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The Crystal Structure of W,0,(AsO,),
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The crystal structure of W 0,4(As0,), has been determined and
refined from three-dimensional X-ray diffractometer data. The
structure is orthorhombic, space group Pnma. The elementary cell
contains four formula units and has the dimensions a=16.0109 + 14 A,
b=6.4341+17 A, ¢=8.0430+13 A.

The crystals are built up of AsO, tetrahedra sharing corners with
four WO, octahedra, each of which is coupled with four different
AsQ, tetrahedra. Thus, four of the six oxygen atoms in each octahedron
are shared with tetrahedra. Of the remaining two oxygen atoms, one
is common with another WO, octahedron, while the sixth one is
unshared. In the pair of octahedra thus obtained, the two wolfram
atoms and those three oxygen atoms, which are not shared with
arsenic, form a planar W,0; group, parallel to the xz plane. Each
AsO, tetrahedron links together four W;0, groups, giving a three-
dimensional arrangement.

In connection with an X-ray investigation of phosphorus-oxygen compounds
of wolfram ¥ undertaken at this Institute, an investigation of the system
WO; — As,O; was started. Only one crystalline phase, with the composition
2WO0,-As,0;, was found in the system.

EXPERIMENTAL

Preparation of the crystals. A mixture of WO; and As,O; in the ratio 2:1 was heated
in sealed, evacuated platina capsules for about a month at 600°C. The product obtained
was a mixture of the reactants with the intermediate phase, 2WOQ;-As,0;. The tentative
formula 2WO,-As,0;, suggested by the preparative conditions, has been confirmed by
the result of the structure determination (vide infra). Colourless crystals, in the shape
of needles with a length to width ratio of approximately 10:1, suitable for X-ray work,
could be picked ou. from the preparation.

X-Ray diffraction data and computing methods. The powder pattern of 2WO0,-As,0;
was completely indexed on the basis of an orthorhombic unit cell. The cell parameters
were calculated from a photograph taken with strictly monochromatized CuKa, radiation
(A=1.54060 A) in a focusing camera of Guinier-Hagg type. Potassium chloride
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1430 MARGARETA WESTERLUND-SUNDBACK

Table 1. X-Ray powder data for W,0,(As0,),. CuKa,-radiation. A(CuKu«,)=1.54050 A.
Reflections systematically absent in space group Pnma have been omitted.

10%sin%*0 10°%sin%@ 10%sin%@ 10%sin%0
hkl obs calc Iops hkl obs calc I s
200 935 925 w 503 14039
201 1847 1842 m 131 14053 14046 vw
011 2350 620 14064
210 2364 2358 st 800 14792 14812 w
111 2589 2581 m 323 16072 16069 w
301 3008 3000 m 603 16585
211 3286 3276 st 430 16599 16601 vw
102 3898 3899 m 304 16763 167566 vw
311 4446 4433 v st 132 16798
202 4597 4594 m 802 184656 18480 vw
401 4628 4620 m 523 19779 19772 m
020 5734 5732 st 414 19809
302 5761 722 20730 20741 w
501 6716 6703 w 911 21096
312 7187 7184 w 033 21127 21152 m
221 7583 7575 VVw 623 22319 22318 vw
600 8335 8331 m diff 532 22352
103 8502 8485 w 040 22927 22930 vw
412 8805 8804 m 813 24519 24499 w
203 9192 9179 VVWw 1011 25517 25494 vw
122 9634 9632 w diff 922 28123 28147 w
013 9682 9687 w 342 28681 28681 v w
610 9782 9764 vw 505 28713
113 9905 9918 vw 605 31244 312569 VVw
222 10326 640 31261
303 10343 10336 m 434 31276
421 10352 1022 32544
512 10903 10887 w 931 32569 32561 w
521 12445 12435 vw 106 33247
612 13450 13433 VVw 343 33287 33267 vw
711 13703 13690 w 1004 37796 37817 vw
031 13816 144 37835

230 13836 13823 w

(6=6.290228 A)® was used as an internal standard. Least squares refinement gave the
following unit-cell dimensions (see Table 1) at 25°C: a=16.0109+ 14 A, b=6.4341+7 A,
¢=8.0430+13 A.

