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Received August 7, 1995; in revised form November 30, 1995; accepted December 7, 1995

octahedral WO3 layers and diphosphate or phosphate slices
can be synthesized as pure phases with different widths ofSingle crystals of the odd member m 5 7 of the series of low

dimensional tungsten bronzes (PO2)4 (WO3)2m have been grown the layers, i.e., with different m values in the range of 4
by means of chemical vapor transport technique. The structure to 16.
has been solved from X-ray diffraction data in the monoclinic Such a mixed framework consists of WO3 layers of metal-
space group P21/n with the lattice parameters a 5 5.291(1) Å, lic character, due to the mixed valency of tungsten, inter-
b 5 6.557(2) Å, c 5 26.654(8) Å, and b 5 90.198. In contrast connected with insulating slices of PO4 groups and conse-
to the m 5 5 compound whose structure has been found as

quently should exhibit anisotropic properties. For six years,corresponding to the regular intergrowth of the two even mem-
the MPTBp family, i.e., the family whose members crystal-bers m 5 4 and m 5 6, the m 5 7 compound can be considered
lize without inserted cations, has been the subject of aas a pure phase whose structure is similar to that of m 5 4, 6,
particular interest infered from the structural quasi-two-or 8 members. It can indeed be described by a stacking of
dimensional electronic properties of all its members, andWO6 octahedral slabs of ReO3-type, all of the same thickness,
numerous physical properties were explored with respectconnected through PO4 tetrahedra. The difference about the

crystal symmetry between the terms m 5 7 and m 5 6 is to different m values. Thus, electronic instabilities were
discussed in terms of tilting of WO6 octahedra.  1996 Academic pointed out from anomalies in the electrical conductivity
Press, Inc. (7–9): incommensurate charge density waves (CDW) were

revealed by X-ray diffuse scattering at low temperature
(10–16) and by electron microscopy (17, 18); large magne-

INTRODUCTION toresistance equally at low temperature were attributed to
the existence of small electrons and hole pockets on theAfter the discovery of the diphosphate tungsten bronzes
Fermi surface in the CDW state with large mobilities (19–(1), structural studies from single crystal X-ray diffraction
22); band structure calculations, performed in the two-and also from high resolution electron microscopy revealed
dimensional approximation, showed three bands crossingthat a large series of compounds has to be considered (2–6).
the Fermi level (23, 24). A theory called ‘‘hidden nesting’’The structural basic principle of these new materials
or hidden one-dimensionality was proposed based on theconsists of rows or columns and mostly layers, built up of
presence of infinite ribbons of WO6 octahedra in threecorner-sharing WO6 octahedra, connected through PO4 directions of the structure.tetrahedra or P2O7 ditetrahedra. Most of these compounds

The interest of the measurements in the series of com-belong to three ‘‘layers’’ families: diphosphate tungsten
pounds (PO2)4(WO3)2m belonging to MPTBp is enhancedbronzes with hexagonal tunnels (DPTBh) with the general
by the fact that the physical properties can be studiedformula Ax(P2O4)2(WO3)2m and monophosphate tungsten
for increasing m values and then compared, one with thebronzes either with hexagonal tunnels (MPTBh) or with
others, in relation to the structural features. However, itpentagonal tunnels (MPTBp) with the general formula Ax is easier to grow large single crystals as pure phase for(PO2)4(WO3)2m or (PO2)4(WO3)2m , respectively. A re-
small m values than for high m values so the more studiedferreds to a cation (Na, K, Rb, Tl, Ba) and m is an integer
crystals are mostly related to the m 5 4, 6, 7, and 8 values.which is related to the width of the perovkite ReO3-type
Among these compounds, the m 5 4, 6, and 8 structuresinfinite layers of WO3 composition, all built up of WO6 are known: they are all of orthorhombic symmetry withoctahedra. In the three families indeed, the intergrowth of
successive WO3 slabs, all of the same width for a given m
value (25, 26). Alone, the m 5 7 structure is unknown and
it is of great interest to determine the structure of such a1 To whom correspondence should be addressed.
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crystal with an odd m value. Indeed, up to now, the only The following observations were made, involving the
conditions limiting possible reflections: h00 (h 5 2n); 0k0odd m with an already published structure, m 5 5 (27), is

monoclinic and consists of a regular intergrowth of m 5 (k 5 2n); 00l (l 5 2n); 0kl (no condition); h0l (h 1 l 5
2n); hk0 (h 1 k 5 2n). We will see later that this last4 and m 5 6 WO3 layers separated by PO4 tetrahedra.

