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Sealed tube reactions of W09, P205, and W metal at 1250°C give crystals of WPOs. The compound was 
characterized by single-crystal X-ray diffraction data with a = 11.174(3), b = 6.550(2), c = 5.228(l) A, 
2 = 4, in the space group Pna2,. The structure was refined to R(F) = 0.0273 and R, = 0.0268 for 547 
independent reflections with Z > 3.0 u(Z). This compound, which contains only Ws+, is composed of 
comer-sharing WOb octahedra and PO., tetrahedra. Pentagonal tunnels along the c-axis are formed by 
the edges of three octahedra and two tetrahedra. The framework can also be described as built up from 
ReOr-type slabs which are connected through phosphate groups. It corresponds to the second member 
(m = 2) of the monophosphate tungsten bronze series (WOJ2,(P02),. o 19139 Academic PESS, IK. 

Introduction 

The structures of several compounds 
corresponding to the general formula 
(W03)2,,JP02)4 have been determined from 
single crystals for m = 3, 4, 5, 6, and 8. 
wSp4032 (m = 4) (I), wnp4044 h = 6) (2)~ 

and Wi6P40s6 (m = 8) (2) are each built up 
of Re03-type slabs and planes of PO4 tetra- 
hedra where ml2 determines the width of 
the slabs. W10P4038 (m = 5) (3) can be con- 
sidered an intergrowth of the members m = 
6 and m = 4. Interestingly, W6p40Z6 (m = 3) 
(4), which can be described as Re03-type 
blocks connected through P207 groups, 
does not seem to be strongly related to the 
other structures. However, the lower mem- 
bers, especially the second member of the 

series, were never observed. The structure 
of the second member, WP05, was pre- 
dicted, but it was considered unstable at 
high temperature (5). In an attempt to pre- 
pare a tungsten analog of Mo3P$iOig (6) at 
1250°C we discovered WPOs by chance. 
The present paper deals with the synthesis 
and crystal structure of WPOs which corre- 
sponds to the second member of the 
monophosphate tungsten bronze series 
(wo3)2m(po2)4* 

Experimental 

Synthesis 
W03 (99.9%), W metal (99.9%), and P205 

(99.9%) were obtained from Cerac. Maroon 
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crystals of WPOs were discovered as a mi- 
nor product by heating a mixture of W03, 
W, P205, and SiOz (mole ratio 3 : 3 : 5 : 2) in 
a fused silica tube at 1250°C for several 
days. Film work on a selected crystal using 
a Weissenberg camera gave orthorhombic 
a = 11.2, b = 6.6, c = 5.2 A, which corre- 
sponded to the second member of the series 
(WO&(PO&. Neither the axial oscillation 
photograph along the c-axis nor the zero- 
layer Weissenberg (Z&l) photograph with 
long exposure time revealed any super- 
structure spots. Subsequently, a reaction 
aiming at WPOs at 1250°C for three days 
was conducted. Upon opening the fused sil- 
ica tube, the product was found to contain 
many maroon crystals. Based on X-ray 
powder diffraction polycrystalline WPOs 
was obtained as a major product by heating 
a mixture containing appropriate amounts 
of the starting materials at 1100°C for sev- 
eral days. 

Single-Crystal X-Ray Structure 
Determination 

Peak profile analysis (w-scan) on the ma- 
roon crystals using a Nicolet R3/V diffrac- 
tometer indicated that most of them were 
not single crystals. The Z&l reflections of- 
ten showed multiple peaks due to twinning. 
Many had to be selected before a satisfac- 
tory crystal was obtained. Finally a piece 
with the dimensions 0.12 X 0.09 X 0.05 mm 
was chosen. Some of its Z&O reflections also 
showed broad peak profiles but the dif- 
fracted rays from the crystal diverged by 
such a small angle that the intensity data 
were considered to contain enough informa- 
tion to make an elucidation of the structure 
possible. 

