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The hydrated sodium zinc arsenate, NagZn3(AsQ,), - 3H,0, has cubic symmetry, space group P23, a
= 12.243(3) A, Z = 4. The structure was refined to wR(F?) = 0.028 using 548 independent reflections
from a microtwinned crystal. Both zinc and arsenic atoms are tetrahedrally coordinated. The ZnO,
tetrahedra share all vertices with the basal vertices of the AsO, tetrahedra to give a 3-D framework that
is closely related to the [B,0,,]*~ framework of corner-linked BO, and BO; in boracite. The sodium
atoms (CN = 6) and water molecules occupy [110] channels in the framework. The structural relation-

ships with the garnet structure and related Ia3d-derived structures are discussed.

Inc.

Introduction

We have recently commenced a general
study of the chemistry of arsenic-contain-
ing zinc solutions, with potential applica-
tion in the hydrometallurgical processing of
arsenic-bearing zinc ores. New sodium zinc
arsenates have been isolated, including two
compounds with cubic unit cells and with
X-ray powder diffraction patterns similar to
those for the minerals sodalite and garnet.

The latter phase, with composition
NagZns;(AsOy), - 3H,0, was obtained in the
form of crystals suitable for a single-crystal
X-ray diffraction study. We report here the
structure determination and refinement for
this compound, and its structural relation-
ship to that of garnet and a number of other
related compounds.
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Experimental

Preparations were carried out at 250°C in
a stainless-steel autoclave, using mixtures
of reagent grade ZnO and Na,HAsO, -
7H,0 as starting materials. The title com-
pound formed colorless, multifaceted crys-
tals, typically 0.1 to 0.5 mm, which were
easily separated from the other reaction
products, ZnO and NaZnAsO,.

Precession camera studies showed cubic
symmetry with a cell parameter of 12.2 A.
All the medium and strong reflections could
be indexed using a body-centered cell, with
extinctions corresponding to the space
group /43d. However, a number of weak
reflections were present that violated the 7
centering and required a reduction in space
group symmetry to P2,3.
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For the intensity data collection a tetra-
hedron, 0.19 mm on edge, was mounted
along [111]* on a Siemens AED single-crys-
tal diffractometer. Operating conditions
were MoK« radiation, 6-26 scan, 6 range
3-25°, scan speed 0.03° (26) sec™'. A total
of 6986 reflections was measured for #h, &,
and / ranging from —14 to 14. A standard
reflection measured every 3 hr showed less
than 1.5% intensity variation. The data
were corrected for absorption, minimum
and maximum transmission factors (.24
and 0.32, and reduced to 1102 unique struc-
ture amplitudes, for which R;, was 0.04.
_Refinement of the average structure in
143d was made using SHELX76 (/). Refine-
ment of the full structure in P2,3, allowing
for microtwinning, was made using the pro-
grams MXD (2) and POWDER (3). All val-
ues for X-ray scattering factors and anoma-
lous dispersion coefficients were taken
from ‘‘International Tables for X-ray Crys-
tallography” (4). Polyhedral structure dia-
grams were generated with STRUPLO (5).

Structure Determination and Refinement

Average Structure in 143d

Because the intensities of the reflections
with 7 + k + [ = 2n + | were typically only
5-10% of those for the I-centered reflec-
tions, the average structure in 743d was de-
termined first.

A three-dimensional Patterson map using
only the reflections with # + kK + | = 2n
yielded the positions of the two heavy at-
oms, arsenic and zinc, at special sites 16(c),
3.(x, x, x; x = 0.23) and 12(a), 4,3, 0, D),
respectively. The positions of the sodium
and oxygen atoms were located in Fourier
and difference Fourier maps. In addition to
those oxygens coordinated to arsenic and
zinc, O(1) and O(2), an atom correspond-
ing to oxygen in scattering power was lo-
cated in the special site 12(b) &, 0, %). This
atom, O,,, was assigned to a water mole-

cule; the calculated weight loss based on
loss of this water, 5.7% is in reasonable
agreement with the measured value of 5.1%
from DTA runs.

