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Ag,6l1sW40,6 belongs to space group C2 with Z=2and a=16.76 £ 0.03, 56=15.52 £ 0.03, c =
11.81 £0.02 A, 8= 103.9 + 0.3°. Conductivity measurements have been made on polycrystalline
material between 22 and 170°C; the average conductivity at 25°C is 0.059 (@ cm)~!. The conduction
passageways involve 90 iodide polyhedra and 56 mixed oxygen-iodide polyhedra (per unit cell)
which share faces. An average of 23.2 or 44.59, of the Ag* ions per unit cell are in these polyhedra
and are considered to be mobile. The Ag* ion occupancies of the mixed I-O polyhedra tend to be
higher than those of the pure iodide polyhedra, implying that the Ag* ion mobilities through the
former are lower than those through the latter. Ag* ions fill 12 mixed I-O polyhedral sites and 16.8
Ag?* ions per unit cell are in 24 other mixed I-O bypass sites; these 28.8 Ag* ions are probably not
mobile. The three-dimensional network of passageways is rather complex, but an attempt is made

to give a complete description of it.

Introduction

The crystal structures of several Agl-based
solid electrolytes containing cation substi-
tuents for Ag™ have been determined (I-9).
The first of these for RbAg,Is (1) led to the
first enunciation of the structural origin of the
phenomenon of electrolytic conductivity in
this type of material (see also Ref. 10). This
has been discussed in several subsequent
papers (2-10) and, because this paper, even
without reiteration of this discussion, is of
necessity long, it is assumed that the reader is
familiar with the content of those papers.

When the work of Takahashi and co-
workers (I1) on complex anion substituents
appeared (/1, 12) it seemed appropriate to see
what the structural and related conductivity
effects of such substitution were, and we there-
fore first undertook to determine the crystal
structure of the silver-iodide-tungstate solid
electrolyte reported by Takahashi ef al. (11).

At an early date in this investigation, it was
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found that the formula Ag,l,WO, reported
for this compound could not be correct. Even-
tually, we determined from single-crystal X-
ray data, from conductivity and density mea-
surements, and from the crystal structure solu-
tion itself that the correct formula is Ag,¢l s~
W,O046. It will be immediately noticed that the
nominal chemical formula may be written
Ag31(WOy),; however, this is not an appro-
priate structural formula for the compound.

Because it was not known what tungstate
entity would be present in the solid electrolyte
which appeared at the outset to have a rather
complex low symmetry structure, it was de-
cided to determine the crystal structure of
silver tungstate itself. As mentioned elsewhere
(13), there are two modifications of silver tung-
state which form under slightly different pH.
They also appear to be thermodynamically
stable in different temperature regions. The
structure of the high-temperature phase was
determined (/3). It was also found that crystals
of this form could be grown by the Czochralski
technique (14).

The result of the structure determination
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FIG. 1. The (W,0,6)% ion in Ag,sl1sW4O0,6: (a) W-O distances, (b) O-O distances. Note that the (W,0,6)%~
ion in Agsl1sW.0¢ is enantiomorphous to that in AgsW,0,6 (see Ref. (13)).

most relevant to this paper is the appearance
of a new (W,0,,)®~ complex as shown in Fig.
1. This complex has point symmetry 2 (or C,)
and is the tungstate entity that occurs in the
solid electrolyte.

Conductivity

Experimental

The AggW,0,6 used in the preparation of
the solid electrolyte was produced by adding a
concentrated solution of sodium tungstate
to one of silver nitrate in essentially stoichio-
metric proportions. The precipitate, which is
highly insoluble in water, was washed with
H,O (by decantation) approximately 30
times, then filtered through a Biichner funnel
and dried in an oven at 110°C.

The pure solid electrolyte Ag,el,sW,016
cannot be prepared by melting inasmuch as it
melts incongruently. Some of the compound
is obtained by melting, but in this case Agl and
the compound with nominal chemical for-
mula AgI(WO,), are always present. (If
this compound contains (W,0,6)®~ entities,
which is likely, then its formula should be
written Ag,o[,W,0,¢.) The chemical equation

for the decomposition is
Agael1sW4016 = 16AZL + Agyol,W,Oy46.

Thus even a slight decomposition causes a
large amount of Agl to be present. This gives a
sensitive probe for purity of the solid electro-
Iyte with respect to unreacted Agl. The latter
can be seen in the powder X-ray diffraction
photograph, although there are subtleties be-
cause of overlap of Agl lines with those of the
solid electrolyte (see Appendix). The conduc-
tivity measurements are extremely sensitive
to the presence of Agl, probably to a small
fraction of a percent.

