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The structure of anhydrous stoichiometric deuterium g-alumina, DAl O;;, has been determined at 4.2,
298, 573, and 720 K by profile refinement of powder neutron diffraction data. At each temperature the
deuterium is found to lie in well-defined threefold sites close to the spacer oxygen, O(5). There is no
evidence for delocalization of the deuterium away from O(5) and such a hydroxyl linkage is in accord
with the low protonic conductivity observed in related materials. The effect of this unusual mirror-
plane arrangement on the remainder of the structure and the variation with temperature of the lattice

constants, bond lengths, and angles are discussed.

1. Imtroduction

Interest in compounds of the B-alumina
family stems primarily from their remark-
able ionic conducting properties (/). These
materials have the general formula
My Al;10174,» and adopt space group
symmetry P6i;/mmc. For sodium g-alu-
mina, @ = 5.60 A and ¢ = 22.53 A (2). The
length of the ¢ axis depends both on the
level of nonstoichiometry, x,! and on the
nature of the counterion, M (9) (for recent
reviews see Refs. 3 and 4).

A consequence of the mobility of sodium

* Present address: Exxon Research and Engineering
Company, Clinton Township, Route 22 East, Annan-
dale, New Jersey 08801.

1 For both sodium (1, 5) and silver (6-8) B-aluminas
the ¢ axis lattice constant decreases with increasing x.
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and other ions in S-alumina is that deriva-
tives can readily be prepared by ion ex-
change in an appropriate molten salt. Pro-
tons may be introduced quantitatively into
the mirror planes by three methods (3, 10—
12). These involve the exchange of Na* by
NH{ or “H;O*” in molten ammonium ni-
trate or hot concentrated sulfuric acid, re-
spectively, and the direct reduction of sil-
ver B-alumina by hydrogen at ca. 450°C.
Hydrogen-containing materials are chemi-
cally of great interest in that they offer a
preparative route to more nearly stoichio-
metric materials, MAl;;07 (7, 8, 13).

The B-alumina structure consists of
closely-packed slabs, termed spinel blocks,
which are separated by planes of crystallo-
graphic mirror symmetry. These mirror
planes contain the spacer oxygen O(5) and
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the monovalent cations (Fig. 1). The basic
framework is thus relatively refractory, and
hydrogen-containing B-aluminas  were
therefore considered as potential proton
conductors at elevated temperatures, a
view supported by some earlier work (14,
15). Normally (16), proton conductors such
as HCIO, - H,O (I7) and HUO,PO; - 4H,0
(18) have only limited thermal stability.

Kummer (9) first investigated the reduc-
tion of Ag;+:Al;;O17+,» by hydrogen and
found that, after partial reaction, a band at
3520 cm~! appeared in the infrared spec-
trum. A more recent infrared study (19) re-
vealed a similar frequency of 3510 cm™! for
this vibration which, in the light of struc-
tural results, was assigned (/9) to an in-
plane O(5)-H stretching mode.

Tofield et al. (20) examined a polycrys-
talline sample of deuterium S-alumina at 4.2
K and 550°C using powder neutron diffrac-
tion. At 4.2 K, the deuterium was found to
be bonded to the spacer oxygen at a dis-
tance of 0.98 A. This novel arrangement for
a B-alumina was seen as responsible for the

(a)
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increased length of the ¢ axis, 22.619 A, as
well as influencing the bond lengths about
Al(3) adjacent to the mirror plane. Further,
the occupation number for deuterium,
0.87(5), was close to that of the stoichio-
metric composition, x = 0, although the so-
dium B-alumina synthesized as the precur-
sor was highly nonstoichiometric with x =
0.45. At 550°C, the deuterium could not be
located within the mirror planes, giving rise
to optimism about the possible proton
conductivity (/4). Somewhat surprisingly,
at 550°C the ¢ axis had contracted to
22.611 A. At the time, the possibility of a
reverse exchange to silver S-alumina was
rejected, because of the much longer ¢ axis
compared to nonstoichiometric silver B-
alumina (22.49 A at room temperature (6))
and the absence of significant scattering
density around the aBR site which is occu-
pied by silver in the nonstoichiometric ma-
terial. We have recently demonstrated,
however, that reverse exchange had indeed
occurred (21) at the higher temperature.
The stoichiometric silver S8-alumina prod-

(b)

F1G. 1. A schematic diagram of the S-alumina structure. The conventional atom numbering scheme
is shown at left (a), together with the nomenclature for sites within the crystallographic mirror planes
at z = } and z = {. The right portion, (b), is a representation of the z = } mirror plane in the structure of
DAI};0y;. The projections of the bordering O(2) (O) and O(4) (B) atoms and the two possible displace-
ments of O(5) to 6h sites (solid and dashed lines) are indicated.
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uct has since been studied as a function of
temperature (8, 22).

