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The crystal structure has been determined of a compound initially reported as having the composition
2A1,03.5WOs3. The final structure analysis proved the substance to be 2A1,03.6WO3 or Al (WOy)3,
and it is isomorphous with the tungstates and molybdates of the smaller trivalent rare-earth elements.
Al(WOy); crystallizes in the orthorhombic system, space group Pbcn, with lattice constants a= 12-588
+0-063, 5=9-055+0-045, ¢=9-127+0-046 A. The intensities of three-dimensional equi-inclination
Weissenberg data were estimated visually and the structure was solved by Patterson and Fourier tech-
niques. Refinement of atomic parameters was carried out by the method of least-squares. The Al,(WQy);
structure consists of WO tetrahedra and AlO¢ octahedra which extend into an infinite three-dimensional
network by corner sharing. The average tetrahedral W-O distance is 1-783 (23) A and the average Al-O
bond distance is 1-836 (35) A. The structure contains discontinuous cubic face-centred anion units
linked by corner-sharing polyhedra. A high density form of Al (WO.); is discussed, based upon a

continuous cubic close-packed array of anions.

Introduction

Phase equilibrium studies in the system AlL,O;~WO;
have ‘been carried out by Bayer (1962) and Waring
(1965). Bayer observed that sintered equimolar mix-
tures of AL,O; and WO; produce complex X-ray dif-
fraction patterns. Waring studied the system more ex-
tensively and concluded that only one compound is
formed, melting congruently at 1254°C and with com-
position 2A1,0;.5WO;.

The present study involves an X-ray crystal structure
analysis of this compound.

Experimental

Very small single crystals of 2A1,0;.5WO; were sup-
plied by Dr R.S.Roth, National Bureau of Standards,
Washington, D.C. They were prepared from an
ALO;: WO; mixture in the molar ratio 1:3 by heating
at 1175°C, just below the melting point, for 13 days
and quench cooling.

Unit-cell dimensions were obtained (to 1%) from
zero level precession photographs: a=12-588 + 0-063,
b=9-055+0-045, ¢=9-127+0-046 A. Systematic ab-
sences in spectra uniquely determine the space group
as Pbcn (No. 60).

Equi-inclination Weissenberg geometry with Cu K«
radiation was used for the photographic recording of
hk0-6 data about the caxis of the crystal. The intensities
were measured visually by comparison with a standard
strip. The crystals were approximately spherical in shape,
with a diameter of 5x 10-3 cm and no corrections were
made for absorption or extinction. Data processing
was effected on an IBM 360/50 computer, using the
programs of Craig (1966). Structure amplitudes were
internally correlated with intensity data obtained from
precession photographs.

Solution of the structure

A crystal of 2A1,0;.5WO; sinks in methylene iodide,
an indication that there is more than one formula unit
per unit cell. With a unit cell volume of 1040-3 A3 one
would expect about 45 to 60 oxygen atoms in the unit
cell, and so it would seem that there are two or three
formula units in each unit cell. However, with only
eightfold and fourfold equivalent positions in the space
group Pbcn; it is not possible to accommodate the
resulting number of tungsten and oxygen atoms. For
example, with two formula units per unit cell, there
would be ten tungsten and forty-two oxygen atoms to
position, and these cannot be accommodated with
eight- and fourfold equivalent positions. The most
reasonable solution seemed to be two formula units
of 2A1,0;.6WO; per unit cell and this was subse-
quently proved to be the case from the structure anal-
ysis.

A three-dimensional Patterson function was com-
puted with the squares of the observed structure am-
plitudes listed in Table 1. The tungsten atoms were
readily located and a three-dimensional Fourier dif-
ference map based upon signs given by the tungsten
atoms clearly defined the aluminium atoms. Further
cycles of structure factors and Fourier difference syn-
theses successively revealed the remaining six crystal-
lographically independent oxygen atoms.