One challenge of this study was to verify whether this condition (hk0: h 1 k 5 2n) deduced from a film where
all the spots were of weak intensity was not actually truephenomenon is general for odd m members, thereby ex-

plaining the rather different electron transport behavior but as it corroborated previous deductions of the electron
microscopy analysis (28), it has been first taken into consid-of the m 5 7 member (19) compared to that of the m 5

4 and 6 members, or to determine if other structural fea- eration. Further, the orthorhombic symmetry was estab-
lished, according to all the Laue photographs: two spacetures are involved.

The present paper deals with the crystallographic study groups were considered, Pmnn (No. 58) and P2nn (No.
34). However if, on one hand, the zero levels indicated noof the m 5 7 member of the series (PO2)4(WO3)2m , i.e.,

P4W14O50 . particular anomaly in the diffraction pattern aspect, on the
other hand, the upper levels often showed a splitting of
some spots first attributed to the poor quality of the crystal-EXPERIMENTAL
lization.

1. Preparation A first structural study has been carried out with a crystal
which gave rise to a set of 2946 independent reflections ofPlatelike purple crystals of P4W14O50 (m 5 7) were pre-
weak intensity on the whole. The result of the atomicpared by chemical vapor transport technique. As reported
parameter refinement in the orthorhombic space groupelsewhere (25) a mixture of (NH4)2HPO4 and WO3 was
was not satisfying. This was attributed to a lack of infor-first heated at 6008C in air for 10 hr to decompose the
mation. But one constancy of the diffractometer, whoseammonium phosphate. Then an appropriate amount of
adjustment was checked by a Si crystal, was to find a bmetallic tungsten was added before the mixture was heated
value of about 90.208 when a and c were both 90.008 inin an evacuated sealed quartz tube.
the range of e.s.d.’s. An other crystal with a larger size wasFor this study, the goal of the experiments being the
examined. The measured b angle was still b 5 90.198 andpreparation of single crystals of MPTBp with sizes large
then the extinction conditions were again carefully scruti-enough to allow physical properties to be investigated,
nized. The conditions h0l (h 1 l 5 2n) and 0k0 (k 5 2n)particular attention was paid to the temperature gradient
were maintained, but the condition hk0 (h 1 k 5 2n) waswhich was maintained along the length of the quartz tube.
discarded because of the presence of some reflections, allIn a typical experiment a charge of about 5 g of the reactant
of weak intensity, which did not fit the constraint. Themixture was packed in a quartz tube of 20 cm long and 2 cm
symmetry appeared clearly monoclinic with the uniquein internal diameter. The tube was inserted in a horizontal
space group P21/n associated with the (a, b, c) cell, nearlyfurnace having two heating zones 20 cm apart. The temper-
orthorhombic.ature of the furnace which was initially set at 6008C was

raised to 12008C for the hot zone and 10008C for the cold
zone at a rate of about 1008C/hr. The reaction was carried 3. Structure Determination
out under these conditions for 1 week and then slowly

The crystal data, the experimental parameters for thecooled to 6008C. The platelike crystals used in this study
intensity data collection, the strategy used for the crystalwere obtained from a stoichiometric mixture correspond-
structure determination, and the resuls obtained are listeding to m 5 6. They grew in the cold zone of the quartz
in Table 1. The cell parameters were refined by least-tube from which they were taken off after being washed
squares fitting the u values (u . 258) of 25 reflectionswith 20% HF for 10 mn.
selected after an examination of their profile and their
intensity. Scattering factors for W61, P51, and O22 and

2. Preliminary Crystal Study
anomalous dispersion corrections were taken from the In-
ternational Table for X-ray Crystallography (29). TheAll X-ray diffraction films, realized from a m 5 7 mem-

ber, gave the aspect of an orthorhombic crystal with param- structure was solved by the heavy atom method using the
SDP (30) program. The refinement resulted in apparentlyeters a P 5.3 Å, b P 6.5 Å, and c P 26.6 Å. For most of

the samples, the row of the rotating crystal was [110] and satisfactory atomic positions toward interatomic distances,
but some distortion in the thermal coefficients Uij of theit was rather difficult to deduce unambiguously the actual

space group. However, some crystals could be oriented W atoms and rather high B values of the oxygen atoms
suggested an anomaly elsewhere. We realized that such awith a parallel to the f axis of the goniometer head and

the reciprocal space was registered both with Weissenberg monoclinic crystal, pseudo-orthorhombic with a b value
very near to 908, could be twinned and a careful examina-and precession camera. Laue films have been also realized.
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TABLE 1
X-Ray Diffraction Data for P4W14O50