The present study was undertaken to re-
solve some of the ambiguities about the
stoichiometry and structure of deuterium g-
alumina and to study the evolution of the
structure with temperature in detail. We
chose a more typical starting composition
of x = 0.3 and we have determined the
structure of the resulting deuterium beta
alumina at 4.2, 298, 573, and 720 K using
powder neutron diffraction data.

2. Experimental

The samples were prepared in the same
manner as described previously (20).
Monofrax sodium B-alumina, of approxi-
mate composition Na;3Al;;047,5, was
ground by hand in an agate mortar to a fine
powder, meshed at 37 um, and converted
to silver B-alumina by two exchanges in a
large excess of molten silver nitrate at
~300°C. The nonstoichiometric silver S-
alumina product was washed and dried un-
der vacuum at ~350°C. Reduction was ef-
fected by deuteration (D,: Air Products,
>99.9%) at 450°C in a sealed silica system.?
Under these conditions, as described previ-
ously (20, 21), the deuterium is rapidly ab-
sorbed with the liberation of silver metal
which forms a coating on the surface of the
crystallites. During the preparation mois-
ture is evolved, apparently reflecting con-
version to the stoichiometric material ac-
cording to

Ag;3Al10y7.15 + 0.65D; —
DAL;Op7 + 0.15D,0 + 1.3Ag. (1)

The moisture was pumped off and more
deuterium admitted several times until no
further pressure change was observed.

2 Deuterium is chosen in place of hydrogen to facili-
tate the subsequent neutron scattering measure-
ments—hydrogen has a smaller coherent scattering
length and a large incoherent scattering contribution.
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The sealed reaction vessel was then
moved to a dry glove box and the product
transferred to a 15-mm diameter vanadium
can which was tightly sealed with a gold O-
ring. In the earlier experiments (20), the de-
gree of seal integrity required to prevent D,
loss and consequent reintroduction of silver
into the structure on heating had not been
appreciated. In air, this reverse exchange is
found to occur at ~300°C. In the experi-
ments described here, a gas-tight seal was
maintained.

It is possible to remove the surface coat-
ing of silver metal (Reaction (1)) by treat-
ment with nitric acid (23). Such treatment,
however, allows the introduction of water
and/or exchange by hydrated species. The
silver metal does not pose a serious prob-
lem in neutron diffraction studies and there-
fore, following the preparation, the silver-
containing sample was maintained under
anhydrous conditions.

Powder neutron diffraction measure-
ments were performed on the PANDA dif-
fractometer at AERE Harwell. A mean
neutron wavelength of 1.5172 A was se-
lected from the [511] planes of a Ge mono-
chromator at a take-off angle of 88°. This
wavelength was accurately calibrated by a
peak-fitting of the 111, 200, 220, and 311
reflections from a standard nickel powder
sample.

For the scan at 4.2 K, the sample can was
immersed in liquid helium using a TBT As-
sociates cryostat. At room temperature, the
sample was mounted on goniometer arcs,
and for temperatures above ambient, an
evacuable furnace with a tantalum heating
element was used. In each case, the height
of the sample can was adjusted with refer-
ence to the direct beam.

On PANDA, three counters in the dif-
fracting plane at approximately 5° separa-
tion in 20 are available for data collection.
The region of 20 available to the low-angle
counter, from 6 to 104.5° was scanned in
increments of 0.1°. The measurement time
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determined by a fission counter monitor
was ~220 sec (4.2, 573, and 720 K) or ~140
sec (298 K) for each point. The situation of
the PANDA diffractometer was at the time
such that the counters were susceptible to
occasional bursts of extraneous radiation.
To enable the resulting spurious points in
the PND pattern to be recognized and cor-
rected, the data from each of the three
equatorial counters were plotted individu-
ally. For each run, the data from these
three counters were then collated to yield
the complete profile in the range 6 = 20 <
114.5°,

The data were analyzed by full-matrix
least-squares fitting of the calculated dif-
fraction profile to the observed profile using
the computer program originally written by
Rietveld (24) and modified by Clarke (25,
26). Scattering lengths of 0.345, 0.583, 0.60,
and 0.667 (all x10~'* m) were used for Al
(27), O (27), Ag (28), and D (28), respec-
tively. Space group symmetry P6s/mmc
(No. 194) was assumed and confirmed by
the subsequent analysis. During refine-
ment, the region 26 = 25° or 30° was omit-
ted from the calculations because the peak
shapes at low Bragg angles show marked
deviations from ideal Gaussian. The areas
within which reflections from the silver
metal impurity contributed appreciable in-
tensity were also excluded (~5° 20 in all).
For the runs at 573 and 720 K, three peaks
were observed from the Ta element of the
furnace, necessitating the exclusion of a
further 1.5° 26 (see Fig. 7).