Rapid melting of the thoroughly mixed in-
gredients in the ratio 4Agl:Ag,WO, and
quenching gives Ag,el;sW,0,6 plus Ag,ols-
W,0,¢ but no Agl, of course. In this case, the
Agiol,W,0,6 can be detected by powder X-
ray diffractometry (see Appendix).

A polycrystalline specimen of the solid
electrolyte cannot be prepared by solid state
reaction in a reducing atmosphere! In fact, the
preparation requires a substantial overpres-
sure of oxygen because at the reaction tem-
perature of 280°C the solid electrolyte ap-
pears to have a relatively high oxygen vapor
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pressure. It has been shown recently (/5) that
AggW, 0, itself decomposes on being heated
to temperatures exceeding 280°C. However,
the solid electrolyte Ag,ql;sW,O;c appears to
be substantially less stable with respect to
oxygen than Ag,W,0,, itself. (Inasmuch as
we are primarily interested in obtaining a stoi-
chiometric specimen, we have not expended
effort in determining the detailed thermody-
namics of the system.) 1t appeared that two
opposing reactions were going on when the
oxygen pressure was too low: The reaction of
Agl and AggW,0,, to give the solid electro-
lyte and the decomposition of the solid electro-
lyte with respect to oxygen. No free iodine was
ever observed, so that oxidation of the iodide
ion is not involved. We speculate that the
main reaction involves removal of oxygen from
the tetratungstate ion without necessarily
changing its valence. This would require some
reduction of the tungsten valences. For
example, suppose that the [W,0,4]8~ ion went
to (W,0,5)%". This simply requires a total re-
duction of 2 in the new valence of the four W
atoms; this of course, may be accomplished by
having two W% and two W3+, or three W°™*
and one W**. The production of such entities
also implies the existence of disorder in the par-
tially reduced crystals. It has also been ob-
served that melting together the Agl and
AgsW,0,, in vacuum as prescribed by
Takahashi er al. (11) or even melting in air for
extended time periods produces free silver
{but not free iodine). This does not occur in the
case of silver tungstate alone. Thus it is con-
ceivable that this occurs by a loss of oxygen by
some tetratungstate ions (/5). The reduced
tetratungstate ions then in turn reduce Ag*
ions. Then, somehow, the I~ ions attach
themselves to the reoxidized tetratungstate
ion. This is only a hypothesis which could ex-
plain the observations.

The discussion given above is the result of
considerable work on the preparation of the
polycrystalline material. The crystal structure
gave us assurance that the formula of the solid
electrolyte was Ag,¢l,sW,0,,, but attempts
to make the polycrystalline material for
average conductivity measurements at first
shook this confidence somewhat (8). How-
ever, the work led to the realization that an
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overpressure of oxygen was required. We
obtained a single phase specimen as ascer-
tained from both powder X-ray diffraction
data and conductivity measurements by the
following technique: Amounts of the AgsW -
O,¢ prepared as described above and 99.99/
Agl (Research Organic-Inorganic Chemicals
Co., Grade AR) appropriate to the prepara-
tion of 0.005 mole, were ground together in an
agate mortar and then compressed into a pellet
of 9.64-mm diameter with a pressure of
4000 kg/cm?.

The experimental arrangement is depicted
in Fig. 2. The fused silica tube is connected by
appropriate valves to a tank of O, or vacuum
or atmosphere. The tube is surrounded by two
coaxial furnaces. The brass core of the inner
one reaches to within about 2 cm of the end of
the fused silica tube. The resistance heating
coil is restricted to the lower end of the brass
tube. The outer furnace is a resistance-type
tube furnace. To prevent temperature fluc-
tuation because of draftis, the major part of the
apparatus shown in Fig. 2 is put into a box
with a glass door.,

In practice, the pellet is put into the fused
silica tube; the tube is evacuated, then filled
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Fi1G. 2. Apparatus for the preparation of Ag,el;s-
W,0,, by solid state reaction.
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with O, ; this process is repeated once or twice.
The O, pressure is controlled by a diaphragm
valve. Temperatures are adjusted so that the
inner furnace gives 330°C above the pellet and
the outer furnace gives 280°C in the vicinity of
the pellet. The 330°C temperature above the
specimen prevents the evaporation of the
Agl from the pellet.

In our case, the pellet was first heated in O,
at a pressure of 3.5 atm for 6 hr. The tube was
removed from the furnace and cooled. The
pellet was removed and crushed, the material
reground in an agate mortar, repelletized, and
reinserted into the tube. The tube was evacua-
ted, filled with O, to a pressure of 7 atm, and
heated at the same temperature as before for
23 hr. The tube was removed, cooled, and the
pellet removed. A powder X-ray diffraction
photograph showed the material to be single
phase, and this conclusion was confirmed by
the conductivity measurements.