The value of 5.77 g/em? for the density of 2WO,-As,0;, found from the apparent loss
of weight in benzene, indicates that there are four formula units in the unit cell. The
calculated density =5.52 g/cm?. The higher value of the density found is very likely
due to contamination of the sample by unreacted WO, (owo,=7.16 g/cm?).

From preliminary rotation and Weissenberg photographs — taken with CuKa radia-
tion — it was found that the reflections systematically absent are Okl with k+1!=2n+1,
and hkO with h=2n+ 1, which is characteristic for the two space groups Pnma (No. 62)
and Pn2;a (No. 33).

Three-dimensional intensity data were collected with a manual General Electric
X-Ray Diffractometer, equipped with a single-crystal orienter (Goniostat), and a scintilla-
tion counter with pulse height discrimination. Ni-filtered CuK radiation was used, and
the 6 — 20 scan technique * was applied, with a scan interval of 2° and a rate of 2° per min.
The background intensity was calculated as the average of the background intensities
at each end of the scan interval.
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A crystal with the dimensions 0.007(a) x 0.090(b) x 0.008(c) mm? was mounted along
the b-axis. The intensities of 544 observable reflections within the range 0 < 8in26, <0.75
in one octant of the reciprocal lattice were measured twice.

The net intensities were corrected for Lorentz polarization and absorption effects.
In the calculation of absorption factors, a linear absorption coefficient ® with the value
4-622.9 cm™ was used. The transmission factors for different reflections varied from

0.51 to 0.66.

In the first stages of this structural study, the computational work was performed on
the electronic computer IBM 1800. The final calculations were performed on the electronie
computer IBM 360/75. The programs used in the calculations are listed in Table 2.

Table 2. Computer programs used for the crystallographic calculations. All the programs
are written in FORTRAN IV.

Program name and function.
Computer

PIRUM. Indexing of powder photo-
gralphs and least squares refinement of unit
cell parameters. IBM 1800.

VIP. Angle settings for three-circle
diffractometers. IBM 1800.

ABS. Absorption, extinction and Lp-
factors. IBM 1800.

DRF. Fourier summations and structure
factor calculations. IBM 360/75.

LALS. Full matrix least-squares refine-
ment of positional and thermal param-
eters and of scale factors. IBM 360/75.

DATAP2. Lp and absorption corrections.
Preparative calculations for extinction

correction according to Zachariassen’s

1963-formula. IBM 360/75.

EXTDATA. Calculation of the factor

¢ in Zachariasen’s 1963-formula for extinc-
tion correction. Application of the correction.
IBM 360/75.

DISTAN. Calculation of interatomic
distances and bond angles with estimated
standard deviations. IBM 360/75.

Authors
P.-E. Werner, Stockholm, Sweden.

R. Norrestam, Stockholm, Sweden.

P.-E. Werner and M. Leijonmarck, Stock-
holm, Sweden.

A. Zalkin, Berkeley, USA. Modified by
R. Liminga and J.-O. Lundgren, Uppsala,
Sweden. Further modified by O. Lindgren,
Goteborg, and by A. G. Nord and B. G.
Brandt, Stockholm, Sweden.

P. K. Gantzel, R. A. Sparks and K. N. True-
blood, Los Angeles, USA. Modified by
A. Zalkin, Berkeley, USA, and by J.-O.
Lundgren, R. Liminga and C.-I. Brindén,
Uppsala, Sweden. Further modified by
O. Lindgren, Géteborg, and by B. G. Brandt
and A. G. Nord, Stockholm, Sweden.

P. Coppens, L. Leiserowits and D. Rabino-
vich, Rehovoth, Israel. Modified by
O. Olofsson and M. Elfstrom, Uppsala,
Sweden. Inclusion of calculations for ex-
tinction correction by B. G. Brandt and
S. Asbrink, Stockholm, Sweden. Further
modifications by B. G. Brandt and A. G.
Nord, Stockholm, Sweden.