Crystal data
System Monoclinic
Space group P21/n
Lattice parameters a 5 5.291(1) Å

b 5 6.557(2) Å
c 5 26.654(8) Å
b 5 90.198

Cell volume 924.7(4) Å3

Z 1
Crystal size 0.69 3 0.15 3 0.075 mm3

Linear abs. coeff. 461.6 cm21

Intensity measurements
Wavelength l 5 0.71073 Å
Temperature 294 K
Scan mode g 2 2/3 u
Scan width (8) 1 1 0.35u
Slit aperture (mm) 1 1 tan u
u maximal angle 408

Standard reflections 3 every 3600 s
Nb meas. reflections 12156 (29 # h # 9, 0 # k # 11, 248 # l # 48)
Nb obs. reflections 8427 (I . 3s(I)

Structure solution and refinement
Nb reflections used in the refinement 4182 (l $ 0)
Nb of refined parameters 88
Twin ratio 42.1(7) %
Agreement factors R 5 0.057; Rw 5 0.067
Weighting scheme w 5 0.33 if I , 100

tion of the splitted reflections already observed resulted The final results are given in Table 2 (atomic positions
and B factors) and in Table 3 (interatomic distances). Thein a possible mirror perpendicular to c*, as macroscopic

twin element (Fig. 1 and 2). Assuming a macroscopic Uij components of the thermal tensor (Table 4) have been
refined with 974 hkl corresponding to the highest u values.(usual) twin, the total intensity of the nearly overlapped

reflections in the diffraction pattern is the summation of U11 coefficients which are rather high compared to U22

could be assumed to be due to twinning effect. We triedthe reflection intensities from individual twin domains. Us-
ing the REMOS program (31), the relative domain size also to refine both P and O atoms anisotropically, but the

results were not satisfactory for some of these atoms andwas refined together with the structural parameters im-
proving in a significant way the previous results which did without physical meaning. We thought that the twin effect

plays an important role in this fact, the detwinning treat-not take into account the twin effect. Note that no single
crystal was found among the samples that exhibit sufficient ment being probably not perfect since the R values remain

a little high. It was judged better to publish only the Bisodiffracted intensity.
values of the light atoms.

DISCUSSION

1. Structural Aspect of the New P4W14O50 Member

Like all other even m members of the MPTBp’s, the odd
m 5 7 compound has a structure which can be regarded
as a stacking of WO6 octahedral (001) slabs of ReO3-type,
all of the same thickness, connected through isolated PO4

tetrahedra forming layers also parallel to (001). At the
junction between two ReO3-type slabs, tetrahedra and oc-
tahedra form pentagonal tunnels which are empty (Fig. 3).FIG. 1. Schematic drawing of the reciprocal space associated with

the twinned crystal for P4W14O50. The m 5 7 value characterizes the thickness of the ReO3-
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FIG. 2. X-ray profiles of h0l reflections (h 5 2, 4, and 6) showing the splitting effect due to the twin. Observe that the splitting increases when
h increases.

type slabs, for which one observes a herringbone arrange- WO6 octahedra in a direction normal to the link. This
number is always 7 in this case.ment of the WO6 octahedral links (Fig. 3). Thus, at a given

x level (x 5 0 or x 5 1/2), one can observe chevron-shaped Moreover, an alternative description of this structure
consists in considering it as a succession of identical mixedstrings, built up of links of three and four corner-sharing

WO6 octahedra alternately, bound through a PO4 tetrahe- slices built up of both octahedra and tetrahedra units. Such
a slice is constituted from WO6 octahedra sharing cornersdron. These two types of octahedral links appear also in

a same slab, but at a different x level, so that it is easier as in the perovskite structure bordered on each side by
isolated PO4 tetrahedra which communicate with the a andto visualize the m value by connecting, in a given slab, the
b lattice translations. In a perovskite WO3 framework, a
PO4 tetrahedron is, indeed, easily substituted for a WO6

octahedron. The synthesis of numerous compounds in the
TABLE 2

field of the phosphate bronzes has widely proved this fea-Refined Atomic Parameters for P4W14O50 with e.s.d’s
ture of a stable mixed polyhedra building. Each lateral

x y z B(Å2)

