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Structure of Zr,(WO,)(PO,), from Powder X-Ray Data:
Cation Ordering with No Superstructure
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The ab initio structure determination of Zr,(WQ,)(PO,), from
room temperature powder X-ray diffraction data is reported.
This compound crystallizes in the orthorhombic space grouw
Pncawitha =9.35451(9), b = 12.31831(9),and ¢ = 9.16711(8) A.
The structure is based on ZrO; octahedra sharing corners with
WO, and PO, tetrahedra. Although Zr,(WQ,)(PQ,), is isostruc-
tural with Fe,(MoQO,); and its WO, and PO, tetrahedra are well
ordered, no superstructure or change in space group is required

to account for this ordering.  © 1995 Academic Press, nc.

INTRODUCTION

Several phases in the Zr/V/P/O and Zr/W/O systems
are of interest for their low, and in some cases negative,
coefficients of thermal expansion (1, 2). During recent in-
vestigations on the system Zr/W/P/Q, we have prepared
the phase first reported by Martinek et al as 2Zr0,-
WO, P05, whose onit cell constants have recentty been
reported by Tsvigunov er al. (3, 4). The structure of this
phase has been solved from laboratory powder X-ray data
using Patterson and direct methods followed by refinement
using Rietveld methods. The structure contains corner
sharing ZrQ; octahedra and WO, and PO, tetrahedra
which give rise to a framework lattice and vacant channels
through the structure. The polyhedral arrangement is
similar to that of garnet, Ca;Al(Si0,)s, such that
Zr:(WO,)(PO,); may be related to an A site vacant garnet.
The title compound is, to our knowledge, the first structur-
ally characterized example of the coexistence of WO, and
PO, tetrahedra in one compound.

SYNTHESIS

Stoichiometric ratios of reagent grade ZrQ,, ZrP,0,
(Teledyne Wah Chang, USA), and WO; (99.9%, Cerac,
USA) were mixed thoroughly, heated in a platinum cruci-
ble at 1200°C for 6 hr and then air cooled to room tempera-
ture. The sample was then ground and heated at 1250°C
tfor a further 5 hr. A more crystalline sample, totally free
of any minor impurities, was prepared for structural analy-

sis by heating a stoichiometric ratio of the starting materials
at 1250°C in a sealed silica ampoule followed by a slow
cool to room temperature. The Zr: W P ratio of the mate-
rial was confirmed by electron microprobe analysis.

STRUCTURAL INVESTIGATION

Powder X-ray diffraction patterns were recorded at
room temperature on a Siemens D3000 diffractometer
equipped with computer controlied antiscatter slits, verti-
cal Soller slits, and a Kevex detecior; details of the data
collection are given in Table 1. Accurate peak positions
were obtained for 30 reflections using the Split-Pearson
function within the Siemens DIFFRAC/AT software suite
(5). Autoindexing (6) gave an orthorhombic cell [a =
9.35451(9), b = 12.31831(9), ¢ = 9.16711(8) A] with a figure
of merit, M5, of 75.9; cell constants are similar to those
previously reported (4). Careful examination of systematic
absences, involving deconvolution of regions of peak over-
lap, suggested space group Pnca (number 60). Since suc-
cessful refinement was achieved in this space group, no
other alternatives were considered.

Integrated intensities were extracted for the first 150
reflections using the Lebail method within the GSAS soft-
ware suite, and structure factors of Koy and Ko, peaks
were averaged (7). Structure solution was attempted by
both direct methods using Sirpow92 and Patterson meth-
ods using SHELXS (8, 9). Both procedures suggested the
same possible W site; direct methods alse suggested a po-
tential Zr site. Successive cycles of least-squares refinement
and difference Fourier synthesis were performed using
SHELXI.-92 (10}, but this reveaied only two possible oxy-
gen sites around the zirconium atom. No other reasonable
atomic coordinates could be obtained. it was found, how-
ever, that introduction of a regular ZrQ¢ octahedron (d
Zr-0 = 205 A) based on the observed zirconium and
oxygen positions gave rise to a distorted tetrahedral coordi-
nation of tungsten (W-O bonds of 1.77 and 1.84 A). A
potential (highly distorted) tetrahedral P site was then
identified (P-O bonds ranging from 1.39t0 1.94 A), and this
structure was refined using distance least-squares {DLS)
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TABLE 1