3. Results

3.1. 42K

In the previous study, the deuterium lo-
cation was revealed (20) by an /Fg,/
Fourier synthesis based on a phasing model
of the atomic coordinates of the spinel
block atoms and of the spacer oxygen,
O(5). With the present data set, these coor-
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dinates were then optimized in the initial
refinements together with the scale, cell,
and instrumental parameters. In the corre-
sponding Fourier syntheses, however, the
only additional features that were apparent
were found to be spurious in subsequent
refinement. Further, in all of the powder
experiments described here observed or
difference Fourier techniques were not
helpful in initial structure elucidation. The
definition in the picture of scattering den-
sity provided by a Fourier synthesis is de-
termined by the number and accuracy of
scattering amplitudes and their phases.
Compared with a single-crystal diffraction
experiment, data from powder samples suf-
fer from intrinsically lower signal-to-noise,
from our inability to extract unique intensi-
ties from coincident or overlapped peaks,
and from the method generally used to
deconvolute the pattern which biases the
observed phases and intensities strongly
toward the calculated model. These con-
straints, together with series-termination
errors, combine to limit the applicability
of Fourier techniques in analyzing pow-
der diffraction data. However, although the
experiences described here are relatively
typical, there are examples where observed
or difference Fourier syntheses have been
used successfully in structure determina-
tion (20, 29). We anticipate that the poten-
tial use of these techniques will benefit
greatly from the improved resolution that
will be provided by the next generation of
synchrotron X-ray and neutron powder dif-
fractometers.

Following the lack of success of the
Fourier trials, a deuterium atom was intro-
duced at the position reported previously
(20), and iterative least-squares procedures
were used to improve all the atomic and
instrumental parameters. A correction for
preferred orientation was considered in
several refinements, but the parameter (24)
converged to a low value for both this and
the other data sets collected at higher tem-
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peratures and the correction was, there-
fore, subsequently discarded. The struc-
tural parameters which emerged were in
good agreement with those reported by To-
field et al. (20). There was no evidence for
occupation of any mirror-plane sites other
than those of deuterium close to O(5) and of
the spacer oxygen itself. For example, the
occupation number of a silver atom entered
at the stoichiometric silver position (8), x 2x
3 (6h); x = 0.776, converged to 0.07(7). Fur-
ther, although our starting composition was
slightly less soda-rich, a deuterium occupa-
tion close to unity was found.

The final details of the spacer oxygen and
deuterium sites do, however, differ. In the
previous refinement, an unequivocal dis-
tinction between 64 and 12/ (x y 1) sites for
D and O(5) could not be made, and the
12j site was tentatively chosen as the pre-
ferred location by reference to the Fourier
map (Fig. 3 of Ref. (20)) and the apparent
bond distances in the different models. The
present work reveals the 64 type site to be
that actually occupied by both deuterium
and the spacer oxygen. Combinations of
two types of deuterium site (64: x x § and
12j: x y 1) and three types of O(5) sites (6h:
xXt,x<36hxxi,x>3and 12j:xy )
were tested in least-squares refinements.
Displacement of either/both O(5) or/and D
away from the threefold 64 sites to the 12f
positions which are separated by the x x z
mirror plane gave less satisfactory agree-
ments than models involving only the 6k
sites. Further, many of these refinements
were unstable and in some the D-O(5) bond
length was unreasonably long.

A distinction between the two senses of
displacement of O(5) away from the 2c spe-
cial position was less clear (Fig. 1). The re-
siduals for the refinement which converged
at xo = 0.2965 were essentially identical to
those for xo = 0.3712. (Note that the extent
of the displacement from the 2c site is the
same in both cases). However, the corre-
sponding O—H bond lengths were 1.19 and
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1.06 A, respectively. The infrared O(5)-H
stretching frequency of 3510 cm~! (19)
points toward a bond length of ~1 A (30,
and there is thus little doubt that the latter
6h site with xo > } most correctly models
the actual structure. This displacement of
O(5) is in the same sense as found previ-
ously (20) and is unusual in that the dis-
placement is generally toward the aBR site
rather than toward the BR site. The latter
displacement, observed here, may be ex-
plained in terms of a weak interaction O(5)—
H. . . O(Q), and a similar effect has been
observed in an X-ray structure refinement
(31, 32) of hydrogen-containing 8-alumina.
In that case (3) the hydrogen bonding
scheme O(5)-H . . . OH, is slightly differ-
ent in that the second oxygen at the
Beevers—Ross position is that of a water
molecule.

We were also able to introduce aniso-
tropic temperature factors for all atoms at
each of the four temperatures studied (33).
Generally, no relaxation factors were nec-
essary and instabilities occurred only when
some particular displacements of deuterium
and O(5) away from the 6h special positions
were considered. However, in each case
the vibrations of the spinel block atoms are
well described by isotropic components
and, with the limited amount of data, signifi-
cant improvements in the residuals were
not obtained by using fully anisotropic com-
ponents (33). In the final stages of refine-
ment, therefore, such components were
retained only for the mirror plane con-
stituents as these might be expected to
show pronouncedly anisotropic behavior.