The conductivity measurements were made
in a way slightly different from those made on
PysAgisl,; (6). Instead of using silver elec-
trodes with mercury amalgamated surfaces,
we used silver-tipped copper electrodes, and
instead of using these electrodes to contact
the sample directly, we incorporated electrodes
made up of equal weights of 1 um Ag pow-
der and the material itself onto the specimen
to be measured. That is to say, first this elec-
trode material (0.260 g) was put into the cylin-
der of the pill press and smoothed with the
piston. On top of this was added 1.045 g of
the material itself, again smoothed with
the piston, and then again 0.260 g of the elec-
trode material. This was compressed at a pres-
sure of 4000 kg/cm?. An amount of material
equal to that of the pure material in the sand-
wich was compressed at the same pressure to
determine the length of the specimen; it was
2.165 mm. Also, the pellet had a density of
6.49 g/cm?. Asis shown later, this is about 4%
lower than the X-ray density.

For other details on the equipment and
technique used, the reader is referred to the
paper on PysAg,sl,; (6)-

Results

A plot of log specific conductivity multi-
plied by the absolute temperature (¢7) vs the
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Fic. 3. Conductivity multiplied by absolute tem-
perature versus reciprocal temperature.

reciprocal temperature is given in Fig. 3. At
25°C the measured average conductivity is
0.059 (2 cm)™!, factors of 1.25 and 1.5 higher
than the values reported by Takahashi et al.
(11 and by Shahi and Chandra (16), respec-
tively. The lower values obtained by these
authors (11, 16) may be attributed to their not
having materials of correct composition.

The slope of the log T vs 1/T plot (Fig. 3)
gives an average Ag' ion activation enthalpy
of motion of 4.1 kcal/mole or 0.18 eV.

Crystal Structure

Experimental

Crystals of the size sufficient for X-ray
diffraction work were rather readily obtained
by melting mixtures of 4.0-4.4 Agl to 1
“Ag,WO0,” and then cooling. Initially, X-ray
photographs taken with Buerger precession
and Weissenberg cameras showed that crys-
tals of Ag,el;sW,0;¢ have diffraction sym-
metry 2/m and according to the conventional
choice of axis are C-face centered. No other
systematically absent reflections occur, im-
plying that the crystal belongs to one of the
following space groups (17): C2/m (C3,), Cm
(C3) or C2(CD).

A crystal was ground to a sphere of 0.105-
mm radius with a sphere grinder (/8) similar
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to that described by Schuyff and Hulscher
(19). (Both are modifications of the original
Bond sphere grinder (20).) The crystal was
aligned along the monoclinic b-axis. Initial
lattice constants were determined from the
precession camera photographs and refined
after mounting on the single-crystal diffracto-
meter. Final values were a =16.76 + 0.03, b =
15.52 4+ 0.03, c=11.81 +0.02 A, f=103.9 +
0.3°. The unit cell contains 2 Ag,sl;sW,046;
the formula weight is 6080.28; the cell volume
is 2982 A3, These give an X-ray density of
6.77 g/cm3. The density of the carefully pre-
pared polycrystalline specimen (see above),
measured pycnometrically, is 6.72 g/cm?, in
good agreement with the X-ray density.

The intensity data were collected with a
Buerger-Supper diffractometer automated by
a Nova 1200 computer. AgKa radiation and
balanced Pd and Mo filters were used. The
data collected were those of independent re-
flections in the range of 10° < 26 < 40°. Each
reciprocal lattice point was scanned at the
rate of 1°/min over the range (1.5+ 0.5 Lp)
where Lp is the Lorentz-polarization-Tunell
factor, Background counts were taken at the
beginning and at the end of the scan interval
at one-sixth scan time of each scan. Intensities
of data beyond 26 = 40° were not significant.
Within the range 10° < 20 <40° 2929 inde-
pendent reflections were measured; of these
987 were below the 320-count threshold.

The Nova computer does some of the data
processing, applying the background, absorp-
tion, and Lorentz—polarization-Tunell cor-
rections and giving, on paper tape, the relative
squares of the structure amplitudes. The net
relative squares of the structure amplitudes are
obtained by processing the data taken with the
Pd and Mo filters with the CDC 6400
computer.

The linear absorption coefficient, u, of
Agyel s W,0,¢ for AgKa radiation is 144.55
cm™!; from which, for R =0.105 mm, uR =
1.52.

Determination and Refinement of the Structure

It was expected that the crystal structure
would contain tetratungstate, (W,0,5)%" ions
similar to those found in AggW,0,, (/3). In
the latter, the symmetry of the (W,0.6)% is
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simply 2. It was thought that the twofold axis
of this ion would be coincident with the two-
fold axis of the crystal. If the symmetry of
these ions remained just 2, then because the
basis contains only a single (W,0,¢)%" ion, it
was to be expected that the most probable
space group would be C2. However, although
the symmetry of the (W,0,,)%" ion is 2, it is
close to 2/m, and if this ion controls the sym-
metry of the crystal, then it should also be ex-
pected that the symmetry of the crystal itself
would be close to 2/m. That is, pseudosym-
metry was expected to characterize the crystal
structure.