Refinement of all positional and isotropic
thermal parameters gave an R factor of 0.05
for the I-centered reflections. The thermal
parameters were normal for all atoms ex-
cept O(2), for which U was 0.05. A differ-
ence Fourier map showed that the main re-
sidual peaks were located around O(2) and
As, at a separation from these atoms of
about 0.5 and 0.15 A, respectively.

The 143d refinement showed that the av-
erage structure comprised a three-dimen-
sional framework of corner-linked AsOy
and ZnO, tetrahedra with sodium atoms
and water molecules occupying cavities in
the framework.

Structure Refinement in P23

By taking account of the weak reflections
with & + k + | = 2n + | the complete struc-
tural model can be established in space
group P2,3, which is the only primitive cu-
bic subgroup of /43d. The reduction in
space group symmetry is accompanied by a
splitting of the As 16(c) site into four inde-
pendent sites, with associated splitting of
the coordinating O(1) and O(2) sites. This
allows for independent rotation of each of
the AsQ, tetrahedra about the threefold
axes.

An examination of the intensities of the P
reflections showed that within experimental
error, I(hkl) = I(khl), in conflict with the
intensity relationships for point group 23. A
plausible explanation is that the 143d aver-
age structure is stable at the temperature of
preparation and that on cooling through a
transition temperature, twinned microdo-
mains of the P2,3 structure are formed. The
twin laws will be determined by those sym-
metry elements that are lost in the transfor-
mation to the low-temperature phase. Spe-
cifically, [110] diad axes (or mirror planes)
as twin elements would give rise to the ob-
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served equivalence of (hkl) and (khl) inten-
sities if there were equal volume fractions
of the twin domains. On the basis of this
interpretation a successful refinement of
the P2,3 structure was achieved by refining
on F? and combining (hkl) and (khl) pairs as
single observations (group reflections).

A number of trial models were estab-
lished using different combinations of dis-
placed O(2) positions, based on the residual
peaks around O(2) in the F map from the
143d refinement. The correct sense of the
displacements for the four independent
0(21)-0(24) atoms was established by re-
finement of the trial models. Displacements
of the other atoms were introduced one at a
time into the refinement. As the refinement
converged it became evident that the inten-
sity data were affected by extinction. Four
of the strongest low-angle I reflections
which were most affected were excluded
from subsequent refinements.

The refinement of the atomic displace-
ments, especially those of 0(21)-0(24),
was unstable when the full intensity data
set was used. It was necessary to alternate

TABLE I

STRUCTURAL PARAMETERS FOR
NagZny(AsO,), « 3H,0

Atom X y z U
Zn 0.3757(5)  0.9963(3)  0.2585(2) 0.64(2)
As(l) 0.2181(2) 0.2181 0.2181 0.49(2)
As(2) 0.47153) 04715 0.4715

As(3) 0.7329(2) 0.7329 0.7329

As(4) 0.9803(3) 0.9803 0.9803

Na(1) 0.0826(10) 0.0076(7)  0.2570(8) 1.54(7)
Na(2) 0.3233(12) 0.4956(9) 0.2512(8)

O(11) 0.0591(15) 0.0591 0.0591 1.2(1)
0O(12) 0.2994(14) 0.2994 0.2994

O(13)  0.5498(15) 0.5498 0.5498

O(14) 0.8105(15) 0.8105 0.8105

O21) 0.2071(10) 0.2576(10) 0.0861(10) 0.76(9)
0(22) 0.4399(10) 0.3480(10) 0.5255(10)

0(23) 0.6702(11) 0.8080(11) 0.6365(11)

0(24) 0.9261(11) 0.8741(11) 0.0509(11)

(o 0.8705(30) 0.9981(15) 0.2422(16) 2.5(2)

refinements using all reflections with refine-
ments using only the P reflections. This re-
sulted in satisfactory convergence to a final
wR(F?) value of 0.028 for all 548 reflec-
tions. The wR(F?) value for the 270 P re-
flections was 0.044. The weighting scheme
used was w = 1/(F2 + F2,,), and the quan-
tity minimized is =(F2 — F2)2. In the final
refinement a scale factor, six thermal pa-
rameters (one for each atom type), and 32
atomic coordinates were varied. The larg-
est A/o was 0.01. Final coordinates and
thermal parameters are given in Table I,
and bond lengths and angles are listed in
Table II. The table of observed and calcu-
lated F? can be obtained from the authors.

