
spite of its small size, is preferentially lo-
cated in the O3 cages forming the hexago-
nal tunnels.

The O,5 cages have exactly the same size

259
282
281
” &7
264 X

2.82

in both oxides, i.e., about 6.8 X 6.6 X 5.3
(A) between O atoms along the three main
directions, whatever the m value and the
nature of the A ion (sodium or potassium)
may be. The O3 cage in Na;;PsW 4,05 is
drawn in Fig. 3 from a projection along
[100]. Owing to the large size of that sort of
cage, the alkali ion is widely off-centered:
its distance from the center of gravity of the
Oys cage is 1.19(2) A for Na* in the present
oxide, 1.06 A in Na, P;W;0s,, 1.04 A in Na,
P,W 204, and 0.95 A for the K compounds.
We can infer that the difference observed
between the Na* and K* oxides is due to
the difference between the sizes of these
ions.

The surroundings of sodium and potas-
sium can be compared in Fig. 4 where Na of
the present oxide and K in K 4P4W 405, are
represented with their eight nearest oxygen
neighbors in the orientation of Fig. 3. The
disposition of these atoms with respect to
the hexagonal tunnels appears by projec-
tion onto (010) in Fig. 5. The distribution of
the A-O distances in the phosphate tung-
sten bronzes (Fig. 6) shows a gathering of
the K-O distances in the range of 2.6-3.1 A
when Na-O distances range from about 2.4
to 3.2 A. Nevertheless it is obvious that the
Na-O distances are divided in two groups,
the first one containing four first neighbors

2.8

FIG. 4. The eight nearest oxygen neighbors of Na* in Na,,P,W,,Oy and of K* in K, .PW 0.

Projections along [100].
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F1G. 5. The eight nearest oxygen neighbors of the alkali ions and the hexagonal tunnels in Na, ,P,W/,

Oy and K, (P4W1405y. Projections onto (010).

from about 2.4 to 2.7 A which can be re-
garded as a tendency toward tetrahedral co-
ordination (see Na in Fig. 4). Moreover, the
projections in Fig. 5 show that the alkali
ions in the MPTB,;, have very anisotropic
coordinations: a plane perpendicular to the
figure and containing an alkali ion can be
oriented so that there is only one O atom on
one side and all the other neighbors on the
other side. This asymmetrical coordination
is often observed for Na* in layer oxides or
in tunnels and cages structures. For in-
stance, in Na,Ti;O7 (8) Na* is coordinated
to nine O atoms with eight neighbors on the
same side; in NajFesOy6 (9) the six-coor-
dinated Na* ion has an environment very
similar to that of our phosphate-bronze.

Thus, it appears that sodium tends to
take the same coordination as potassium in
the MPTB;,. The presence of sodium does
not seem to influence the geometry of the
WOQs octahedra, but it induces a tilting of
the octahedra, leading, for Na; 7P4W14Os0,
to a triclinic distortion and to diamond-
shaped windows in the perovskite cages. It
seems that the tilting of the octahedra can
be explained by the attraction of oxygen at-
oms of the O cage by the Na* ion in order
to realize the shorter Na—Q distances, com-
pared to K-O.

Nevertheless, if the presence of Na* ions

in the host lattice can explain the rotations
of the octahedral chains, it must be empha-
sized that these ions play exactly the same
role in the present triclinic structure Na, 7P,
W 1405 as in the other two MPTB,’s, Na, P,
W;03, and Na,P,W;04, which however
are both monoclinic, P2,/a. The explana-
tion lies in the fact that the last two struc-
tures, corresponding to an even value of m
(m = 4 and m = 6), have ReOs-type layers
built up from octahedral chains of the same
length. In the same layer, two of these
chains are related through a twofold axis or
through the lattice translation é. In two suc-
cessive layers, two chains are related
through a glide plane (a) or through a sym-

A 22 24 26 28 30 a2
| T 1 1 f 1
M —
4 . e = . e e
N.+ 6 .e a0 . - . .
7 e o e . .
" 4 . s :

7 - H :
FIG. 6. Distribution of the A-O distances in the
MPTB,, family A,(PO;){WO;),,,, limited t0 3.2 A (A =
Na, K).
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F1G. 7. View of the *‘perovskite planes.” (a) Parallel to (2 0 11). The distortjon is possible with
formation of diamond-shaped windows. (b) Parallel to the hexagonal rings. The tetrahedra are bound

by three corners and the distortion is impossible.

metry center. These operations of symme-
try do not exist in Na; ;P,W 4,05, which cor-
respoids to an odd value of m (m = 7) and
whose layers contain octahedral strings of
unequal length. Only the symmetry centers
can be present here. The same result is ob-
tained from the observation of the structure
of K; 4P4W 405 (m = 7) whose space group
is A2/m (see Fig. 1 of Ref. (¢)). Taking into
account a slight rotation of the octahedral
chains, it is obvious that the distortion re-
moves the mirror planes and the twofold
axes but can preserve the symmetry cen-
ters.

The fact that the perovskite planes nearly
parallel to (2 0 11) can easily be distorted,
but not the (3 3 10) and (3 3 10) planes, is
illustrated in Fig. 7. In the first case (Fig.
7a) the PO, tetrahedra are bound by only
two corners to the octahedra of the layer,
the two other corners being connected with
the two adjacent layers. Then the distortion
is possible with formation of diamond-
shaped windows. In the second case (Fig.

7b) the PO, tetrahedra have three corners in
common with the WQ¢ octahedra of the
layer. Then, a small rotation of the octahe-
dra as in Fig. 7a induces unacceptable O-O
distances. Consequently the constraint ex-
plains the rigidity of the layer and the fact
that the perovskite cages’ windows keep a
square shape. This point can be easily veri-
fied by means of a model. The geometry of
the perovskite layers is determined by the
presence of three-corners linked tetrahedra
and by the relative value of the O-O dis-
tances in the WOg octahedra and PO, tetra-
hedra. More generally, this geometric fea-
ture can explain the topography of mixed
frameworks built up from polyhedra of var-
ious kinds.
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