A three-dimensional Patterson map was
calculated. As expected, this map was com-
plicated by overlapping of many interatomic
vectors between crystallographically nonequi-
valent ions. As in the cases of the other Agl-
based solid electrolytes, it was expected that
the structure would contain anion polyhedra
which would share faces in such a manner as
to form a network of pathways through which
the Ag* ions could move. However, unlike the
case of cation substitution, it was not known
what role the oxygen atoms of the tetratung-
state ions would play. (As will be seen later, it
turns out to be a rather complicated one.)

After some trial structure calculations and
model building, a promising trial structure
with the (W,0,,)®" ions lying on the twofold
axis was found. A calculation (2/) of the struc-
ture amplitudes, including only the iodide ions
and tungsten atoms for this model, gave an
R, S||Fol=|F.]|/Z|Fol, value of 429. Several
cycles of least-squares calculations (2/) with
isotropic thermal parameters brought the R-
value down to 319,. The trial structure con-
tained 90 iodide polyhedra, 88 tetrahedra, and
2 octahedra, per unit cell, with the type of con-
nexity mentioned earlier.

Because of the relatively low conductivity
for such a large number of Ag* ions per for-
mula unit, it had been expected that some of
the Ag* ions would have fixed positions, and
that these should be located near the oxygen
atoms of the (W,0,¢)% ions. The Ag* ions in
the conduction channels were expected to be
mobile, and therefore the individual poly-
hedral sites to have only an average partial
occupancy.
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A difference map revealed the positions of
the eight crystallographically independent
oxygen atoms of the (W,0,,)® ion and of
some of the Ag* ions—especially those posi-
tions involving both oxygen and iodide coor-
dination, that were substantially occupied by
Ag?* ions. Trial values of occupancies of both
types of sites were included in subsequent
least-squares calculations.

Least-squares calculations, with anisotropic
thermal parameters for all tungsten atoms
and iodide ions and for some of the Ag* ions,
were made with the NUCLS8 program (22)
on the CDC 7600 computer at the Lawrence
Berkeley Laboratory of the University of
California. The final R-value is 9.2%; for 1802
observed structure amplitudes; 140 were
omitted because of interference by “dirty”
radiation streaks.

Considering all possible positional, thermal,
and occupancy parameters, the total comes to
646. This means that in a least-squares calcu-
lation, to refine all the parameters simulta-
neously a 646 x 646 component matrix would
be inverted. We have varied at most 320 para-
meters in a single iteration. There are several
reasons for this: (1) The structure has a pseudo-
mirror plane giving, in some cases, very large
parameter correlation coefficients (23), several
being as high as 0.88. Because of the con-
tinued large oscillations, occupancy para-
meters related by the pseudocenter were con-
strained to be equal even though they can-
not be truly so. (2) The (light) oxygen atom
positional parameters could not be refined,
and we took what appeared to be the best
values for them that were obtained from re-
peated difference map calculations. (3) The
positional parameters of sites that had a low
Ag* ion occupancy could not be refined, and
in these cases we again took what appeared to
be the best values for them. (4) The oxygen
atoms and the sites with low Ag* ion occu-
pancy were assigned isotropic temperature
factors which were held constant.

Calculations were also made to determine
the correct enantiomorph. In two calculations,
the one given herein (Table 1) gave a slightly
better R-value, 1-2 %, than the other, based on
the 1802 observed structure amplitudes. The
(W,0,6)% ion in the crystal on which the
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diffraction data were taken is the enantio-
morph of the one in the AggsW,0,¢ crystal
investigated (13).

In the calculations, the atomic scattering
factors for Ag*, W, and I~ were those of
Cromer and Waber (24); for oxygen, those
given by Tokonami (25) were used. Correc-
tions for the real and imaginary parts of the
anomalous dispersion were those given by
Cromer (26). The observed data were weighted
according to

0 =0.036 (F—8)+12.0 for F < 100,

6=16exp(-277/F)+ 0.036 (F—-8)
+12.0 for F > 100,

and w = 1/62.

Of the 987 unobserved structure amplitudes
only 26 calculated above the threshold values;
these do not alter significantly the final value
of the discrepancy factor, 9.2 %;. The standard
error of an observation of unit weight is 1.01.