Discussion

Structure Description

The structure of NagZn;(AsQOy)s - 3H,0 is
based on a three-dimensional framework of
corner-linked ZnO4 and AsO, tetrahedra,
with sodium atoms and water molecules oc-
cupying framework cavities. The frame-
work is composed of eight-member rings of
alternating ZnO4 and AsQO, tetrahedra.
Each AsQO, tetrahedron participates in 15
such rings and the ZnQ, tetrahedra each
contribute to 20 rings, giving a total of 60
rings per unit cell. Twelve of these involve
one AsOy4 from each of the four threefold
axes. These rings are centered on 4 symme-
try elements as shown in Fig. 1, with a wa-
ter molecule at the center of each ring. The
remaining 48 rings involve pairs of AsO,
tetrahedra from one threefold axis plus two
AsOy tetrahedra from other threefold axes.
All vertices of the ZnO, tetrahedra are in-
volved in bridging to AsQO, whereas only
three vertices of the AsO, tetrahedra are
corner-linked to ZnO,. The fourth vertex of
each AsQO,, which is collinear with As on
the threefold axes, is nonbridging.

If we consider only those oxygen atoms
involved in the connectivity of the frame-
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TABLE II

INTERATOMIC DISTANCES AND ANGLES FOR
NaeZny(AsO,), - 3H,0

0-M-0O

Zn-0(21) 1.92(1)  021)-0(22) 3272)  117.4(6)
-0(22) 1.91(1) -0(23) 3172 107.0(7)
-0(23) 2.02(2) ~0(24) 3.112)  108.0(6)
-0(24) 1.93(2)  0(22)-0(23) 3.12(2)  105.3(2)
-0(24) 3192  112.6(7)

0(23)-0(24) 3.152)  105.7(7)

As(1)-0(12) 1.722)  0(12)-0(21) x3 2.89(2)  115.6(7)
-021) x3  1.69(1)  O@21)-0(21) x3 2.642)  102.7(6)
As(2)-0(13) 1.66(2)  O(13)-0(22) x3 2.83(2)  114.98)
-0(22) X3 L6%(1) 0(22)-0(22) x3 2.66(2)  103.5(6)
As(3)-0(14) 1.65(2)  0(14)-0(23) x3 2.742)  110.7(8)
-0(23) X3 1.68(2)  0(23)-0(23) x3 2.722)  108.2(6)
As(4)-0(11) L67(2)  O(11)-0(24) x3 2.792)  112.8)
-0(24) x3  170(2) 0O(24)-0(24) x3 2.72(2)  106.9(6)
Na(1)-O(11) 2.522) OaD-0Q1 3.05(2) 76.1(6)
-0(13) 2.50(2) ~-0(@21) 3.05(2) 75.8(6)
-0@21) 2.43(2) -0(@23) 3.38(2) 86.5(6)
-0Q21) 2.44(2)  0O(13)-0(21) 3.96(2)  106.3(6)
-0(23) 2.41(2) -0@21) >4.0 19.47)

-Ow 2.61(2) -0(23) 3.65(2) 95.9(7)

-0y, 3.41(2) 83.%(6)

0@21-0221) 2.64(2) 65.7(7)

-0Q3) 3.48(2) 91.9(6)

-0y 3.68(2) 93.6(6)

0(23)-0,, 3.90(2)  102.1(6)

O(11)-0, 3.30(2) 80.2(6)

Na(2)-0(12) 2492) 0(112)-0(22) 3.312) 76.8(6)
~0(14) 2.502) -0(22) 3.31Q2) 86.1(6)
-0(22) 2.36(2) -0(24) 3.44Q2) 90.9(7)
-0(22) 2.83(2) -Oy 3.24(2) 83.5(7)
~0(24) 2.332)  014-0(22) 3.6%(2) 99.0(7)

-Oy 2.37(2) -0(22) >4.0 114.3(7)
-0(24) 3.36(2) 88.1(7)

-0y, 3.332) 86.3(7)