Refinement of the structure

The positional parameters and isotropic temperature
factors of the two independent W atoms, one Al and
six O atoms were refined by the method of least squares,
using a modification (Craig, 1966) of the Busing, Mar-
tin & Levy (1962) ORFLS program. Interlayer scale
factors were also carried as variates in these refinement
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Table 1. A4 list of calculated and observed structure amplitudes

Unobserved reflexions, denoted by the letter U, have been assigned an F, value based upon Fmin/2.
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Table 2. Atomic parameters for Al(WO,);
Standard deviations are given in brackets and refer to the last two places of the preceding number.

xla ylb z/c B

w(1) 0 0-02548 (23) 3 0-232 (66) A2

wW(2) 035539 (12) 0-10399 (16) 011731 27) 0-245 (62)

Al 0-38079 (81) 0-2500 (10) 0-4637 (16) 0-41 (17)

o) 0-2542 (24) 0-1841 (31) 0-9983 (34) 0-22 (46)

0Q2) 0-1418 (28) 0-4142 (45) 0-0580 (74) 2-75 (84)

0@3) 04787 (22) 0-1810 (29) 0-0638 (42) 1-14 (44)

(013} 0-0650 (21) 0-1354 (30) 0-1172 (36) 0

0o(5) 0-3353 (21) 01383 (30) 0-3097 (44) 0
1

8
97 (43)
0O(6) 0-4092 (25) 0-4134 (31) 0-3463 (44) 4

-49 (53)

AC24B-38
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cycles, since the correlation data obtained from preces-
sion photographs were not considered extensive enough
to enable a reliable internal correlation of structure
amplitudes to be made. It was subsequently found that
the maximum change obtained in these interlayer scale
factors was 8:7%. The weighting scheme used was that
suggested by Cruickshank (1965), i.e.

W=1/(a+|Fo| +c|Fol?)

where ¢ and c¢ are equal to 2Fmin and 2/Fmax, respec-
tively.

Atomic form factors for oxygen, aluminum and
tungsten were taken from International Tables for X-ray
Crystallography (1962). The zero oxidation state was
taken for each element because of an uncertainty in
the relative degree of ionicity and the tungsten curve

was corrected for the real component of the anomalous

dispersion of Cu K« radiation with the Af” values given
by Dauben & Templeton (1955).

The final positional coordinates and isotropic tem-
perature factors for the crystallographically indepen-
dent atoms, together with estimated standard devia-
tions, are given in Table 2. When the unobserved re-
flexions are given an estimated intensity of Imin/, the
overall reliability index R=0-12. A list of observed
structure amplitudes and structure factors calculated
using the atomic parameters listed in Table 2, is given
in Table 1.

Interatomic distances and angles

The unit-cell dimensions and positional coordinates
listed in Table 2 were used to derive the interatomic
distances listed in Table 3 and the bond angles listed
in Table 4. The standard errors in these values were
computed from the variance-covariance matrix ob-
tained in the final least-squares refinement and the unit-
cell errors using the O RFFE program of Busing, Martin
& Levy (1964).

Table 3. Selected interatomic distances (A)
in the compound Al,(WOQy,);

The first symbol denotes the atom in accordance with Table 2;
the second number denotes the following symmetry transforma-
tions of the parameters of Table 2:

x’ y’ z
-}—x,%—y,%+z
l_x» y)'%_z
'}+xy'}+y)'k_z
—x,3+y, oz
X,  Fitz
x, y—1, z

AP LWUN=O

Standard deviations are given in brackets following the bond
distance values and refer to the last two places of the preceding
number. Bond distances for Al,(WOy4); are given first; the
corresponding bond distance in the compound Scy(WO4)s
follows the semicolon.

Table 3 (cont.)

W(1) tetrahedron
W(1)(4)-0(6)(0)
W((D-0(4H)(3)
0(6)(0) —O(6)(2)
0(4)(3) -0(4)(4)
0(6)(0) -O(4)(4)
0(6)(0) -0(4)(3)

W(2) tetrahedron
W(2)(0)-O(1)(0)
W(2)(0)-O(3)(0)
W(2)(0)-O(5)(0)
W(2)(0)-O(2)(6)

O(1)(0)-0(5)(0)
O(1)(0)-O(3)(0)
O(1)(0)-O(2)(6)
0(3)(0)-0(5)(0)
0(3)(0)-O(2)(6)
O(5)(0)-0(2)(6)

Al octahedron
Al-O(6)(0)
Al-O(5)(0)
Al-O(3)(2)
Al-O(4)(1)
Al-0(1)(1)
Al-0(2)(1)

O(5)(0)-O(2)(1)
O(5)(0)-O(1)(1)
O(5)(M)-0(3)(2)
O(5)()-0(6)(0)
0(6)(0)-0(3)(2)
0(6)(0)-O(1)(1)
O(6)(0)-0(4)(1)
O(2)(1)-0(1)(1)
0(2)(1)-0(3)(2)
0(2)(1)-0(4)(1)