B. G. Brandt, Stockholm, Sweden.

A. Zalkin, Berkeley, USA. Modified by
A. G. Nord and B. G. Brandt, Stockholm,
Sweden.

STRUCTURE DETERMINATION

The higher possible symmetry, Pnma, was assumed at the beginning of
the structure investigation. The result thus obtained was found to be through-

out consistent.
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In the space group Pnma the following point positions are possible:

4(0’): O:O)O; 03450; %)01%; %,%,%

4(b): 0,0,3; 0,4,1; 4,0,0; £,4,0

4(c) *(z,1/4,2); +(3+2,1/4,%-2)

S(d): + (x,!/,z)S + (%'Hﬁ»%—.%%—z); + (x&—y’z); t+ (1}+x»?/,‘l‘—'z)

From calculations of Patterson projections and sections, approximate
parameter values were derived for the eight wolfram atoms occupying two
sets of point position 4(c). Three-dimensional electron density calculations
were performed, using signs of the observed structure factors derived from
the wolfram contribution only. From these and subsequent calculations were
derived the positions of the eight arsenic atoms, situated in two sets of point
position 4(c), and forty-four oxygen atoms occupying seven sets of point
position 4(c) and two sets of point position 8(d). In the calculations, atomic
scattering curves for un-ionized atoms were used; the scattering curves for
W and As taken from Cromer and Waber,® and for O from Hanson et al.”
The real part of the anomalous dispersion correction ® for W and As was
applied to the scattering curves.

A refinement of the coordinates thus obtained was then performed by
means of the full matrix least-squares method. Anisotropic temperature
factors were used for the wolfram and arsenic atoms. A discrepancy factor,
R=3||F,|—|FJl/Z|F,|, of 0.049 was obtained when all the observed 544
reflections were included.

In space group Pn2,a, the type of special position represented above by
4(c): =, 1/4, z becomes a general position z, y, z. All attempts to lower the
symmetry of the structure, by assigning values # 1/4 to the y coordinates
of the atoms in these positions, failed, inasmuch as the values concerned refined
towards y = 0.2500, whereupon the refinements diverged.

At this stage, an investigation of the structure factors showed that for
most of the strongest reflections, the observed structure factors was numerically
less than the corresponding calculated one. For this reason, a correction for
secondary extinction was made according to the expression derived by Zacha-

Table 3. Weight analysis. w=weighting factor. 4=|F|—|[F.

Interval Number of — Interval Number of .
sin 6 reflections w4 F, reflections w4
0.0 —0.40 72 1.04 0— 36 54 1.26
0.40--0.51 65 1.09 36— 48 54 1.28
0.51—-0.58 54 0.80 48— 59 556 0.90
0.58—0.64 63 1.06 59—~ 173 54 0.94
0.64—0.69 49 0.76 73— 88 55 0.78
0.69—0.73 49 1.36 88 —109 54 1.40
0.73—-0.77 59 1.49 109 —132 54 0.56
0.77-0.80 47 0.72 132—-173 55 0.69
0.80—0.84 50 0.76 173 — 255 54 0.62
0.84—0.87 36 0.66 255 — 701 56 1.69
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STRUCTURE OF W,0,(As0,), 1433
riasen.? The value obtained for ¢ was 3.43 + 0.37 x 107%. A refinement including
all the reflections then gave a final R-value of 0.038.

Hughes’ weighting function:'® w=1/k?|F,, ...I? for |[F,|<h|F,, .| and
w=1/|F,? for |F,|>h|F,, 4| with h=4.0 and |F,, ,,.|=21.0 was used in the
refinement. A weight analysis obtained in the last cycle is given in Table 3.
The positional parameters and the temperature factors of all the atoms and
their standard deviations are given in Table 4.

A list of observed and calculated structure factors is presented in Table 5.

Table 4. The structure of W,0;(As0,),.