Details of Data Collection and Refinement
a(A) 9354519}
b (A) 12.31831(9)
e (A) 9.16711(8)
Zero point (%) —{.0166(2)
Spacegroup (Number) Prica (60)
Preferred orientation, R, 0.849(2)
Suorrti absorption parameter 0.344

Data range (°26) 14.5-120
Step size ("28) 0.02

Time per step (sec) 8.0
Number of data points 5249
Number of reflections 1367
Number of vartables 43

wR, (%) 9.55
Ry (%) 742
Ry (%) 315
¥ 536

Nate. Symbols have their usual meaning, or are
as defined in the GSAS manual. Estimated standard
deviations given in parentheses are those reported
by GSAS. Standard deviations on the wnit cell di-
mensions are consequently an underestimate of the
true grrors,

methods (11). Five cycles of DLS refinement successfully
regularized the coordination polyhedra.

The DLS solution was then used as a starting model for
Rietveld refinement using the GSAS package. It became
apparent early in the refinement that the sample exhibited
extreme (010) preferred orientation. Tests showed that this
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could be reduced by packing the sample extremely loosely
on the X-ray slide. For final cycles of refinement, data were
re-collected using this technique. Due to this method of
sample packing, the data showed effects due to the non-
smocth nature of the powder surface. This causes a system-
atic reduction in the intensity of low angle peaks which
results in slightly negative thermal parameters for all
atoms. Data were consequently corrected {or the effects
of nonuniform porosity using the method of Suortti (12).
Isotropic thermal parameters were fixed at values typical
for this class of materials, and a porosity correction was
applied. Temperature factors were subsequently allowed
to refine freely. Using this protocol, an excellent fit to the
observed data was obtained.

Dhuring final cycles of refinement, fractional atomic coor-
dinates and temperature factors (34 variables), scale factor
Zero point, unit cell parameters, eight background terms,
and a preferred orientation (March-Dollase) term were al-
lowed to refine freely, giving final profile agreement factors
of wRy, = 9.55%, R, = 7.12%, and Ry = 3.15%. Obscrved
and calculated profiles are shown in Figure 1. Full details of
the refinement are given in Table 1, final atomic coordinates
inTable 2, and selected bond distances and anglesin Table 3.

Rietveld refinement was also performed on the less crys-
talline phase formed by a rapid cooling of the sample to
room temperature. This sample refined successfully using
the same structural model with no need for a preferred
orientation correction [g = 9.3413(2); b = 12.3508(3); ¢ =
9.1581(3); wR, = 8.79%, R, = 6.72%, Ry = 3.45%). For
reasons discussed below structural parameters based on
the first refinement are reported.
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TABLE 2
Fractional Atomic Coordinates

X y Fa Uiso (AZ)
Zrl (1.04886(20) 0.36857(14} 0.22597(22) 0.01 56(5)
Wi 025 0.0 003975(17)  0.0168(4)
Pl 0.6046(6) 0.8554(5) 0.3839(7) 0.014(2)
o1 0.8658(15) 0.4252(9) 0.3532(16) 0.036(5)
o2 0.9273(12) 0.3498(8) 0.0430(14) 0.011(3)
03 0.0818(11) 0.5274(9) 0.1703(12) 0.016(4)
04 —0.0030(14) 0.2174(8) 0.3005(14) 0.015(3)
Qs 0.1560(13) 0.4024(9) 0.4284(13) 0.020(4)
06 0.2461(18) 0.3282(7) 0.1420(12) 0.018(3)

Note. Estimated standard deviations in parentheses.

DISCUSSION OF THE STRUCTURE

Figure 2 shows views of the structure projected down
the [001] and [100] axes. The structure consists of a corner
sharing arrangement of ZrO; octahedra and WO,/PO, tet-
rahedra. Each ZrQg octahedron shares corners with two
WO, tetrahedra and four PO, tetrahedra; each tetrahedron
shares corners with four different ZrQ, octahedra. As ex-
pected from the difference in ionic radii, the coordination
of the two tetrahedral sites differs significantly (average
oxygen bond distances being 1.500 A for the P site and
1.767 A for the W site). This confirms that the tetrahedral
cations are well ordered in the structure (vide infra). Table
3 shows that bond distances and angles fall within the
expected ranges, with tetrahedral and octahedral angles
close to the ideal. It can also be seen that zirconium oxygen
bonds of the zirconium-oxygen-tungsten bridges are sig-
nificantly longer (average 2.175 A) than those of zirco-
nium-oxygen—phosphorus bridges (average 2.046 A).