. OM(1)-0(3)(2)

O@)(1)-0(1)(1)

Metal-metal distances
Al-W(1)(4)
Al-W(1)(1)
Al-W(2)(0)
Al-W(2)(1)
Al-W(2)(5)

1-764 (33); 1-695 (09)
1769 (31); 1-782 (15)
2-885 (70); 2-731 (18)
2:925 (63); 3-055 (32)
2:920 (48); 2786 (17)
2-829 (42); 2830 (17)

1-825 (31); 1-787 (15)
1-771 (30); 1-751 (16)
1801 (41); 1-829 (16)
1-804 (42); 1-762 (11)

3-049 (50); 2-998 (24)
2-889 (44); 2-885 (23)
2:834 (52); 2-903 (21)
2-:907 (52); 2-883 (25)
2-850 (49); 2-902 (20)
3:075 (64); 2-890 (24)

1-860 (36); 2-124 (10)
1-825 (37); 2-020 (16)
1-892 (31); 2-103 (16)
1-871 (34); 2-026 (15)
1-828 (33); 2-051 (13)
1:742 (47); 2-053 (15)

2:341 (75); 2-865 (24)
2:611 (46); 2:907 (25)
2:639 (43); 2:869 (24)
2-680 (41); 2:951 (16)
2:663 (42); 2836 (19)
2:632 (48); 3-078 (19)
2:532 (54); 2-777 (20)
2:576 (51); 2:903 (21)
2-488 (53); 2:902 (20)
2:749 (51); 3-026 (17)
2-581 (46); 2:920 (22)
2:654 (44); 2-885 (22)

3-504 (16); 3-710 (3)
3635 (17); 3797 (4)
3-442 (20); 3-643 (4)
3-543 (17); 3-846 (3)
3-514 (18); 3737 (3)

Discussion

Some time after the completion of our study it was
discovered (Roth, 1966) that the compound
2A1,05.6WO;, or Al,(WO,);, had previously been
shown to be isomorphous with the tungstates of tri-
valent Gd, Tb, Dy, Ho, Y, Er, Tm, Yb, Lu, In and Sc
in addition to the molybdates of trivalent Ho, Y, Er,
Tm, Yb, Lu, Sc, In, Fe, Cr and Al (Nassau, Levinstein
& Loiacono, 1965). A recent crystal structure analysis
of diamagnetic Sc,(WO,); by Abrahams & Bernstein
(1966) leaves no doubt as to the correctness of the for-
mulation for the stable phase 2A1,0;.6WO;. It is of
interest to compare corresponding bond distances and
angles in the isomorphous compounds Al,(WO,); and
Sc,(WO,);. These comparisons are listed in Tables 3
and 4. '
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Table 4. Selected bond angles ()
in the compound Aly(WQOy),

Symmetry operations and standard deviations efc. are repre-

sented in the same manner as in Table 3.

W(1) Tetrahedron

0O(6)(0)-W(1)(4)-0(4)(4)
O(6)(0)-W(1)(4)-O(4)(3)
O(6)(0)-W(1)(4)-0O(6)(2)

W(2) Tetrahedron

O(1)(0)-W(2)(0)-O(5)(0)
O(1)(0)-W(2)(0)-0(3)(0)
O(1)(0)-W(2)(0)-O(2)(6)
0(2)(6)-W(2)(0)-O(3)(0)
0O(2)(6)-W(2)(0)-O(5)(0)
O(3)(0)-W(2)(0)-O(5)(0)

111-5 (1-4); 109-0 (0-6)
106-4 (1-6); 1065 (0-7)
109-7 (1:9); 107-4 (0-5)

114-4 (1-3); 1120 (0-8)
106:9 (1-4); 109-3 (0-9)
102-7 (1-8); 110-3 (0-9)
106-0 (1:6); 111-4 (0-8)
117-1 (2-2); 107-2 (0-8)
108-9 (1-5); 1065 (0-8)

Al Octahedron

O(5)(0)-A1-0(2)(1)
O(5)(0)-Al-O(3)(2)
O(5)(0)-Al-O(1)(1)
O(5)(0)-A1-0(6)(0)
O(4)(1)-Al-0(6)(0)
O(4)(1)-Al-0(3)(2)
O(4)(1)-Al-0(2)(1)
O4)(1)-AI-O(1)(1)
O2)(1)-AI-O(1)(1)
O(2)(1)-Al-0(3)(2)
0O(6)(0)-A1-0(3)(2)
0(6)(0)-AI-O(1)(1)