Space group: Pnma
Unit cell dimensions: a=16.0109+14 A, b=6.4341+7 A, ¢c=8.0430+ 13 A, V=828.6 A%
Cell content: 4 W,0,(As0,),

8 W(1), (2), 8 As(1), (2), 28 O(1)~(7) in 4(c): =+ (x,1/4,2; 1/2+x,1/4,1/2—~2)

16 O(8), (9) in 8(d): +(z,y,2; 1/24+2,1/2—y,1/2—2; 2,1/2—y,2; 1/2+x,y,1/2—2)
Atomic parameters and temperature factors (A?) with their standard deviations (+ o):

Atom x Y z B
W(l) 0.19289+ 6 1/4 0.60332+ 11
W(2) 0.06851+ & 1/4 0.24244 + 10
As(1) 0.74748 + 12 1/4 0.48731 + 23
As(2) 0.41147+13 1/4 0.569586 + 24
O(1) 0.3176 + 7 1/4 0.5039 +15 0.64 + 21
0(2) 0.2671 + 7 1/4 0.8076 +15 0.69 + 21
0(3) 0.1020 + 8 1/4 0.7066 +18 1.30 + 23
0(4) 0.1552 + 9 1/4 0.3858 +17 1.34+ 25
0(b) 0.4875 + 8 1/4 0.10356 +15 1.174+ 24
O(6) 0.4840 + 8 1/4 0.4479 +16 1-20 + 23
O(7) 0.1469 + 9 1/4 0.04563 +18 1.46 +256
O(8) 0.2021 + 5 0.5482 +17 0.6003 +12 1.48+19
0(9) 0.0682 + 5 0.5462 +16 0.2191 +11 1.34+ 16
Anisotropic thermal parameters (A?) with their standard deviations (+ o)
[T =exp(— (B11h* + Boak® + Busl® + Brohk + Bishl+ Baskl))]
Atom B Baa Bsa Bra bia Bas
W(1) 0.00065 + 4 0.00093 + 28 0.00243 + 17 0 —0.00020+10 O
W(2) 0.00073 + 4 0.00114 + 27 0.00218 + 17 0 0.00036+10 O
As(1) 0.00082 + 8 0.00139 +48 0.00156 + 31 0 ~0.00035+26 O
As(2) 0.00063 + 8 0.00118 +53 0.00358 - 32 0 0.00030+256 O

DESCRIPTION AND DISCUSSION OF THE STRUCTURE

The structure of 2W0,-As,0, may be described as built up of distorted
WOgq octahedra and AsQ, tetrahedra. Every wolfram atom is in contact with
four AsO, groups, and every AsO, group is in contact with four wolfram atoms.
Every wolfram atom is also in contact with one oxygen atom (O(3); O(5)) which
is bound only to this wolfram atom, and with one oxygen atom (O(4)) that is
shared by two wolfram atoms. In this way, the crystals are built up of planar
W,0; groups, parallel to the zz-plane and joined by AsO, tetrahedra so that
every tetrahedron links together four W,0, groups. This arrangement yields
a three-dimensional network, which, in the y-direction, contains chains consist-
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1434 MARGARETA WESTERLUND-SUNDBACK

Table 5. Observed and calculated structure factors of W40,(A80,),.
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STRUCTURE OF W,0,(As0,), 1435

Table 5. Continued.