0(22)-0(22) 2.66(2) 61.0(7)

-0(24) 3.83(2) 95.6(7)

-Oy 3.50(2) 95.3(6)

0(24)-0,, 3.792)  107.6(7)

work, then the framework composition is
3Zn0, - 4As0; = (Zn3As40,)**. An analog
is the (B;B;0.,)*~ framework in boracite,
Mg3(B,0,2)OCl1 (6). This compound has a
related system of eight-member rings of al-
ternating, corner-linked BO, tetrahedra and
BO; trigonal pyramids. The three-dimen-
sional disposition of rings in boracite gives
rise to square-sectioned channels running
parallel to the axes of the F-centered cubic
cell. The magnesium with chlorine atoms
reside in the channels. For the I-centered
cell of sodium zinc arsenate, the corre-
sponding channels in the (Zn;As40,,)?*

Fig. 1. A (010) slice through the structure of
NagZn;(AsOy), - 3H,0, centered at y = §, showing an
eight-membered ring of alternating ZnO, (light shad-
ing) and AsO, (heavy shading) tetrahedra. A water
molecule is at the center of the ring at 2, 3, 5. The y
coordinates are given for the metal atoms at the cen-
ters of each tetrahedron in the ring.

framework are parallel to (110) as illus-
trated in Fig. 2. Whereas in boracite, only
half of the rings contribute to the large
square channels, in NagZn;(AsOy)4 - 3H,0,
48 of the 60 rings per unit cell are involved
and the channels are of correspondingly
smaller cross-section. As seen from Fig. 2
the sodium atoms all reside in the channels.
The water molecules are located in the in-
terchannel regions, at the centers of the 12
rings of the type shown in Fig. 1.

Fi1G. 2. Polyhedral representation of the structure of
NagZn;(AsO,); - 3H,0, viewed in projection down
{101). ZnO, and AsQO, tetrahedra have nine-line and
three-line shading, respectively. Sodium atoms occu-
pying [101] channels are shown by the stippled circles.
The [101] channels are shown empty on the LHS of the
diagram. The unit cell outline is shown.
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The sodium atoms, Na(l) and Na(2), are
both six-coordinated, with Na-O bond
lengths in the ranges 2.41-2.61 and 2.33-
2.83 A, respectively. The coordination ap-
proximates octahedral for both sodium at-
oms. Pairs of octahedra are corner-shared
via the water molecule, with the linear
grouping Na-O,—Na oriented along the 4
axes of 1434. In addition to the coordination
to sodium atoms, O, has O(23) and O(24)
neighboring oxygen atoms at distances of
2.75 and 2.87 A, indicative of hydrogen
bonding.

The major structural modification associ-
ated with the reduction in space group sym-
metry from 143d to P2,3 is rotation of the
four independent AsQ, tetrahedra around
the threefold axes. This is shown in Fig. 3,
where the [143d and P2,3 structures are both
viewed along [111]. In 143d, alternate trian-
gles of O(2) oxygens along the threefold

FiG. 3. [111] Projections of (a) the average structure
of sodium zinc arsenate in [43d, (b) the ordered struc-
ture of the sodium zinc arsenate in P2,3, and (c) the
garnet structure. Only the tetrahedra (and the octahe-
dra in garnet) are shown. Tetrahedra on three axes
have heavier shading. In (c) half of the 4 tetrahedra
have been omitted to emphasize the close structural
relationship to the tetrahedral framework structures
shown in (a) and (b). The cell outlines are shown.

axes are fully rotated (60°), whereas in P2,3
successive triangles are progressively ro-
tated in spiral fashion. Both arsenic and
zinc atoms are coordinated to O(2) and the
rotations of the AsQ, and ZnQ, tetrahedra
in the P23 structure result in a reduction of
the sodium coordination number, from
seven (5 + 2) to six. In the /43d average
structure the sodium atom has five oxygen
neighbors at 2.35-2.47 A plus two at the
longer distance of 2.98 A. In P2,3 the so-
dium 24(d) site splits into two general
12-fold sites. The pair of Na—O(2) bonds at
2.98 A are replaced by a longer and a
shorter bond; at 2.44 and 3.39 A for Na(l)
and at 2.83 and 3.32 A for Na(2). The O(2)
displacements also result in significant
changes in the environment of the water
molecule. In 143d the nearest-neighbor oxy-
gens to Oy are 3.25 A away, whereas in
P2,3, O, has two oxygen neighbors at less
than 2.9 A as described above.