The unit cell parameters, a = 11.174(3), b 
= 6.550(2), c = 5.228(l) A, were deter- 
mined by a least-square fit of 22 peak max- 
ima with 28 ranging from 14 to 30”, exclud- 
ing Z&O reflections. If the Z&I reflections 
with broad peak profiles were included, the 
automatic indexing program would lead to a 

monoclinic cell (a = 6.5, b = 5.2, c = 11.2 
A> with the /? angle slightly off 90”. The 
extent of deviation from 90” was dependent 
upon the number of the Z&O reflections with 
broad peak profiles. The orthorhombic cell 
corresponds to the subcell of the mono- 
clinic supercell for /3-NbPOs (a, = (21 
l&,, b, = G,, cm = 2b,, p = 120”) (5). In 
order to verify the orthorhombic unit cell 
for WPOS, an intensity data set based on the 
monoclinic supercell was collected with 
slow scan speed. However, a systematic 
absence of hkl reflections with 1 = 2n + 1 
was observed, suggesting that the WPOs 
crystal does not exhibit the monoclinic su- 
percell. Since the intensity data showed 
mmm Laue symmetry with Rint = 0.032, the 
crystal structure of WPOS was determined 
in the orhorhombic unit cell. 

The intensities were collected up to 28 = 
60” with o-28 scan. The scan width was 1.2” 
+ Z&r, cy2 separation. A periodic check of 
three reference reflections did not reveal 
any significant variation in intensity. A total 
of 547 unique reflections with Z > 30-(Z) 
were corrected for absorption and Lorentz 
and polarization effects. Corrections for ab- 
sorption effects were based on 9 scans of 
five suitable reflections with x values close 
to 90” (Tmax, Tmin = 0.999, 0.623). Based on 
the systematic absences (Okl, k + 1 = 2n + 
1; h01, h = 2n + 1) and statistical test ((lE2 
- 11) = 0.834 for Okl, 0.601 for hk0, 0.883 
for h01, and 0.836 for the remaining reflec- 
tions), the noncentrosymmetric space 
group Pn~2~ (No. 33) was considered. Clas- 
sical methods for structure determination 
were used: direct method and successive 
Fourier syntheses. Only the W atom was 
refined with anisotropic temperature fac- 
tors since most of the light atoms gave non- 
positive definite values. It should also be 
noted that the thermal parameters for 02, 
03, and 04 are considerably larger than 
those for 01 and 05. These phenomena 
could be attributed to incomplete absorp- 
tion correction, poor crystal quality, or 
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TABLE I 
ATOMIC COORDINATES AND THERMAL 

PARAMETERS” FOR WPOs 

W 0.43894(3) 0.16885(6) 0 0.37(l) 

El 
0.1552(2) -0.0295(4) 0.007(4) 0.64(5) 
0.2128(7) -0.479(l) 0.479(3) 0.8(2) 

:: 
0.0853(9) 0.166(l) 0.976(3) 1.6(2) 
0.131(l) -0.120(2) 0.734(3) 1.6(3) 

04 0.123(l) -0.176(2) 0.207(3) 2.3(3) 
05 -0.005(l) -0.524(2) 0.275(3) 0.9(2) 

a U, is defined as one-third of the orthogonalized U, tensor. 
Only the W atom was refined with anisotropic temperature 
factors. 

even the presence of a supercell. Electron system using the SHELXTL PLUS pro- 
diffraction investigation would be informa- grams. Atomic and thermal parameters are 
tive with regard to the presence of a super- given in Table I. Selected bond distances 
cell. and angles are listed in Table II. 

At convergence R = 0.0273, R, = 
0.0268, w = l.01(a2(F) + 0.000132 F*), 
a2(F) based on counting statistics, S = 

2.4 e/A3 (Ap) = -2.7 et 
??‘I+!%~~ itom scat;ering?actors and 
anomalous dispersion terms were taken 
from “International Tables for X-Ray Crys- 
tallogrqphy” (7). All calculations were per- 
formed on a DEC MicroVAX II computer 

Description of the Structure and 
Discussion 

WPOs appears to be one of the few well- 
defined structures containing only W5+ in 
oxygen lattice. Other examples are AlW04 
(8) and CrW04 (9). Figure 1 shows the 

TABLE II 
SELECTED BOND DISTANCES (A) AND 

ANGLES (“) FOR WPOS 

01-W 1.957(8) 
02-W 1.%3(10) 172.2(6) 
03-W 2.004(14) 92.2(5) 89.1(S) 
04-W 1.%4(16) 84.7(6) 87.616) 88.9(6) 