[ S KFCe FCAL ¥k L L S ¥ LA KFCE FCAL
S z 1 z8.82 24,98 1 c 1 12 4 2 14 1 1 se.32 93,78
1Ir ¢ ¢ nm o1 o1 12 5 2 14 € 2 124.96 120.26
1c 1 ¢ 1nmn 2 1 12 ¢ 2 14 1 2
1c 2 1nmn 2 1 12 1 2 14 2 2
10 5 ¢ 1 & 1 12 2 2 “w 3 2
Ico¢c o1 1m s 1 12 ¢ 4 14 4 2
1c 1t 1n ¢ 2 12 1 4 14 ¢ 2
1 2 1 1m oz 2 12 2 4 4 2 2
1c 1 1 n 1 2 12 ¢ s 1% 2 2
1 4 1 1mn 4 2 12 1 = 14 ¢ 4
10 s 1 n o oc 2 12z ¢ % 1 4
1c ¢ 2 11 1 3 12 ¢ ¢ 1“1 4
i 12 12 2 12 1 ¢ 14 ¢ s
1Ic 2 2 n o4 2 12 2 & o1 s
1 1 2 11 ¢ 4 12 ¢ 1 14 2 s
1c 4 2 11 2 & 13 ? 1 1= < 1
1c 5 2 11 4 4 12 4 1 15 2 1
ic o 2 n c s 17 1 2 15 2
10t 2 1o o= 12 2 15 ¢ 2
1 2 2 i o4 s 13 1 2 15 1 2
10 2 2 1m c € 17« 2 15 2 2
1c L] 3 11 1 [] 1?2 ¢ 2 15 2 H
I s 2 1nmn 2 ¢ 12 1 2 15 1 2
e ¢ 4 17 e 122 3 15 2 2
1Ic 2 4 12 ¢ ¢ 1203 2 15 1 &
e 1 4 12 1 ¢ 12 4 2 16 ¢ ¢
10« 4 12 2 ¢ 12 Cc 4 16 2 ¢
1c ¢ s 12 2 o 13 1 4 1€ 0 1
10 1 s 12 8 ¢ 17 2 4 e 1
1 2z ¢ 12 ¢ 1 12 2 4 1€ 2 1
1 3 = 12 0t 1 12 0 5 e 2
1c 4 5 12 2 1 1? 1 5 1€ c z
1Ic ¢ & 12 3 1 12z € 1€ 12
1c 1 € 12 4 1 12 c ¢ 1€ 2 2
1 2 6 1z ¢ 1 121 e 1€ 13
L B 12 ¢ 2 14 1 16 0 4
1c ¢ 7 12 1 2 14 2 ¢ 171
1€ 17 ZCC.24 203,77 1: 2z 2 14 1 ¢ 170, 2 121.8% 129,49
16 2 7 47.18 41,28 12 2 2 121.2% 125,76 14 1 1 s2.07  S$1.97 171 2 47,62 41,98

X

Fig. 1. Schematic drawings, showing the structure of W,04(As0,),. (¢) The structure
viewed along [010] showing the pairs of WO, octahedra, and the links between these and
the AsO, tetrahedra. Small open and full circles denote oxygen atoms situated in two
separate planes, b/2=3.22 A apart. Large open circles denote oxygen atoms shared be-
tween WO, octahedra and AsO, tetrahedra, as shown in b. The wolfram and arsenic
atoms have not been indicated. (b) The links in the y-direction between the pairs of WO,
octahedra and AsO, tetrahedra. Open circles denote oxygen atoms, and full ones wolfram
atoms. The arsenic atoms in each AsO, tetrahedron have been omitted. The two remaining
oxygens in each AsO, tetrahedron are linked — as shown in @ — with two further octa-
hedra which have not been indicated.
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ing of pairs of octahedra linked together by corner-sharing alternating with
mutually unconnected tetrahedra. Schematic drawings, showing the links
between octahedra and tetrahedra, are given in Fig. 1. The building principle
is most adequately expressed by the formula W,04(As0,),, rather than by
2WO;-As,0;.

The interatomic distances and standard deviations (o) in W,0,4(As0,), are
given in Table 6. From the table we can see that all distances are within the
normal ranges.

Table 6. Interatomic distances (A) and some angles (°) with standard deviations (+ o)
in W,0,(As0,),. The distances are uncorrected for thermal motion.