A table listing the observed and calculated
structure amplitudes is available.! Table I lists
the final positional and thermal parameters
and multipliers (multiplier = one-half the
number of atoms in a particular set of posi-
tions). Table II lists the interionic distances
other than those of the tetratungstate ion it-
self, which are given in Fig. 2. Table 111 lists
the following information regarding the anion
polyhedra: First column, Ag" ion site desig-
nation; second, fractional occupancy of the
site; third, number of apices in the polyhedron;
fourth, average I-1 distance in the poly-
hedron; fifth, average I-O distance in the poly-
hedron; sixth, average O-O distance; seventh,
average Ag-l distance; eighth, average Ag-O
distance; ninth, volume of the polyhedron;
tenth, type of polyhedron (see below). Table
1V gives the numbers of iodide and oxygen
neighbors for each iodide and the average 1-1
and I-O distances for each iodide.

1 See NAPS document No. 03063 for 12 pages of
supplementary material. Order from ASIS/NAPS,
Microfiche Publications, 440 Park Avenue South, New
York, N.Y. 10016. Remit in advance $3.00 for micro-
fiche copy or for photocopy, $5.00 up to 20 pages plus
25¢ for each additional page. All orders must be pre-
paid. Foreign orders add $3.00 for postage and
handling.
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TABLE 1V

COORDINATIONS OF THE I~ IONS AND AVERAGE DISTANCES IN ANGSTROMS

Average Average
Todide No. of I~ I-1 No. of O*~ -0

designation neighbors distance neighbors distance
I1 11 4.52(2) 4 4.18
12 11 4.56(2) 4 4.30
13 10 4.43(2) 8 4.82
14 9 4.43(12) 4 3.88
Is 9 4.47(2) 4 3.81
16 10 4.54(2) 6 4.40
17 10 4.48(2) 6 4.51
18 10 4.57(2) 6 4.49
19 10 4.45(2) 2 3.90
110 13 4.70(2) 2 4.23

® TUNGSTEN QO OXYGEN (DI0DIDE

Fic. 4. [010} projection of the structure of
Ag6l sW,0;6. Ag* ion positions are excluded. The y
values (x10?) of the I~ ions and W atoms are indicated
for the asymmetric unit.

Description of the Structure

A projection of the structure down the b-
axis is shown in Fig. 4. There are three crystal-
lographically independent tungsten atoms and
10 independent iodide ions (Table I) in the
asymmetric unit of the structure. The
(W,0,6)% ions lie on twofold axes, at the cor-
ners and C-face centers of the unit cell, and are
well separated by the surrounding three-

dimensional network of face-sharing iodide
polyhedra through which the Ag* ions can
move. All iodide polyhedra are in conduction
passageways. The oxygen atoms associated
with the (W,0,¢)%" ions also form polyhedra
with surrounding iodide ions (Fig. 5); most
of these mixed I-O polyhedra are occupied,
some fully, by Ag* ions (see Tables I and I11).
Some of the mixed I-O polyhedra are in con-
duction channels, some are not (see below).
The atoms I3, 16, 110, and W1, and their
equivalents, lie approximately on the planes
y=0,%;14,15,17,18, and 19 and their equiva-
lents lie approximately on the planes y = +4;
11, and W2 and their equivalents lie approxi-
mately on the planes y = 4, ¢; and 12 and W3
and their equivalents lie approximately on the
planes y =4, 4. Thus the W atoms and 1~ ions
all lie in layers approximately b/8 apart (Fig.
4). The whole structure approximates to a
centrosymmetric one, apparently dominated
by the deviation from centrosymmetry of the
(W,0,6)% ionitself asin the case of AggW,0,6
(13). The pseudo-mirror planes are located at
y =0, 1. The pseudosymmetric pairs are W2
and W3, I1 and 12, 14 and I5, I7 and I8, and
pairs of 19. Similar pairing occurs for the
oxygen atoms and for the Ag* ion sites. The
iodide polyhedral sites are labeled A, mixed
I-O sites, AQ; those with * are pseudo-
mirror related to those without * (see Table I).
We denote an equivalent atom obtained by
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FiG. 5. The surroundings of the (W,06)%~ ion looking down the b-axis (which passes through W2 and W3),
The iodide octahedra above and below the (W,0,4)8~ ion are omitted. Parts of neighboring (W,0,6)%" ions are

included.

the operation of a twofold axis by a single
prime and one obtained by the operation of a
twofold screw axis by a double prime. There
is one independent iodide octahedron (or two
equivalent iodide octahedra) in the unit cell,
formed by I1, 12, 13, and 11’, 12, I3'. The cen~
ters of the octahedra are at 0, 4, 0 and 3, 0, 0.
Four faces of a single octahedron share faces
with mixed I-O octahedra (Fig. 6). The mixed
1-O octahedra share only edges or corners with
other mixed octahedra. Thus each block of
five octahedra separates two pairs of
(W,0,6)% ions in the - and b-directions (Fig.
6). The (W,0,,)% ions, the blocks of octa-
hedra, and the I-O polyhedra between the two,
form a wall about (001) planes at -0.2 < z <
0.2 (Fig. 6). The mixed I-O octahedra, 4014
and 4014*, are fully occupied by Ag" ions,
in contrast with the low fractional occupancy,
0.14, of the iodide octahedra (Al in Table I).
The I-O polyhedra 401, 402, 402*, 401,
AO02’, 402*" also have high occupancy (see
Tables I and I1II); therefore conduction
through the wall is most likely to occur via the
Al (octahedral) sites.