Olia-W 1.87204) 88.3(6) 90.2(6) 178.6(6) 89.8(6) 
OR+W 1.837(14) 94.9(6) 92.&6) 90.7(6) 179.X6) 90.X1) 

01 02 03 04 05a 

02-P 
03-P 
01-P 
04-P 

1.511(10) 
1.572(22) 98(l) 
1.518(8) 107.9(6) 99(l) 
l&2(21) 1200) 111.0(8) 117(l) 

02 03 01 

“--I 
b 

FIG. 1. STRUPL084 drawing displaying the framework of WI% The c-axis is perpendicular to this 
plane. 
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FIG. 2. A section of the structure of WPOs along the 
a-axis. 

crystal structure of WPOs along the c-axis. 
The structure consists of strings of corner- 
sharing W06 octahedra parallel to [OOl] 
which are connected to each other through 
PO4 tetrahedra. The structure can be re- 
garded as close-packed files of comer-shar- 
ing octahedra with all the interstitial sites 
filled with files of tetrahedra. Pentagonal 
tunnels are formed by the edges of three 
octahedra and two tetrahedra. A section of 
the structure of WPOj along the u-axis is 
shown in Fig. 2. Re03-type slabs are sepa- 
rated by phosphate groups. Consequently, 
WPOS can be considered the second mem- 
ber (m = 2) of the monophosphate tungsten 
bronze series (WO&,JPO&. A major 
structural difference between WPOS and 
the other members of the series is that the 
ReOrtype slabs in WPOS are not directly 
connected to each other. 

The absence of mirror planes at z = 4 and 
z = 4 leads to a tilting of the W06 octahedra 
in the Re03-type slab. The tilting of the 

WO6 octahedra in each slab occurs in the 
same direction. In contrast to this, the 
tilting of the Nb06 octahedra in a Re03-type 
slab in /3-NbP05 is in opposite direction 
from those in adjacent slabs, which results 
in the doubling of the b parameter (6.55 A x 
2) (5). The WOa octahedra are distorted as 
shown by the O-O distances ranging from 
2.634(3) to 2.85(2) A. The shortest edge of 
an octahedron (OS-OS) is formed by the 
oxygen atoms common to two octahedra. 
According to Leclaire et al. (5), the tilting 
and distortion of the octahedra are due to 
the adjustment stresses in the too-narrow 
ReOrtype slabs which are induced by the 
difference in size between NbOa octahe- 
dron and PO4 tetrahedron, The PO4 tet- 
rahedra also ap ear distorted @(O-O) = 
2.32(2)-2.58(2) d ). However, it should be 
noted that the e.s.d.‘s of the oxygen coordi- 
nates are large. 

In WPOj each W06 octahedron shares its 
six comers with two WOS octahedra and 
four PO4 tetrahedra. The two WOs octahe- 
dra are in c&position. Each PO4 tetrahe- 
dron shares its four corners with four dif- 
ferent WO6 octahedra. As discussed by 
Domengbs et al. (IO), W06 octahedra that 
share comers with PO4 tetrahedra will of 
necessity be distorted. Each W atom ex- 
hibits two short and four long W-O bonds. 
The shorter W-O bonds involve the oxygen 
atom (05) bridging two W06 octahedra, 
which can be readily explained by Pauling’s 
second rule (electrostatic valence rule). 
The distortion A = ((R - (Z?)I) = 0.052 of 
the WOb octahedron in WPOs is in agree- 
ment with the plot of A vs the oxidation 
state of W in the paper by Domenges et al. 
UO). 

An assessment of the oxidation state of 
the W atom in WPOs using the bond-length 
bond-strength formula s = (R/ 1 .898)-5.75 by 
Domenges et al. (IO) yields an unsatisfac- 
tory value of 5.50 for W. The parameter R. 
in the formula s = R/R&” is then changed 
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to 1.866 in order to make the oxidation state 
equal to 5.0 while keeping the value of n = 
5.75. The valence sum at each oxygen atom 
can be calculated by using the revised for- 
mula for W-O bonds and (R/l .607)-4.29 for 
P-O bonds. The calculated valence sums 
are: 01, 2.04; 02, 2.05; 03, 1.76; 04, 2.24; 
05, 2.08. The above results indicate that 
some of the oxygen atomic positions are 
not known with sufficient accuracy. 
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