The final residuals and instrumental and
overall parameters are listed in Table I,
with final atomic parameters in Table II.
The corresponding bond lengths and angles
are presented in Tables III and 1V.

Figure 2 displays the z = 0.25 sections of
{Fops! and (Fy,s — Fea/ Fourier syntheses
computed using structure factors derived
from these final refinements of the 4.2 K
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TABLE 1

FINAL OVERALL PARAMETERS WITH ESTIMATED
STANDARD DEVIATIONS IN PARENTHESES

Temperature (K)

42 298 573 720
Ry 0.0753 0.0797 0.0710 0.0784
R, 0.1373 0.1219 0.1385 0.1361
Rwp 0.1051 0.0963 0.1009 0.1014
Rg 0.0932 0.0977 0.0943 0.0990
Neet® 174 176 165 182

aA 5.6008(6) 5.6037(5) 5.6137(6) 5.6173(6)
cA 22.6118(10)  22.616%(8)  22.6424(9)  22.6483(9)
v A} 614.32) 615.12) 618.002) 618.9(2)
26° 18.403) 17.52) 17.43) 16.003)
U 3570¢211) 2327(154) 2590(197) 2571(192)
v —4323275)  —2741(205)  —3088(253)  —3039(246)
w 2065(88) 1573(67) 1687(80) 1681(77)

2 The definitions of the various residuals are as given in Ref. (24).

b Nier is the number of reflections which contribute to the observed
profile used in refinement (see Figs. 3, 4, 8, and 9).

¢ The counter zero-point error, z@, and the halfwidth parameters, U,
V, and W are expressed in units of one hundredth of a degree in 26.

data. In contrast to the /F,s/ syntheses
mentioned above, substantial scattering
density corresponding to deuterium is now
apparent. However, as in the previous anal-
ysis (20), the atomic distribution appears
quite diffuse about the x x z mirror plane.
As we see below, the misleading appear-
ance derives from the approximate nature
of the /F s/ Fourier calculations. No signifi-
cant features were apparent in any of the
difference Fourier sections although the er-
rors inherent in the derived structure fac-
tors are such that it is unlikely that, say,
slight occupation of the interstitial alumi-
num site would be apparent in such a syn-
thesis. The final observed and calculated
diffraction profiles are shown in Fig. 3.

3.2. 298 K

The course of structure analysis paral-
leled that for the 4.2 K data. Similar struc-
tural models were optimized by full-matrix
least squares as outlined above, with aniso-
tropic temperature factors being introduced
for O(5) and D in later stages. Displace-
ments of O(5) and D to 12/ positions were

219

also considered. Such a shift for O(5) al-
ways gave slightly worse agreements and,
for D, a similar situation occurred, with, in
each case, the deuterium coordinates con-
verging close to the 64 position. A displace-
ment away from the mirror plane to a 12k
position, x x z, also gave poorer fits. The 64
sites were therefore again taken to repre-
sent most accurately the actual situation
within the structure.

The final observed and calculated diffrac-
tion profiles are displayed in Fig. 4. The
final residuals of Rp = 0.1219, Ryp = 0.0963
are slightly better than those obtained with
the other data sets (Table I) despite the
shorter time spent in data collection. This
probably reflects the improvement in data
quality which results when the incident and
diffracted beams do not have to pass

FIG. 2. The z = § sections of /F,/ ((a) upper) and
/Fgys — Fea/ ((b) lower) Fourier syntheses using struc-
ture factors derived from the final profile refinements
of DAl,,0y; at 4.2 K. Both sections are on the same
absolute scale and have the same contour levels. The
contours are marked in arbitrary units.
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TABLE I1
FINAL ATOMIC PARAMETERS WITH ESTIMATED STANDARD DEVIATIONS IN PARENTHESES