The network formed from the 88 iodide
tetrahedra (22 independent tetrahedral sites,
Table I) lies between the walls, 1.¢., in the region

0.2 < 2 < 0.8 (see Fig. 4). A stereoscopic view
of the complete iodide arrangement is shown in
Fig. 7; atoms O7 and O8 (from the tetratung-
state ions) are included because they are at
two corners of an icosahedron, of which there
are four per unit cell; atom O5 is included be-
cause it is part of the mixed 1-O tetrahedra
that are in conduction passageways. The ico-
sahedra involve all the independent iodide
ions except 12. There are thus 10 iodide tetra-
hedra per icosahedron; the sites are desig-
nated A4-A8 and A4*-A8*. The 10 mixed
I-Otetrahedralsites are designated 404-408,
AO4*—-408* (see Tables I and IIT).

In the [010] direction, the icosahedra are
linked by the mixed I-O tetrahedra formed
from 16, 110, O7, and O8 (site 403 in Table I1).
In the [100] direction, the icosahedra share
corners I7 and 18 ; the width of the icosahedron
is the 19-19' distance, approximately a/2. The
icosahedra are not directly linked to each
other in the [001] direction; however, they are
linked to iodide octahedra in the wall (see
above) through iodide tetrahedra. The four
faces of an iodide octahedron not shared with
mixed I-O octahedra are shared with con-
necting iodide tetrahedra, two on each side
of the wall. These connecting tetrahedra are
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Fic. 6. The structure in the region -0.2 <z < 0.2
called the “wall” in the text. 03, O3’, 04, 04’ are in-
volved in the formation of mixed 1-O octahedra; 06
and 06" are included to help show the orientation of the
(W,0,6)% ion. The other 10 oxygen atoms per
(W,0,6)%" ion are not shown. For O-I connections
other than those involved in the formation of the mixed
I-O octahedra, see Fig. 5. The pure iodide octahedra
are shaded.
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not themselves in the icosahedra. One of these
faces of the octahedron is I1, 12, I3, connecting
it to one icosahedron via A2 — A3 — A4 and
to another icosahedron via 42 — A3* — A4*.
The symmetry equivalent octahedral face I1’
12, I3’ similarly connects the octahedron to
two icosahedra on the other side of the wall.
The remaining two equivalent faces I1’, 12,
13" and I1”, I2’, I3, open to iodide tetrahedra
which are part of an array of iodide ions that
form a “wheel” composed of face-sharing
iodide tetrahedra (Fig. 8).

The wheel has three hexagonal rims as
shown in Figs. 8 and 9 and consists of 20 1~
ions forming 30 tetrahedra each. There are
two such wheels per unit cell. All the crystal-
lographically nonequivalent I~ ions are in-
volved in each wheel. As indicated above,
wheels in neighboring cells, in the [001] direc-
tion, are linked by the iodide octahedra (Fig
9). Each wheel shares 19 corners with four
other wheels. The 19 corners are the centers of
the icosahedra. Twelve of the 30 tetrahedra in
each wheel belong to two neighboring icosa-
hedra (6 in each). An I~ tetrahedron that in-
volves any I9 belongs to the icosahedron; if
an [~ tetrahedron involves any 110, it belongs
to the wheel; if it involves both an 19 and an
110, itisin both the wheel and the icosahedron.
If the 1~ tetrahedron involves neither an 19
nor an I10, it is a connecting tetrahedron be-
tween the icosahedron and the iodide octa-
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F1G. 7. Stereoscopic view down the c-axis. All iodides in the unit cell are shown, but only 05, 07, and O8 from
the (W,044)®~ ion are included. Atoms in the icosahedron have labels inside the circles; atoms not in the icosa«
hedron have labels outside the circles. The four iodide octahedra are out front toward the viewer. The four icosa-
hedra and the four mixed I-O tetrahedra formed from OS5, 0O5’, 17, 18, 16, and 16" are in the back.



FiG. 8. The arrangement of iodide ions in a “‘wheel.”
Each such wheel contains 30 iodide tetrahedra.