Related Structures

The average structure of NagZns;(As
Os)s - 3H;0 in /43d has a direct analogy
with the structure of 11CaO - 7Al,0; - CaF,
(7). This 1s made clearer if we rewrite the
formula of the latter as CagAl;(AlOy), - F.
This compound is cubic, [43d, with a =
11.970 A and with atomic coordinates simi-
lar to those of arsenate. Aluminum occu-
pies both the 12(a) and 16(c) tetrahedral
sites. The structure is disordered, with one-
third occupancy of the 12(b) site by fluorine
and with the calcium distributed over two
sites separated by 0.5 A. A closely related
compound is 12Ca0 - 7ALO; (8), which is a
component of cement clinkers. In this com-
pound the 12(b) site of I43d is only one-
sixth occupied by oxygen. The calcium
atoms are not disordered as in the
oxyfluoride. Relative to the position of so-
dium in the arsenate compound the calcium
atom is displaced along the 4 axis by about
0.4 A. This results in it having seven oxy-
gen neighbors (if the partially occupied
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12(b) site is included) in the range 2.36-2.52
A. A recent study showed high oxide ion
conductivity in this compound, with bulk
conductivities only 8-10 times less than
that of yttria-stabilized zirconia (9).

The structures of the above compounds
are closely related to that of garnet, with
general composition A3;B,C;0;, and space
group la3d. The unit cell compositions and
atomic positions for the different com-
pounds are compared in Table III. The ar-
ticulations of polyhedra in the different
structures are shown in projection down
[111] in Fig. 3.

The garnet structure is difficult to depict
because of its dense isometric nature.
O’Keeffe and Andersson (10) have shown
how the representation can be simplified by
emphasizing the atomic arrangements along
the nonintersecting (111) trigonal axes. The
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garnet and other structures in cubic sub-
groups of Ia3d can then be described in
terms of bee rod packings. The (111) rods in
garnet consist of alternating octahedra and
trigonal prisms. The octahedra are occu-
pied by the B atoms in the special site 16(a)
(0, 0, 0). The oxygen atoms at the corners
of the octahedra occupy the general posi-
tion 96(h) and their packing creates tetrahe-
dral sites, 4 symmetry, at positions 24(d) (3,
0, 3. These sites are occupied by the C at-
oms, while the larger A atoms occupy dis-
torted cubic sites, 24(¢) (3, 0, 1), between
the rods. The grouping of atoms along a
(111) rod in Ca;ALSi;Oy, is illustrated in
Fig. 4.

Removal of the inversion center in going
from Ia3d to 143d results in a splitting of the
96(h) site occupied by oxygen into two
48(e) sites. The triangular groupings of oxy-

TABLE III

GARNET AND OTHER Ia3d-DERIVED STRUCTURES WITH
12-A Cusic CELLS

Unit cell composition

Compound 1 2 3 4 5 6

Garﬂet, Ca;AbSi;On Cay VlAlm WSi.; 'VSilz O% —
la3d

12Ca0 - 7Al,0, Ca,y WAl WAl O, Oyi O
143d

IIQaO - 7AL,O, « CaF, Ca,y WAl WAl, F, O4 O
143d

Css_Zﬂs(M004)4 - WMo, "WZn, Csp, Oi O
143d

NayZn;(AsO,), - 3H,0 Na,, "WAs,, "“Znp, (Hy0); Ox O
P23

Eulytite, Bi(SiQ,), — — VSi, — Q4 Big
I43d, a = 102 A

1a3d 143d P23

1.§0% 222 (24) 2.. (24) 1(12) x2

2.000 3..(16) 3..(16) 3. (4) x4

3.30% 4..(249) 4..(12) 1(12)

4.304% 4..(12) 1(12)