The twa methods of sample preparation (referred to
hereafter as slow-cooled and fast-cooled) result in phases
with slightly different cell parameters [the maximum differ-
ence being in the b-axis of 1231831 (slow-cool) vs
12.3508 A (fast-cool}]. Rietveld refinement suggests that
this difference can be related to the degree of ordering of
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the tetrahedral cations. For the slow-cooled sample, no
significant improvement in the quality of the X-ray fit could
be obtained by introducing either partial occupancy or
cation site disorder. In the case of the fast cooled sample,
however, a small but significant improvement in the fit
could be obtained by introducing partial disorder (up to
4% P on the W site) of the tetrahedral cations. For this
reason structural parameters are reported based on re-
finement of the more crystalline phase, though it should
be noted that the degree of preferred orientation may
result in slight inaccuracies in atomic positions.

The structure of Zr(W(Q,)(PO,); is closely related to
the A,(MQ,); structures (M = Mo, A = Al, Sc¢, Cr, Fe, Y,
In, Ho, Er, Tm, Yb, Lu; M = W, A = Al Sc, Fe, In, Y,
Gd, Tb, Dy, Ho, Yb, Tm, Yb, Lu) and also to Fe;(80,),,
which are either orthorhombic, Prca, or monoclinic, P2,/
a {13-18). Many of these systems exhibit a ferroelastic
orthorhombic to monoclinic transition with decreasing
temperature (15). The A,(MQO,); orthorhombic structure
contains two crystallographically distinct tetrahedral
groups which are chemically essentially equivalent. In
Zr,(WO,)(PO,),, one of these tetrahedral sites is occupied
exclusively by tungsten and the other exclusively by phos-
phorus. Because this ordering of P and W produces no
new crystallographic siies, the space group does not change
and there is no superstructure.

The framework of these structures can be considered as
related to that of garnet, Cas AL(5i0,); (19, 20). In garnet
itself the framework of corner sharing octahedra and tetra-
hedra creates 8-coordinate sites which are occupied by
calcium ions. The framework is, however, able to accom-
modate changes in A site occupancy or oxidation state,
with charge balance being maintained by substitution on
the tetrahedral or octahedral site. Thus, the structural rela-
tionship between the garnets and the A;(MOg); com-
pounds is perhaps best exemplified by the series of com-
pounds Y;Fex(FeO,)s, CazAL{Si0,);, NasAL(PO,)s, and
[:Fey(MoOy)4 (20). This series shows how a stepwise re-
duction in the A site oxidation state from Y** down to the
hypothetical (1" (where [0 represents a vacancy site) is

TABLE 30
Selected Bond Distances (A} and Angles (°)

(9} 02 03 04 05 Q6
Zrl 2.186(13) 2.039(12) 2.045(12) 2.042(10) 2.149(13) 2.060(16)
Wi 1.728(13) x 2 1.806(12) %2
Pi 1.491(12) 1.541(12) 1.514(12) 1.456(16)
0-W-0 110.8(9) 111.8(6) 105.7(5)
0-P-0 109.3(7) 109.9(8) 109.9(7) 107.8(7) 107.2(7) 112.5(8)
W-0O-Zr 164.6(7) )
Zr-O-P 155.7(%) 175.6(7)
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FIG. 2. The structure of Zr,(WQO,}(POy); viewed down (a) the [001] and (b) the [100] axes. ZrO4 octahedra shown in white, POy tetrahedra

in grey, and tungsten atoms displayed as large open circles.

compensated by a corresponding increase in the oxidation
state of the tetrahedral cation,

The A site vacancies lead to vacant channels running
through the structure, suggesting the possibility of interca-
lating ionic species. A number of garnet related phases
are of interest as potential fast ion conductors. Lithium
insertion into both Fe,{MoQy); and Fe,(WQO,); has been
reported (21, 22). The possibility of lithium insertion into
Z1,{WO)PO,), and related phases is being investigated.

Dilatometer and variable temperature X-ray diffraction
studies have shown that Zr,(WQ,){PQ,); displays unusual
negative thermal expansion over a broad temperature
range. A detailed study of the thermal properties of this
and other structurally related phases will be reported else-
where (23).
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