G\. ‘s» 3 .\
.-'—A-"‘.." 7 e
o g

FiG. 9. Iodide arrangement iooking down the wheel
axis. One complete wheel is shown at the top. To show
clearly a particular route in the [001] direction, only
two spokes of the wheel at yx§ are included.

hedron. All but 12 of the 88 tetrahedra in-
volve an 19 and/or an 110.

Surrounding each (W,0,¢)° ion, there are
60 polyhedra which are formed from both I~
ions and O atoms. Of the 120 I-O polyhedra
in the unit cell, 8 are the filled octahedra which
occur only in the wall region. The remaining
112 I-O polyhedra are either tetrahedra or
five-cornered polyhedra. Of these, 28 are also
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in the wall region, and 16 (4015, A015*%,
AO016, A016*) of these 28 are unoccupied be-
cause they are too close to the filled sites 4O1.
The fractional occupancy of the other 8, 402
and 402*, is 0.65, but the Ag* ions in these
cannot go through the wall, because to do so,
they must go into sites 4015, 4A015*%, 4016,
AO16*, which is apparently forbidden. The
Ag* ions could, however, leave the 402 and
AO2* sites on a single side of the wall by en-
tering sites 405 (405*) or AO1l (4011%),
the latter being in a conduction passageway;
the 405 (405%*) may be called bypass sites (see
below).

Thus far we have discussed 36 I-O poly-
hedra which are all in the wall region. Of the
remaining 84 sites, namely 403-4013 and
A04*-4013* (see Tables I and II), 12,
AO3, A013, and AO13*, are vacant because
they are close, 2.92, 3.01, and 3.14 A, respec-
tively, to the W1 atom. Nevertheless, there is
the remote possibility that Ag* ions do go
through these. (In AggW,0,¢ (13) the nearest
Ag*-W distanceis 3.40 A.) Of the 72 remaining
sites, 16, 405, AO5*, 4012, and AO12*, may
be called bypass sites, like AO2 and AO2%¥, be-
cause they are not directly in conduction
passageways. The remaining 56 sites, 404,
A04* 406-4011, A06*-4011%*, are clearly
in conduction passageways. This is actually
consistent with their relatively low fractional
occupancies, i.e., < 0.5; the occupancies of
the bypass sites are 0.5 < f< 1.0.

The tilting of the (W,0,,)%" anions from the
(100) plane (Fig. 4) causes the terminal oxygen
atoms O5 to be at a distance of 3.78 A from
05’ of the neighboring (W,0,¢)®" ions (Fig.
5). Together with I6, 17, 18, the O5 and O5'
atoms form four tetrahedra, sites 409, 4Q9%,
AQY, A09*. Sites 4010, AO10*, 4010,
AQ10* share faces with these four connecting
them with iodide tetrahedra. These mixed
I-0 sites are important, but they are not abso-
lutely required for conduction in the ¢- and b-
directions; that is, these sites permit more
direct routes than just the pure iodide poly-
hedra alone.

Conduction Pathways

In the [001] direction, conduction is through
the wheel-iodide octahedron-wheel--- (Fig. 9).
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One of the shortest routes is A1 — 414 —
A10 - A11* > A10' - 414" — AL, In the
[010] direction, the Ag* ions can move (1) only
in iodide tetrahedra or (2) in combinations of
iodide tetrahedra and I-O polyhedra. An
example of (1) is: Suppose there is an Ag* ion
initially in an iodide tetrahedron belongingtoa
wheel centered at (0, 4, 4). It can move into the
neighboring icosahedron in the [110] direction
and then into the wheel centered at (4, 1, 4).
Because of the pseudosymmetry plane at y = 0,
the Ag* ion can turn and move in the [110]
direction, first entering an icosahedron and
then reaching the wheel centered at (0, 3, 1),
i.e., one unit cell away from the initial wheel.
In this manner, by moving first in the [110]
and then in the [110] direction, the Ag* ion
has effectively traveled in the [010] direction.
An example of (2) is: by utilizing mixed I-O
polyhedra, one direct route is AQ9 — 409* —
AOT* - A08* > A7 > A11¥ > 410> A1l —
AT* - A08 — 407 — A09 (in the next cell).
An alternate route is 409 — 409* — 4010
> A5 — 46 > A12¥ > A11* - 410 > A1l —
Al2 — A6* — A45*% —~ 4010* — A09 (in the
next cell).

For conduction (effectively) in the [100]
direction, an Ag* ion originally in a wheel
centered at (0, 1, 1) can first move up the icosa-
hedron in the [110] direction and then into the
wheel centered at (3, 1, §) as described above.
The Ag* ion can turn in the [110] instead of the
[110] direction, move through another icosahe-
dron and reach the wheel centered at (1,4, 3),a
unit @ from the initial wheel. In this manner
only the iodide polyhedra would be involved.
Again a more direct route involving also I-O
polyhedra is A09 — 407 — 406 — A8 —
AT — A12* > A11* - A12*% — A7 — A6 —
AO4 — A06" —> AO07 — AOY (in the next
cell).