5.0.04 —0.06 —0.15 1 (96) 1 (48) 1(12) x4

6. 0.06 0.06 0.06 3. (16) 3.(16) 3. (4) x4
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FiG. 4. Representation of the atomic arrangements
along the [111] rods in (a) garnet, Ca,AlLSi;Oy;, (b)
NagZn;(AsO,), + 3H,0, and (¢) CsgZng(MoO,)g.

gen atoms forming the faces of the octahe-
dra along the three axes thus become inde-
pendent in [43d. The structure of
NagZn3(AsOy)s - 3H,O is derived from the
garnet structure by replacing one set of O,
triangular groups by a set of individual oxy-
gen atoms situated on the three axes in
16(c), (x, x, x). The rod structure is thereby
changed from alternating filled octahedra
and empty trigonal prisms, to alternating
filled and empty tetrahedra as shown in Fig.
4b. As a result of the change in the oxygen
atom arrangement, half of the tetrahedral
sites of the garnet structure are retained
and large cavities are opened up at the
other 4 sites. These latter sites are occupied
by water molecules in the arsenate com-
pound. The special site 24(c), (4, 0 1), occu-
pied by the A atoms in garnet retains its site

multiplicity in 143d as 24(d), (x, 0, 7). The
coordination of the A cation is reduced
from 8 to 6.

The 24 oxygen atoms that are retained in
the transformation of the garnet to the 143d
tetrahedral framework structure show little
positional deviation from the ideal coordi-
nates required for regular octahedra in gar-
net, 0.041, —0.056, —0.153 (10). For 12Ca0O
- 7TA1,O3 and NagZn3(AsO,)s - 3H,0 (aver-
age structure in /43d) the values are 0.037,
—0.057, —0.151 and 0.036, —0.064, —0.145,
respectively. For comparison the oxygen
coordinates in the arsenate garnet, berze-
liite, are 0.039, —0.052, —0.157 (/1). In the
ordered P2,3 structure of sodium zinc arse-
nate there is considerable deviation from
these values due to rotations of the inde-
pendent O; groups about the three axes.

An interesting variation of the /43d tetra-
hedral framework structures is displayed
by the compound Cs¢Zns(MoQOy)s (12, 13)
(see Table III and Fig. 4c). The oxygen
framework and the location of the zinc at-
oms in the 4 sites are the same as those in
the sodium zinc arsenate. However, the
molybdenum atoms occupy the alternative
set of tetrahedral sites along the three axes,
as shown in Fig. 4. The corresponding la3d
structure would have the trigonal prismatic
sites filled and the octahedral sites empty.
Such a modification to the garnet structure
without other accompanying changes can-
not occur because it would create very
short bonds between the B atoms in the
trigonal prisms and the surrounding A
atoms.

The location of the molybdenum atoms in
the alternative set of tetrahedral sites along
(111) opens up large distorted cuboctahe-
dral cavities at the 12(b) 4 sites which are
occupied by cesium atoms. These cavities
encompass the 24(d) sites that are occupied
by sodium atoms in the sodium zinc arse-
nate and so the 24(d) sites are empty in the
molybdate. The (110) channels that are
present in NagZny(AsQ,), - 3H,0 are effec-
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tively blocked off by the reverse orientation
of the MoO, tetrahedra in the molybdate.
An analogy with the oxygen arrangement
in the I43d tetrahedral framework struc-
tures is provided by the mineral eulytite,
Biy(SiO,); (J4) with space group I43d. In
this compound the bismuth atoms occupy
approximately the same positions as the
16(c) oxygens in the tetrahedral structures
(x = 0.087; cf. x = 0.069 in Cs¢Zns(M0oO,)s).
The two sets of BiOs tetrahedra have Bi-O
distances of 2.15 and 2.62 A. The larger set
of tetrahedra are ‘‘occupied’ by the bis-
muth lone pair of electrons. The SiO, tetra-
hedra in the 12(A) sites are rotated about
the 4 axes by about 20° relative to the corre-
sponding tetrahedra in NagZn;(AsOy)s
3H,0. This allows the structure to collapse
down around the other set of 4 sites which
are empty in eulytite. The cell dimension is
correspondingly reduced from 12 to 10 A.
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