Temperature
(K) x y z Occn.® Bor U,* Us Un
o) 4.2 0.1577(8) 2x 0.0492(2) 6.0 0.3(1)
12k 298 0.1575(6) 0.0494(2) 0.2(1)
md 573 0.1597(10) 0.0495(2) 1.1(1)
720 0.1590(9) 0.0495(2) 1.2(1)
0Q) 4.2 0.5011(9) 2x 0.1450(2) 6.0 0.3(1)
12k 298 0.5007(7) 0.1457(1) 0.3(1)
m 573 0.5012(9) 0.1455(2) 0.7(1)
720 0.4987(8) 0.1456(2) 0.7(1)
03) 4.2 E i 0.0572(4) 2.0 0.2(2)
4f 298 0.0564(4) 0.3(2)
3m 573 0.0556(5) 0.4(2)
720 0.0563(4) 0.3(2)
04) 4.2 0 0 0.1421(6) 2.0 0.6(2)
4e 298 0.1396(4) 0.7(2)
3m 573 0.1403(6) 1.2(3)
720 0.1410(6) 1.8(2)
0(5) 4.2 0.372(2) X H 1.0 -0.011(17)¢ 0.034(15) 0.01409)
6h 298 0.370(5) 0.031(29)¢ 0.036(13) 0.036(17)
mm 573 0.298(12) 0.049(57) 0.055(21) 0.033(26)
720 0.296(5) 0.040(34) 0.057(18) 0.036(20)
AKD) 4.2 0.8336(16) 2x 0.1067(3) 6.0 0.5(1)
12k 298 0.8357(12) 0.1065(2) 0.4(1)
m 573 0.8325(17) 0.1068(3) 0.6(1)
720 0.8326(15) 0.1073(3) 0.7(1)
Al2) 4.2 S % 0.0238(6) 2.0 0.1Q2)
4f 298 0.0237(5) 0.3(2)
3m 573 0.0249(6) 0.2(2)
720 0.0243(5) —0.4(2)¢
Al(3) 4.2 e H 0.1694(7) 2.0 0.2(3)
af 298 0.1708(6) 1.0(2)
3m 573 0.1690(7) 0.6(3)
720 0.1679(7) 1.2(3)
Al(4) 42 0 0 0 1.0 —0.6(3)¢
2a 298 -0.4(3)°
3m 573 0.33)
720 1.14)
D 4.2 0.467(4) x H 1.2(1) 0.092(23) 0.018(13) 0.077(19)
6h 298 0.464(3) 1.0(1) 0.056(17)¢ 0.042(16) 0.060(14)
mm 573 0.458(4) 0.9(2) 0.099(37)¢ 0.078(31) 0.103(33)
720 0.454(3) 1.2(2) 0.142(36) 0.151(36) 0.145(31)

@ Occupation numbers are expressed as comprising the DAI,;0,; unit which is half the content of one unit cell.

b Anisotropic temperature factors for O(5) and D are given in the form: exp[ 273U, (h* + kH)a*? + Uyl*ic*? +
22U hka*b™)].

¢ Wyckoff notation.

4 Site symmetry.

¢ These temperature factor matrices are not positive definite. This probably derives from minor errors in
background estimation at higher angles, a relatively common problem in powder profile refinements. In each case
a maximum correction of twice the estimated standard deviation is sufficient to make the matrix positive definite.
Such corrections have been made in producing Fig. 11.
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TABLE 1II
CALCULATED BoND LENGTHS (A) WITH ESTIMATED STANDARD DEVIATIONS® IN PARENTHESES

Temperature (K)

Number
of bonds 4.2b 4.2 298 573 720
Octahedra

Al(1)-0(1) 2 2.037(5) 2.042(8) 2.028(5) 2.053(9) 2.059(9)

-0(2) 2 1.826(6) 1.830(7) 1.851(6) 1.834(9) 1.841(9)

-0(3) 1 1.989(7) 1.968(8) 1.995(7) 1.985(9) 1.986(9)
-04) 1 1.793(7) 1.801(9) 1.761(7) 1.797(10) 1.799(10)

av. Al(1)-0 1.918(2) 1.919(3) 1.919(2) 1.926(4) 1.931(4)

Al(4)-0(1) 6 1.879(5) 1.892(7) 1.894(5) 1.915(8) 1.911(7)

Tetrahedra

Al(2)-0(1) 3 1.826(7) 1.797(8) 1.803(7) 1.777(9) 1.790(8)
-0(03) 1 1.801(15) 1.832(15) 1.810(15) 1.825(17) 1.824(16)

av. Al(2)-0 1.820(5) 1.806(5) 1.805(5) 1.789(6) 1.799(5)

Al(3)-0(2) 3 1.751(5) 1.719(6) 1.721(5) 1.717(7) 1.687(7)

-0(5) 1 1.796(16) 1.861(6) 1.827(8) 1.866(10) 1.894(8)

av. Al(3)-0O 1.762(4) 1.755(3) 1.748(3) 1.754(4) 1.739(4)

Deuterium contacts
D-0(5) 0.98(5) 0.92(1) 0.91Q2) 1.08(3)¢ 1.04(2)¢
-0(2) — 2.397(8) 2.386(5) 2.403(9) 2.404(8)
~Al(3) — 2.23(1) 2.20(1) 2.20(2) 2.20(1)

« The esd’s presented here are manual estimates derived from the esd’s of the atomic coordinates and they
therefore merely provide a guide toward the reliability of each value.

b Data from Tofield er al. (Ref. (20)).