W(1)—O(1) 2,151+ 12 0(1)—W(1)—0(2) 76.0+ 5
W(1)—0(2) 2.028 + 12 O(1)— W(1)— O(4) 87.2+5
W(1)—0(3) 1.676 +18 0(1)— W(1)—-O(8) 85.7+3
W(1)—O0(4) 1.851 + 14 0(2) - W(1)~0(8) 88.0+3
W(1)—20(8) 1.924 + 11 0(3)~ W(1)—0(2) 96.2+ 6
0-0 2.574+17—2.776+13  O(3)—W(1)—O(4) 100.7+6
0-0 2.711 0(3)—W(1)—0(8) 94.2+3
0(4)— W(1)—0(8) 90.7+3
W(2)—0(4) 1.931 + 14 0(4)— W(2) - O(5) 95.9+ 6
W(2)—0(5) 1.682+13 O(4)— W(2)—0(7) 84.9% 6
W(2)—0(6) 1.941+13 O(4) — W(2) — O(9) 89.6+ 3
W(2)—0(7) 2,126+ 14 0(5)— W(2)— O(6) 99.5+ 6
W(2)—20(9) 1.922+10 0(5)— W(2) — 0(9) 97.3+3
0-0 2.610+19—2.771+18  O(6)— W(2)—O(7) 797+ 6
0-0 2.700 0(6) — W(2)— O(9) 88.4+3
O(7)— W(2) — 0(9) 82.7+3
W(l)—O(4) — W(2) 145.7+8
As(1)—0(2) 1.679 + 12 0(2) — As(1)— O(7) 110.1+ 6
As(1)—0(7) 1.631+ 14 0(2) — As(1) — O(8) 108.7+ 4
As(1) — 20(8) 1.683+ 10 0(7) — As(1) — O(8) 114.0+ 4
0-0 2.597£22—2.779+16  O(8)— As(1)—O(8) 101.0+ 7
0-0 2.722
As(2)—0(1) 1.675+ 12 0(1)— As(2) — O(8) 108.1+ 6
As(2)—0(86) 1.662+ 13 0(1)— As(2) — O(9) 1158+ 4
As(2)— 20(9) 1.675+ 10 0(6) — As(2) — O(9) 106.7+ 4
0-0 2.6221+20—2.839+14  O(9)— As(2)—0(9) 103.0+ 7
0-0 2.726

The AsO, tetrahedra can be regarded as nearly regular; an average
O —As~—O angle=109.4° is calculated. The average As—O distance, 1.67 A,
is comparable to the corresponding value, 1.69 A, found in LiM0oO,AsO !
The average distance, is also consistent with that found in the tetrahedron
in As,04'5/2H,0,2 1.69 A. The distances are, however, somewhat shorter
than those given in the Tables of Interatomic Distances1® and in the Inter-
national Tables, which both give the value 1.75+5 A.
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STRUCTURE OF W,04(As0,), 1437

Fig. 2, a and b. The coordination of oxygen atoms around the pairs of wolfram atoms
in W,0,(As0,);. Large circles denote oxygen atoms, and small ones wolfram atoms.

The coordination polyhedron around wolfram is a distorted octahedron of
oxygen atoms (cf. Fig. 2). These oxygen atoms have three different surround-
ings, one oxygen atom (O(3); O(5)) is unshared, one (O(4)) is shared with
another octahedron, and each of the remaining four is shared with one AsO,
tetrahedron. The average values of the corresponding W—O distances are
1.68 A, 1.89 A, and 1.99 A, respectively. These distances are consistent with
those found in the refinement of W,04(P0O,),,!* where the corresponding W —0O
distances are 1.69 A, 1.95 A, and 2.03 A. The W — O distances, 1.68—2.15 A,
are also comparable to those found in the refinement of monoclinic WO,,%
1.767—2.162 A. The structure of WO,, however, consists of corner-sharing
octahedra, which makes a straight-forward comparison difficult.

The structures of W,04(As0,), and W,04(PO,), are not identical, but they
do have similarities. They both consist of W,0, groups linked together by
tetrahedra in the 2z plane, and they both contain chains consisting of pairs
of WO4 octahedra linked together by corner-sharing alternating, in the y-
direction, with mutually unconnected tetrahedra (cf. Fig. 1).

The W,0,; groups in W,0,(As0,), are linked together by corner-sharing
with AsO, tetrahedra into a network parallel to the 2z plane. Each one of the
four AsO, tetrahedra, surrounding the W,0, group, connects to one other,
separate W,0, group in the same plane.

In W,04(PO,),, there exists yet another type of linkage. Parallel to the
x-direction, chains are formed, consisting of W,0, groups mutually connected
by two PO, tetrahedra.

The W—-0—-W angle in the W,0, group of W,04(As0,), is 145.7°. In
W,0,(PO,),, the angle in the corresponding W,0, group is 149.2°, and in the
other W,0, group 160.6°. :

The difference between the two structures may be due to the fact that the
phosphate group is smaller than the arsenate group, the average P — O distance
being 1.51 A, compared to the average As—O distance, 1.67 A. A further
discussion of this and related structures will be given later, in a separate
article.
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