W1 0 0.5 0 0.47(1) TABLE 3
W2 0.0075(4) 0.1559(1) 0.11356(2) 0.36(1) Selected Interatomic Distances (Å) for P4W14O50 with e.s.d’s
W3 20.0037(4) 20.0076(1) 0.32965(2) 0.25(1)
W4 0.0005(4) 0.3276(1) 0.44405(2) 0.45(1) P W1 W2 W3 W4
P 0.482(1) 0.3013(7) 0.2911(1) 0.18(5)
O1 0.5 0 0 0.9(2) O1 1.871(6)

O2 1.94(1) 1.84(1)O2 0.495(7) 0.167(2) 0.5600(5) 0.7(2)
O3 0.017(5) 0.155(3) 0.3849(5) 0.9(2) O3 1.82(2) 1.94(2)

O4 1.53(2) 1.99(2)O4 0.017(6) 20.006(3) 0.1768(5) 0.6(2)
O5 0.529(4) 0.362(2) 0.2368(5) 0.7(2) O5 1.52(1) 1.97(1)

O6 1.89(2) 1.87(2)O6 0.285(4) 0.190(3) 0.4681(7) 0.7(2)
O7 0.785(4) 0.145(3) 0.4754(7) 0.7(2) O7 1.90(2) 1.85(2)

O8 1.81(2) 1.95(2)O8 0.283(4) 0.017(3) 0.0927(6) 0.6(2)
O9 0.786(4) 20.023(3) 0.0834(6) 0.8(2) O9 1.84(2) 1.95(2)

O10 1.99(2) 1.80(2)O10 0.231(4) 0.347(3) 0.1512(7) 0.8(3)
O11 0.725(4) 0.310(4) 0.1443(8) 0.9(3) O11 1.98(2) 1.81(2)

O12 1.50(2) 2.04(2)O12 0.229(4) 0.201(4) 0.2965(7) 0.9(3)
O13 0.701(5) 0.158(4) 0.3050(8) 1.2(3) O13 1.54(3) 2.01(3)
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FIG. 3. Structure of P4W14O50 viewed along [100]. Shaded octahedra are at x P 0.5 level, and dotted octahedra are at x P 0 level.

PO4 tetrahedron shares three corners with three different shaped whereas along the bp and cp directions, only
squared-shapes are observed, thus without WO6 octahe-octahedra in a same slice, one which belongs to a link of

three WO6 octahedra and the two others which belong to dra rotation.
The fourth oxygen apex O(5) is involved in the junctionlinks of four octahedra. Delivering a lateral PO4 tetrahe-

dron to a WO3 perovskite slice should imply a certain of two equivalent slices. This oxygen is shared between
one tetrahedron of one slice and one octahedron of thestiffness and a distortion to the framework since a tetrahe-

dron bound to three different octahedra within the slice next slice. The structural aspect of the connection between
the two adjacent slices appears in Fig. 5. Four neighborhas smaller O–O distances (P2.5 Å) than the correspond-

ing one of the substituted WO6 octahedron (P2.7 Å). Al- oxygen atoms, ensuring the junction, nearly form a rhom-
bus with O–O distances of 4.2 and 4.3 Å. This featurethough the tilting of the WO6 octahedra already exists in

the different pure phases of WO3 (32), the adaptability of explains why the junction between two adjacents slices
could be realized by rotating 1808 one of the slices withthe two sorts of polyhedra should lead to a preferential

tilting inside the slice. Let us, indeed, refer to one of the respect to the other. Such a half revolution is effectively
possible but subjected to little modifications of the oxygenslices as a set of three perovskite axes ap, bp , and cp parallel

to the octahedra axes, ap running, for example, along the positions. It leads to links of three or four octahedra which
are always parallel in the successive slabs and to a mono-apical axis of the previous octahedra links and bp and cp in

the perpendicular plane. The projections of the structure, clinic symmetry of the whole. At the junction of the slabs
appears a tunnel with a hexagonal section which can acco-within a (111)p slice, along the three directions ap , bp , and

cp (Fig. 4) show clearly that, with respect to the idealized modate cations as Na or K (Fig. 6). This structure belongs
to the MPTBh family for which the member m 5 7 hasReO3 framework, the only tilting axis is ap. Along ap , the

windows of the perovskite cages are then all diamond- only been evidenced by means of electron microscopy (33).