< The symmetry operator (¥, x — y — 1, z) has been applied to D.
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Fi1G. 3. The final observed (dots), calculated (continuous line), and difference (lower) diffraction
profiles for DAl;; Oy, at 4.2 K. The positions of the contributing reflections are marked by bars.
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Fi1G. 4. The final observed, calculated, and difference diffraction profiles for DAI;;O;; at 298 K
(legend as for Fig. 3).

through the apparatus which is required for  F..c/ Fourier syntheses are depicted in Fig.
temperature control. 5. The definition is striking and is a further
The z = 0.25 sections of /F,.,/ and /F,,, — consequence of the improved quality of the

TABLE IV
CALCULATED BOND ANGLES WITH ESTIMATED STANDARD DEVIATIONS? IN PARENTHESES

Temperature (K)

4.2° 4.2 298 573 720
Octahedra
O(1)-Al(1)-0O(1) 79.7(3) 80.9(5) 81.5(4) 81.8(7) 81.2(6)
-0(2) 90.4(2) 89.6(3) 89.9(3) 89.3(7) 88.8(5)
-0(3) 88.5(3) 88.8(5) 88.5(4) 88.2(8) 88.2(7)
-04) 83.5(3) 84.8(4) 84.2(3) 83.7(6) 83.9(6)
0O2)-Al(N-0(2) 98.7(4) 98.9(5) 97.8(5) 98.9(7) 100.5(6)
-0(3) 85.1(2) 84.4(4) 84.3(3) 85.5(5) 85.5(5)
-04) 101.6(3) 101.0(5) 101.8(4) 101.4(7) 101.1(7)
03)-Al(1)-0(4) — 171.7(6) 170.4(5) 169.4(9) 169.5(8)
O(1)-Al(4)-0(1) 88.0(2) 88.9(4) 88.7(3) 89.2(6) 89.0(5)
Tetrahedra
O(1)-AI(2)-0(1) 110.2(5) 110.3(6) 110.1(5) 110.7(9) 110.3(9)
-0(3) 108.7(4) 108.6(5) 108.8(5) 108.2(9) 108.6(8)
0(2)-Al(3)-0(Q2) 108.1(6) 110.2(7) 109.7(6) 110.8(11) 111.4(11)
-0(5) — 97.0(9) 97.9(8) 102.5(13)¢ 101.7(13)
-0(5)’ 113.1(11) 114.3(9)¢ 114.6(8)¢ 118.8(12) 118.6(11)

Deuterium contacts
Al(3)-0(5)-D — 101.7(12) 101.3(12) 92.6(15)¢ 92.4(15)¢

7 The esd’s were derived as given in the note to Table III.
b Data of Tofield et al. (Ref. (20)).
<4 The symmetry operator (y, x — y — 1, z) has been applied to O(5) (¢) or D (d), respectively.
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F1G. 5. The z = } sections of /Fu,/ ((a) upper) and
/Fgps — F.u/ ((b) lower) Fourier syntheses calculated
using structure factors derived from the final profile
refinements of DAI,;0,; at 298 K (details as for Fig. 2).

observed data set. The deuterium is clearly
seen to lie on the x x mirror plane, the 64
site. As the atomic distributions at 4.2 and
298 K are essentially identical (Table II),
the improved residuals for the 298 K data
set suggest that Fig. 5a depicts this distribu-
tion more accurately than the correspond-
ing section derived from the 4.2 K data set
(Fig. 2a).

3.3. 573 and 720 K

Analysis of the data collected at 573 and
720 K followed the same paths as those for
the earlier data sets. The silver metal reflec-
tions were still apparent in the measured
diffraction profile and they were of similar
relative intensities to those observed at 4.2
and 298 K. The back exchange to AgAl;;0y;
had, therefore, been avoided. Two differ-
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ences between the high- and low-tempera-
ture data were, however, apparent.

First, the lattice constants, which dis-
played only a slight expansion from 4.2 to
298 K, had increased substantially (Table
I). The data sets were collected consecu-
tively, with no alteration in instrumental
configuration save for the apparatus neces-
sary for temperature control. Good signifi-
cance can therefore be attached to these
values (the consistency is exemplified by
the zero-point errors which are constant to
within 0.025° (Table I)). The variations in
the lattice constants as a function of tem-
perature are displayed in Fig. 6. The form
of these plots, with small expansivity at low
temperature followed by an increase above
~270 K, is typical of relatively refractory
materials. From the regions above 300 K,
the thermal expansion coefficients, a, may
be estimated. The derived values of a, =
59x 10K Tand ac. = 3.5 X 1076 K ! are
lower than those for sodium p-alumina
(@, = 80X 107K, @ = 8.1 Xx 107 K"!
(34)) which probably reflects the differing
atomic arrangements within the mirror
planes.