820 (2:2); 89-4 (0-6)
90-5 (1-4); 88-7(0-8)
91-3 (1-4); 91-2 (0:8)
93-3 (1-7); 90-8 (0-5)
85-4 (1-5); 84-0 (0:5)
866 (1-4); 90-0 (0-7)
99:0 (2-3); 95-8 (0-6)
917 (1-4); 901 (0-7)
924 (1-7); 90-0 (0-7)
86:3 (1:6); 90-7 (0-7)
90-4 (1-4); 84-3 (0-6)
91-1 (1-4); 950 (0-6)

The Al,(WQ,); structure consists of WO, tetrahedra
and AlOg octahedra which extend into an infinite three-
dimensional network by corner sharing; each AlOs
octahedron is connected to six WOy, tetrahedra whilst
each WQ, tetrahedron shares its oxygen atoms with four
AlOg octahedra. This is in complete agreement with
Pauling’s (1960) third rule which implies that edge and
face sharing is kept to an absolute minimum in purely
ionic compounds. However, it must be kept in mind
that the stoichiometry of the compound would result
in unshared corners were there to be any sharing of
polyhedral faces. This state of affairs can probably be
induced with high pressure and further discussion on
a possible high pressure form of Al (WOy); is to be
found later in the paper. The structure, viewed in clino-
graphic projection, is shown in Fig.1.

TA” ) ) &

Fig. 1. A clinographic projection of the structure of Alo(WO4)3.
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The average tetrahedral W-O distance of 1-783(23) A
compares well with this distance in similar tungstates;
1-785(3) A in CaWO, (Kay, Frazer & Almodovar,
1964) and 1-79(2) A in Li,WO, (Zachariasen & Plet-
tinger, 1961). This tetrahedral distance is significantly
smaller than the octahedral value for W-O which is
reported to be 1-:92(21) A in NiWO, (Keeling, 1957)
and 1-96(22) A in CdWO, (Chichagov, Ilukhin &
Belov, 1966).

A statistical analysis (2 test) (Weatherburn, 1947),
of the significance of the deviations of the O-O dis-
tances from the mean O-O distance for each type of
polyhedron yielded the following results. The WO,
tetrahedra in AlL(WOQ,); are more regular in shape than
those in Sc,(WOQy,); (see also Tables 3 and 4); the W(1)
tetrahedron in Al,(WQ,); is regular and not signifi-
cantly distorted (¥2=5:02, 5 degrees of freedom),
whereas the W(2) tetrahedron is significantly distorted
from regular at the 1% level. In Sc,(WOy,); these same
tetrahedra are significantly distorted at the 0-1% level.
Both AlOg4 and ScOg octahedra are significantly dis-
torted from regular at the 0-1% level, but the distor-
tions are much greater in the case of the ScOg octa-
hedron.

Both octahedra and tetrahedra share corners and dis-
tortions in either must result in departures from regu-
larity in the other. The AlOg octahedron is smaller than
the ScOg octahedron, and it is likely that in this small
unit the oxygen atoms are touching (mean O-O dis-
tance, 2:60 A). Under these conditions of close packing
a more regular polyhedron would be expected to form.
As the size of the central atom is increased, the radius
ratio (rys+/ro2-) is, of course, changed and an increase
in coordination number about the central metal atom
is to be expected. Thus, the trivalent rare-earth tung-
states crystallize in three different types (Nassau,
Levinstein & Loiacono, 1965). In the Eu)(WO,);-type
structure, which is characteristic of the larger rare
earths, the metal ion is 8-coordinated; in Euy(WO,);,
the average Eu-O distance is 2425 A (Templeton &
Zalkin, 1963).

The average Al-O bond distance in Al (WOy); is
1-836(35) A, which compares favourably with similar
bond distances in other substances, such as 1:855(3) A
in diaspore (Busing & Levy, 1958). The Al-O(2) dis-
tance of 1-742(47) A is significantly shorter than the
average, but is not unreasonable in the light of Al-O
distances of 1:60 A reported (Nithollon, 1955) for AlO,
tetrahedra, where metal and non-metal atoms can come
into closer contact.

The structure as a cubic close-packed array of anions

In the AlL,(WO,); structure there are units consisting
of two AlQg octahedra joined by two bridging WO,
tetrahedra and the oxygen atoms associated with this
unit are located at the corners of a cube and in the
centres of four cube faces. Apart from two empty face-
centred sites the unit has a cubic close-packed arrange-
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ment of oxygen atoms with aluminum and tungsten
atoms occupying certain octahedral and tetrahedral
interstices. .