TABLE 4
Anisotropic Thermal Parameters for P4W14O50 with e.s.d.’s

U11 U22 U33 U12 U13 U23

W1 0.0102(4) 0.0048(2) 0.0054(4) 20.0016(5) 20.0003(4) 0.0007(1)
W2 0.0075(3) 0.0026(2) 0.0047(4) 20.0002(3) 0.0002(3) 0.00057(9)
W3 0.0065(3) 0.0020(2) 0.0032(4) 0.0008(4) 0.0005(3) 20.0009(9)
W4 0.0092(3) 0.0044(2) 0.0050(4) 0.0005(4) 20.0010(3) 20.00084(9)

Note. The relation used is exp[22f2 hihja*i a*j U(i, j )].
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FIG. 5. Structural aspect between two adjacent [P2W7O25]y The
quadrilateral diamond-shaped formed by four neighbor oxygens is in bold.

because of the intergrowth character of its structure (m 5
4 1 m 5 6), the successive slabs being of different widths.
All the other members have slabs of the same thickness
(Fig. 7), with a basic building principle which is always the
same, the links of sharing corners of the WO6 octahedra
being arranged as chevrons in the successive slabs and
separated by a PO4 tetrahedron. The resulting symmetry
is orthorhombic for all the m even members, but without
center (P21cn or P212121), whereas it appears centrosym-
metric in the m 5 7 odd member, which is discussed here,
associated to a monoclinic lattice (P21/n). This point, which

FIG. 4. Projection of the structure along the three axes of the octahe-
dra; (a) along ap , (b) along bp , and (c) along cp (p index referring to the
perovskite axes). Note that the tilting of the WO3 framework occurs only
about the ap direction.

2. Symmetry in the MPTBp Series

The lattice parameters and the symmetry of the different
members of the series (PO2)4(WO3)2m studied with X-ray
diffraction from single crystals (2 # m # 8) are compared
in Table 5; a and b parameters have always about the FIG. 6. Projection onto (100) of ‘‘elementary’’ layers whose arrange-
same value, and the members differ one from the other ments lead either to the structure of MPTBh (a) or to the structure of

MPTBp (b).particularly by the c value. The m 5 5 member is apart
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FIG. 7. Structure of the m 5 6 member viewed along [100].

seems rather strange with respect to the similarity of all
these structures, can, however, be understood if one con-
siders the tilting of the WO6 octahedra including some
simplified models.

Let us indeed compare the projection along [100] of the
idealized models for m 5 6 (chosen as an even example)
(Fig. 8a) and m 5 7 members (Fig. 8b) for which no tilting
of the WO6 octahedra, supposed regular, has been consid-
ered. Some of the edges of the WO6 octahedra and of the
PO4 tetrahedra are then parallel to the projection plane
and some others are perpendicular. The space groups de-
scribing the symmetry of these two atomic arrangements
are P21/m21/c21/n and P2/m21/n21/n for m 5 6 and m 5
7 members, respectively, therefore both are orthorhombic
and centrosymmetric. Between these two groups, there are
two major differences: (i) the glide plane c normal to b in
m 5 6 is replaced by a glide plane n in m 5 7. This change
is only due to a a/2 translation of the links of three or four
WO6 octahedra in the successive slabs. (ii) The binary axes
parallel to a, located in the middle plane of the slabs,
are not the same in the two structures: here is the main
difference. Indeed, for a m 5 6 member, the screw axes
are located, either along the edges of the octahedra or in
holes between octahedra (Fig. 8a), whereas for the m 5
7 member, the twofold axes run either through the W
atoms or through the O atoms in the middle of a four
octahedra link (Fig. 8b). Since in both cases a m mirror
normal to a is implied, the symmetry centers are located
on the binary axes.

Let us now consider a tilting of the WO6 octahedra,
assuming that all the octahedra of the same link are slightly FIG. 8. Projections along [100] of idealized model for m 5 6 (a) and
rotated in the same direction. Figure 9 shows clearly that, m 5 7 (b) members for which no tilting of the WO6 octahedra has

been considered.for the m 5 6 member, the m mirror perpendicular to a
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TABLE 5
Crystal Parameters for Some Members of the Series (PO2)4(WO3)2m