Second, in addition to those reflections
resulting from silver metal and the furnace,
further peaks were apparent in the (Ipps —
L) difference profiles at both 573 and 720
K. These additional peaks could be satis-
factorily indexed on the unit cell of corun-
dum, a-ALO; (Fig. 7). This assignment
was confirmed by an intensity fit to these
peaks. When the structure of DAl |Oy; at
573 K had been completely refined (with
exclusion of the 3.8° to which a-AlLO; re-
flections contributed significant intensity),
the entire profile was recalculated. From
the resulting values of (/y,s — I.ac) at each
point, a partial observed profile for «-Al,O5
could be determined and analysed by pro-
file refinement. Atomic parameters were
taken from Newnham and De Haan (35)
and only the unit cell constants were re-
fined because of the limitations of the data
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F1G. 6. The lattice constants of DAL;;0y; and AgAl;, 0,7 (Refs. (8, 22, 33)) plotted as a function of
temperature. The dashed lines indicate the behavior of the nonstoichiometric sodium compound as
calculated using the data of Peters er al. (2) and May and Henderson (34).

set. Values of @ = 4.765(2) A and ¢ = First, impurity phases can be well-charac-
13.015(4) A were obtained terized in situ. Indeed they may even be

This result exemplifies two of the advan- employed as an internal wavelength cali-
tages of the profile refinement technique. brant (8). Second, although in the case
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From D Al, 0y 573K PANDA

o

COUNTS

2000 |-

Furnace ——» ) ) I
- Agmefql PR 1 1 1 ' 1 ' [

CX-AIZ('_)3 um——— [ [ t ] [ L T I T TR T U (SN S O (I ]
L L I L L L L L ;

00 200 400 60.0 800 100.0
TWO THETA

Fi1G. 7. A plot of the difference between the observed and calculated profiles for DAL, Oy, at 573 K.
The positions and assignments of the additional reflections are marked.
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Fi1G. 8. Final observed, calculated, and difference diffraction profiles for DAL;,0,; at 573 K (legend

as for Fig. 3).

described here Bragg reflections from
three different impurities are superimposed
on the principal pattern, the structure of the
predominant phase can still be well deter-
mined. Because the peak shapes are well
described, it is not necessary that the entire
Bragg peak be resolved. Peaks from o-
AlLO; were not observed in either of the
lower temperature scans (Figs. 3 and 4).
The deuterium location and iterative
structure refinement were achieved in the
manner outlined above. After a satisfactory
convergence had been obtained with iso-

components were introduced for O(5) and
D. Fully anisotropic refinement was also
possible (33) although with little improve-
ment in the residuals.

The D and O(5) positions were again
probed in detail by repeating refinements
for combinations of D at x x § (6k) or x y %
(12j) and O(5) at x x § (6h) (with x < 3 and x
> ) or x y 1 (12)). The merits of the different
models were compared by reference to the
profile residuals, bond lengths, number of
variables and consistency with the other
data sets. The results of several of the re-

tropic temperature factors, anisotropic finements were quite similar, but the model
7000
w
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z
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FiG. 9. The final observed, calculated, and difference diffraction profiles for DAL,,0,; at 720 K

(legend as for Fig. 3).



226

with both D and O(5) on 64 sites, with xg <
1, was selected on the basis of these criteria
(Tables II-1V, Figs. 8, 9).

In the earlier stages, the possibilities both
of occupation by D of sites other than close
to x x 1 (6h) with x = 0.5, and of partial
reverse exchange to (Ag/D)Al,;0,; were ex-
plored. There was no evidence for the
former, but occupation numbers greater
than zero could be obtained for silver en-
tered at the stoichiometric position x x }
(6h) with x = —0.236 (8, 22). The maximum
values realized were 0.24(9) at 573 K and
0.15(8) at 720 K. These values border on
significance, but while some reverse ex-
change will undoubtedly occur, with the lib-
eration of D, the reaction will be limitied
by the pressure of this D, gas which is con-
tained by the sample can. The low occupa-
tion numbers for Ag (scattering length b =

F1G. 10. The z = { sections of /F,/ ((a) upper) and
{Fops — Feac! ((b) lower) Fourier syntheses using struc-
ture factors derived from the final profile refinements
of DAI,;04; at 720 K (details as for Fig. 2).
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Fi1G. 11. The distributions of atomic density about
the z =  plane of DAI,;O; at 298 K (upper) and 573 K
(lower) drawn with the assistance of the ORTEP pro-
gram (compare Fig. 1 and see Table II footnote (¢)).
Only one of the three crystallographically equivalent
pairs of D and O(5) sites will be occupied in any given
mirror plane.

0.60 X 10~!4 m), the values obtained for the
deuterium occupancy (b = 0.667 x 10°1
m), and the intensity of the Ag, reflections
in the observed diffraction profile show that
the extent of this process must be slight.
The silver site was therefore not included in
the later stages of refinement. Population of
another site (x x 4 (6h) with x = 0.91) close
to the mid-oxygen position was also con-
sidered. Some Fourier syntheses (Fig. 10)
did appear to indicate possible occupa-
tion of this site, but the refined occupancies
of 0.03(5) (298 K), 0.30(8) (573 K), and
0.02(5) (720 K) could again not overall be
regarded as significant.