Discussion

In Ag,el;sW,0.6, the tetratungstate ion
replaces eight iodide ions. The number of Ag*
ions in the formula seems large relative to the
number of iodide ions. The 90 iodide polyhedra
by themselves cannot acccommodate the 52
Ag™ ions in the unit cell. In fact, only a small
proportion, 22.49; (Table V) of the Ag* ions
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TABLE V

NET PERCENTAGE CONTENTS AND NET PERCENTAGE
VOLUMES OF THE FOUR TYPES OF POLYHEDRA

No. of
% of unit sites/unit
Site type® % Agt cell volume cell
A(c) 22.3 344 90
AO(c) 22.2 22.1 56
AO(b) 324 9.6 24
AO(f) 23.1 104 12

S Note: ¢, b, and f as defined in Table 1L

are in these sites at room temperature. In the
structure of Ag,cl;3W,0,6, the oxygen atoms
form polyhedra with the iodide ions. A large
number, 56, of these polyhedra are in the con-
duction passageways and are therefore impor-
tant to the conductivity of the material. Other
I-0O polyhedra are also important to the con-
ductivity: 23.1%, or 12, of the Ag™ ions are
trapped in 12 of them and 32.49/, or 16.8, of
the Ag* ions are in what we have called bypass
sites (see Table V). The latter are not in con-
duction passageways but the Ag* ions in them
could possibly be excited into conduction
passageways. (It should be recalled that there
are 28 empty 1-O polyhedral sites, 16 of which
are too close to filled sites, the remaining 12
being close, 2.9 to 3.2 A, to W atoms.)

The total number of sites per unit cell in the
conduction passageways is 146, and the total
number of mobile Ag* ions in these sites is
23.2 or 44.5%, of the Ag* ions in the unit cell.
The ratio of sites to Ag* ions in the conduction
passageways is 6.3, a rather large value, com-
parable with that of a-Agl. The ratio of the
total volume of the conduction passageways
to that of the unit cell is 0.565, about half that
of x-Agl, but comparable with that of RbAg,I
(6, 8). However, the average conductivity
(Fig. 3) of Agysl;sW,0,6 at 146°C is lower
than those of both a-Agl and RbAg,ls. This
may be attributed to the far more complicated
conduction passageways in Agysl;sW,Oy6
and the lower mobilities through the I-O
polyhedra.

Our conductivity measurements (Fig. 3) do
not go to the melting point of the material.
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FiG. 10. Powder pattern of Agasl;sW40y6, CuKu radiation.

Although the measurements made by Taka-
hashi et al. (11) were not made on single phase
material, the conductivity is associated essen-
tially with the Ag,l,sW,0,6. Their ¢ vs T
curve does not show any discontinuity or in-
flection up to the melting point. This indicates
that the number of mobile Ag* ions probably
does not increase markedly with increasing
temperature (see Refs. 4, 8, 27), although some
increase from the bypass sites as a source is
probably to be expected.

Finally, it should be mentioned that the
iodide polyhedral network can alone provide
the passageways for conduction. However,
as shown in the previous section, the I-O
polyhedra in conduction passageways provide
shorter routes.

Appendix: Identification of Ag,I,,W,0,,

Inasmuch as the powder pattern (in the
form of a list of d-values and qualitative rela-
tive intensities) given in the Takahashi et al.
(11) paper is in considerable disagreement with
that obtained for the pure material, we give,
in this section, some information required to
identify the polycrystalline material by the X-
ray powder diffraction technique. Because of
the complexity of the structure, we believe
that it is futile to give a list of lines as is
usually done. Therefore, we show in Fig. 10 a
powder pattern taken with a Norelco diffrac-
tometer, using CuKa radiation, in the range
20° < 28 < 45°. In addition, using the para-
meters obtained from the structure analysis,
we have calculated all the powder intensities

in this range. These are obtainable (27) along
with the list of F,,, vs F_,,..

To determine whether excess Ag;o1,W,0,6
is present, look for lines at 20 =27.3, 29.1,
30.2, 30.9, and 31.4°. These should not ap-
pear in the powder pattern of pure Ag,¢l,s-
W,O,¢ (Fig. 10). They do appear in the powder
pattern of material made according to the
nominal formula Aggl,WO,.

The presence of y-Agl is indicated by a
relative increase in intensity at 26 = 23.7 and
39.2° from the 111 and 220 reflections of y-Agl,
respectively.
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