Compound m a (Å) b (Å) c (Å) Space group System

P4W4O20 2 5.23 6.55 11.17 P21cn Orthorhombic
P4W8O32 4 5.28 6.57 17.35 P212121 Orthorhombic
P4W10O38 5 5.28 6.57 20.57 P21 Monoclinic
P4W12O44 6 5.29 6.56 23.55 P212121 Orthorhombic
P4W14O50 7 5.29 6.57 26.65 P21/n Monoclinic
P4W16O56 8 5.29 6.55 29.70 P212121 Orthorhombic

and the symmetry centers are no longer available for the the more symmetric ones given by the microscopic twin
element, a n glide mirror (001) located at z 5 1/4.actual structure. In fact, as the 21 screw axes subsist, two

subgroups of Pmcn are now compatible with the new
3. Interatomic Distancesatomic arrangement, P21cn and P212121 , both orthorhom-

bic. According to the observed conditions limiting the pos- As for the other members of the series (PO2)4(WO3)2m ,
sible reflections, the group P21cn is chosen for the member and in particular for the m 5 6 and m 5 8 compounds,
m 5 2 (34) and P212121 for m 5 4, 6, and 8 (25, 26). The the member m 5 7 includes, within the octahedral slabs,
case of the m 5 7 member is illustrated in Fig. 10: m WO6 octahedra whose geometry varies from the middle
mirrors normal to a are suppressed due to the tilting, but part of the slab to the lateral part where PO4 tetrahedra
also the twofold axes which are no longer available. Only are found. In P4W14O50 , there are indeed four independant
the C symmetry center could subsist. As a result, two possi- octahedra: W(1) and W(4) are only bound to other octahe-
ble subgroups P21/n, one with b as the unique axis and dra, W(2) is linked to five octahedra and one tetrahedron,
the other with c as the unique axis, can be considered: the and W(3) is surrounded with three octahedra and three
former is effectively observed. The important point is that tetrahedra. In the three previous mentioned structures, the
the symmetry becomes monoclinic and consequently a mo- W–O distances can be distinguished by starting from the
noclinic distortion is certainly possible from the starting middle part of the slab (Fig. 11): the influence of the lateral
orthorhombic atomic arrangement, only due to a tilting of tetrahedron on the W–O distances is clearly illustrated,
the octahedra which nevertheless maintains the symmetry involving similar features in the three structures. For m 5
centers. As expected, the studied monoclinic crystal exhib- 7, the most regular octahedron is located just in the middle
its locally a noticeable orthorhombic symmetry. Indeed, in of the slab with 12 O–O distances ranging from 2.69(3) to
the space defined by 0 , x , 1, 0 , y , 1, and 0 , z , 2.74(3) Å. The W(1) atom located on a symmetry center
1/2, it is verified that the positions of all the tungsten, has rather a 4 1 2 coordination. In contrast, the furthest

octahedron W(3) is very distorted with O–O distancesphosphorus, and oxygen atoms are slightly deviated from

FIG. 9. Schematic representation of the WO6 octahedra in an idealized structure without tilting (a) and in the actual structure (b) for the
m 5 6 member taken as an even example.
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FIG. 10. Schematic representation of the WO6 octahdra in an idealized structure without tilting (a) and in the actual structure (b) for the m 5

7 member.

ranging from 2.61(3) to 2.82(3) Å and with a 3 1 3 coordi- PO4 tetrahedra increases, which implies that the electron
delocalization mainly occurs in the middle part of the slab.nation. Thus, the two intermediate octahedra exhibit inter-

mediate distortion as for m 5 6 and m 5 8, and hence one
observes a gradual distortion of the WO6 octahedra both CONCLUSION
in the O–O and in the W–O distances from the center to
the side of the slabs. The crystallographic study of the odd m 5 7 member

of the series (PO2)4(WO3)2m showed that its structuralThe dispersion of the W–O distances can be correlated
to the oxidation state of the tungsten atoms calculated properties are very different from that of the m 5 5 mem-

ber though the monoclinic symmetry is available for bothfrom the relation of bond length–bond strength theory
(35) as can be seen in Fig. 11. One observes that the formal compounds. Indeed if, on one hand, the m 5 5 structure

P4W10O38 can be described as an intergrowth of the m 5valence state of W atoms decreases as the distance from the

FIG. 11. Dispersion of the W–O distances observed for three members of the series (PO2)4(WO3)2m. The calculated oxidation state of W is
reported in the last column.
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tion, 1992.B. Raveau, Eur. J. Solid State Inorg. Chem. 28, 93 (1991).

33. B. Domengès, M. Hervieu, B. Raveau, and M. O’Keeffe, J. Solid4. B. Raveau, M. M. Borel, A. Leclaire, A. Grandin, and Ph. Labbé,
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