The overall three-dimensional structure might be
imagined as being built up of these cubic blocks,
stacked adjacently in a repeating and ordered manner.
However, these cubic units are not space filling and
some of the units have to be removed from the matrix.
The remaining members of the ordered array are linked
to each other through corner-sharing tetrahedra and
octahedra and constitute an intersecting network of
puckered sheets. One of these sheets, running parallel
to [010] and [001] is depicted in Fig.2. This sheet is
attached, again by corner sharing polyhedra, to an
identical sheet similarly oriented but with an origin
displacement of (a/2+b/2+c¢/2).

The face-centred cubic anion unit depicted in Fig.2
contains twelve oxygen atoms. Opposite faces of the

A STRUCTURAL STUDY IN THE SYSTEM Al,03-WO;

cube are parallel and an analysis of the planarities of
the anions is given in Table 5. It can be seen that de-
viations from planarity range between 0-07 and 0-53 A
for each cube. The distances between opposite sets of
faces give the size of the face-centred cube as 4-14 x
406 x 313 A.

The f.c.c. anion units, although discontinuous and
separated in the crystal structure, lie in an ordered
three-dimensional matrix and, for example, the five
oxygen atoms comprising the upper face of one cube,
viz. O(1), O(3), O(4), O(6), O(4), lie in the same plane
as the five oxygen atoms comprising the lower face of
an adjacent cube. The equation for this plane as shown
in Fig.2 is

0:465x+0-478y +0-7452+ 6-329=0,

and deviations of the ten oxygen atoms from this plane
average 0-21 A.

z A

PSR
b

SN
NN

Fig.2. A puckered sheet of corner-sharing polyhedra running parallel to [001] and [010]. The discontinuous array of face-centred
cubic anion units, each consisting of twelve close packed oxygen atoms, is shown. These units are linked by WO, tetrahedra

and AlOg octahedra to form the crystal structure.
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Table 5. Analysis of the planarity of the f.c.c. anion unit

Deviations, 4, from least-squares planes Ax+ By+ Cz+ D=0
referred to crystallographic axes.

Best plane O(1),0(3),0(4) 0(1),0(3),0(6) 0O(1),0(3)
through 0(6),0(4) 0(4),0(6) 0(4),0(6)
A 0-3892 0-4054 0-8307
B 0-7369 0-5839 —0-5565
C —0-5527 0-7034 0:0180
D 1-2328 6-3310 4-3533
Atom 4 %102 4 x 102 4x102
o(1) -39 —15 14
(0]€)) 30 10 25
04 —53,20 7 —-17
0O(6) 43 —19, 18 —-23

Were the oxygen atoms to form a continuous, face-
centred cubic structure, the nature of the anion unit
depicted in Fig.2 would have to change so as to endow
it with space filling properties; also, the corner-sharing
polyhedra at present connecting these cube units would
have to rearrange. At present, the connecting poly-
hedra have rather an open structure and the presence
of tunnels running parallel to [001] is readily detected
in a (001) projection of the unit cell contents (Fig. 3).
The density of Al,(WO,), is lower than that to be ex-
pected if the structure were a continuous f.c.c. packing
of anions, and this is in agreement with the large volume
expansion (>25%) observed during the formation
from the calcined end members (Waring, 1965).

(@) {b)

Fig.4. Face-centred cubic units of oxygen atoms for (a) CrsO12
and (b) Alx(WOy);. The associated polyhedra are indicated.
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The structure of CrsOy,, synthesized at high pressure,
has recently been reported by Wilhelmi (1965). It con-
sists of corner-sharing CrQOg octahedra and CrO;, tetra-
hedra, which form a three-dimensional framework in
which there is a continuous, slightly distorted cubic
close-packed array of oxygen atoms. The average length
of cubic anion unit is 4-06 A, and this space filling unit
is depicted in Fig.4.

It seems not unlikely that a high pressure form of
AlL(WO,); would be isomorphous with CrsOy, [i.e.
Cry(CrO,);]. We are at present attempting to synthesize
this high pressure polymorph and to determine its
structure.

The authors would like to thank the Australian
Institute of Nuclear Science and Engineering and also
the Australian Research Grants Committee for finan-
cial assistance.
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