The final observed Fourier section for the
720 K data, shown in Fig. 10, is somewhat
ill-defined. This derives both from the fac-
tors discussed above and from inaccuracies
in some of the ‘‘observed” structure fac-
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tors which result from overlap with regions
which were excluded because of the impu-
rities. Even at the end of the analysis, the
[F o/ synthesis thus does not accurately de-
pict the structural model which the data
provides (Fig. 11). All Fourier calculations
based on powder data are subject to these
types of uncertainties. In using profile anal-
ysis, therefore, it is generally advisable to
explore all structural possibilities in itera-
tive least-squares refinements, as outlined
above for the present system.

4. Conclusion

As with the previous study of DAI;;0y,
(20), the present structural analysis does
not indicate the stoichiometry of deuterium
B-alumina with high precision. However,
taken overall, the earlier work, our accu-
rate analysis of AgAl;;0;7 (8), and the con-
sistency of the present results indicate that
the product of the reduction of polycrystal-
line silver B-alumina by D, at 450° has the
stoichiometric composition, DAI;;O;. At
each of the temperatures studied, all the
sites normally occupied by cations in metal
B-aluminas are vacant and there are no mir-
ror-plane species other than the spacer oxy-
gen, O(5), and the deuterium. The material
is anhydrous.

It has been difficult to establish whether
such apparently crystallographically per-
fect anhydrous hydrogen B-alumina may be
prepared by the thermal decomposition of
ammonium RB-alumina (/0, 36-38). In the
present preparation we have demonstrated
that interstitial O; species are lost as water
at 450°C. In hydrogen-containing 8-alumina
prepared by the action of sulfuric acid on
sodium B-alumina, final water loss to, ap-
parently, HAI,;0,; does not occur until ca.
700°C (39).

For DAI;O;; at 4.2 K our analysis
broadly confirms the earlier work (20). The
deuterium is closely bonded to the spacer
oxygen in a hydroxyl linkage, both atoms
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being well localized in threefold 64 sites
about the 2¢ position. This arrangement is
presumably favored by weak electrostatic
interactions between the deuterium and the
two neighboring O(2) ions at a distance of
2.4 A. At 298 K, the atomic distribution is
essentially unchanged. At temperatures
above ambient, 573 and 720 K, there is mar-
ginal evidence for slight delocalization of
deuterium away from the 64 sites, but the
strong hydroxyl linkage to O(5) is main-
tained. It therefore seems unlikely that this
material will support appreciable protonic
conductivity. The similarity of the structure
at the four temperatures studied is in
marked contrast to the behavior of both
stoichiometric (8, 22, 40) and nonstoi-
chiometric (41) metal S-aluminas. There
are, however, some minor variations. For
the 6k deuterium site, x x 4, the value of x
decreases in a continuous fashion (Table
II). The variation is such that in the inter-
pretation of the diffraction data, we were
obliged to consider the O(5) displacements
at 573 and 720 K in an opposite sense to
those at 4.2 and 298 K in order to maintain a
D-O separation of ca. 1 A. The diffraction
data do not allow a distinction between this
possibility and that of a continuous change
in D-0O bond length with temperature, al-
though the latter would appear unlikely.

In keeping with the previous observa-
tions (20), we find that the Al(3)-O(5) dis-
tance is increased, and the Al(3)-0(2) dis-
tance decreased relative to normal metal
B-aluminas. The decrease in Al(3)-0(2) is
particularly pronounced. These changes re-
flect the absence of cation density around
the BR site, the effect of the O(5)-D linkage
and, to a lesser extent, the apparent ab-
sence of interstitial aluminiums. The coor-
dination of Al(1) is unremarkable. The
AI(1)-O(2) distance differs little from that
in other B-aluminas. The Al(1)-O(4) sepa-
ration is marginally reduced, but the magni-
tude of the variation is probably insignifi-
cant.
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The alumina observed at 573 and 720 K is
presumably formed by the reaction

2DA1110|7 hd D20 + 11A1203

This decomposition apparently occurred at
573 K, although the intensity of a-ALO; re-
flections did not change significantly as the
sample was maintained at 573 K, and then
720 K, for several days. The extent of the
reaction will be limited by the pressure of
D,0 gas within the sample can, and the ef-
fectiveness of the sealing system was evi-
denced by the negligible extent of back-ex-
change to AgAl;;O;. This is a relatively
low temperature for the formation of o-
Al,O;. Diaspore, for example, decomposes
to a-AlLO; only above ca. 673 K (42). The
specialized conditions of the present exper-
iment do not allow a direct comparison with
other hydrogen-containing B-aluminas, al-
though it is clearly possible that the produc-
tion of ‘“HAI;;O,;”° by high temperature
routes, such as the decomposition of the
ammonium compound, may be accompa-
nied by a similar degradation. A reduction
in the crystal perfection of such material is
evidenced in both neutron diffraction stud-
ies (37) and electron lattice imaging (43).
No significant presence of a-Al,O; is ob-
served, however, in studies up to 900°C of
the thermal decomposition of ammonium 8-
alumina in which irreversible decomposi-
tion only beings to occur near 700°C.
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