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The Preparation and Crystal Structure of a BaRhO, Polytype
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Barium rhodium oxide, BaRhO;, was prepared at 1175°C and 60—65 Kbar by the reaction of BaO, and
RhO;. A hexagonal black platelet obtained in the reaction product was found to possess a four-layer
stacking sequence in space group P6;/mmc having hexagonal unit cell parameters a = 5.744(1), ¢ =
9.642(1) A. The structure was determined from 707 independent reflections of which 224 were
considered observed. Averaging equivalent reflections yielded 132 unique observed reflections.
Refinement of the structure by least-squares methods gave a conventional R value of 4.4%. The
structure consists of a four-layer stacking sequence of close-packed BaO, layers containing tetravalent
rhodium in all the octahedral oxygen interstices. The compound was found to be isostructural with
previously reported BaM O; phases. This is the first single-crystal refinement of the 4H polytype using

a four-circle diffractometer.

Introduction

The preparation of BaRhQO; was at-
tempted by the reaction of BaCO, and
Rh,O; at ambient pressure under oxidizing
conditions. The product obtained appeared
to have a 4H structure (high-temperature
BaMnO, polytype) based on close-packed
BaQ; layers. The product was always ob-
tained in the form of a microcrystalline
powder and exact structural information
could not be obtained. Attempts to isolate
single crystals of BaRhO, in flux-growth
experiments always yielded a different
phase. The ambient-pressure product and
the crystal growth phases were observed to
react with aqueous HCI to generate chlo-
rine gas. This reaction was believed to
proceed by a redox process involving Rh**
and the chloride ion of the acid. The
Ba/Rh/O phases appeared to be strongly
oxidizing and could be represented by the
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general formula BaRhO, ., where x lies
between 0.1 and 0.45.

In order to obtain a stoichiometric
product in the form of the single crystals,
an attempt was made utilizing the high-
temperature / high-pressure  experiment.
This method had been used previously to
yield other unstable or metastable phases in
single-crystal form. The results of these
experiments with BaRhO; and the charac-
terization of the product are presented.

Experimentation

Preparation

The synthesis of BaRhO; was performed
in a tetrahedral anvil apparatus under the
following conditions: 1175°C and 60-65
kbars for 2 hr, then quenched to room
temperature prior to the release of the
applied pressure. The reaction can be ex-
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pressed by the chemical equation:
Ba0O, + RhO, —*> BaRhO, + 10,

t

The source of BaQ,, reagent grade, was
A. D. Mackay, and RhO, was obtained
from K & K (as a black amorphous re-
agent). Since RhO, decomposes at 850°C,
an excess of oxidizing agent in the form of
BaQ, was used to insure the stabilization of
the high oxidation state of rhodium. The
results of these experiments yielded large
single crystals (0.4 X 0.4 x 0.1 mm) of a
black product in the form of chunks and
hexagonal plates. This massive product
was stable to dilute HCl and the excess
BaO and BaO, could be removed by this
acid treatment.

Crystallographic Studies

The X-ray powder diffraction analysis of
the product indicated a layer-type ABO,
phase suggesting that the major phase was
possibly a 6H polytype. Further crystallo-
graphic studies, however, indicated the
presence of two (or more) polytypes in the
product. Precession data taken on several
single crystals showed the presence of a
six-layer phase with rhombohedral and not
hexagonal symmetry. For these reasoms,
we believe the major phase to be an 18R
product and not a 6 polytype. A structure
refinement on this phase is planned.

A large hexagonal plate was studied by
the precession method and was found to
possess hexagonal symmetry with a four-
layer stacking sequence. Cone axis data
confirmed this suspicion (¢ > 9.41 A). The
space group was found to be P6,/mmc,
P6; mc, or P6 2c and the unit cell parame-
ters from the precession data suggested a =
5.766 and ¢ = 9.645 A.

An energy-dispersive analysis of the
crystal utilizing a scanning electron micro-
scope confirmed the presence of Ba (La,
LB, and Ly) and Rh (La, and LB).
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Structure Determination

The space group was assumed to be
P6,/mmc (#194) and the unit cell parame-
ters were determined in a PICK-II least-
squares refinement program using 24
reflections within the angular range 45 < 26
< 53°; the reflections were automatically
centered on a Picker FACS-I four-circle
diffractometer using MoK «, radiation (A =
0.70930 A). The unit cell parameters were
found to be @ = 5.744(1) and ¢ = 9.642(1) A,
where the figures in parentheses represent
the standard deviations in the last reported
figure. The calculated volume is 275.54 A,
giving a calculated density, with Z = 4, of
6.95 g cm™3.

No attempt was made to grind the hexag-
onal plate into a sphere since all previous
experiments on crystals of this shape
yielded only circular disks. The hexagonal
plate (0.22 x 0.29 x 0.09 mm) (volume =
4.97 x 10% cm®) was used for data collec-
tion. Precise dimensions of the crystal were
determined with a microscope utilizing high
magnification. These data were used in an
absorption correction program written by
N. W. Alcock and B. Lee for a crystal of
general shape.

Diffraction intensities were measured us-
ing Zr-filtered MoK« radiation at a takeoff
angle of 1.5° with the diffractometer operat-
ing in the w scan mode. Ten-second back-
ground counts were taken at both ends of a
1.4° 6-26 offset corrected for dispersion. Of
the 707 data collected in the angular range
20 < 54°, 224 were considered observable
according to the criterion |Fy| > 3.00%,
where oy is defined as 0.02 | F,| + [C + &?
B1V2/2| F,| L,; the total scan count is C, k is
the ratio of scanning time to the total back-
ground time, and B is the total background
count. Three reflections were systemati-
cally monitored as standards during the
experiment; the maximum variation in in-
tensity observed was never greater than
+3% over the data collection period.
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Intensity data were corrected for Lorent-
zian and polarization effects, and absorp-
tion corrections were carried out using the
computer program already cited. The cor-
rected data were then averaged using a
program written by L. Fingers and using
the hexagonal transformation for determin-
ing equivalent reflections. This generated
132 independent reflections.

Structure Refinement

The study of the precession photographs
indicated a four layer stacking sequence of
BaO, layers with Rh located in octahedral
interstices. Since this system was previ-
ously observed for the (high-temperature
form) BaMnO, (/) and BaCrO; (2) systems,
it was decided to attempt the structure
refinement based on this particular poly-
type of BaM O, composition. The most
probable space group for these hexagonal
polytypes is taken as P6;/mmc.

A full-matrix refinement (3) using the
positional parameter for five atoms, a 1/0?
weighting scheme, zero-valent scattering
factors for Ba, Rh, and O (4), isotropic
temperature factors, and corrections for
secondary extinction and anomalous dis-
persion yielded a residual R = 0.11 and a
weighted residual R, = 0.22. The final
anisotropic refinement, based on a
data : parameter ratio of 8.7 with the 15
independently varied parameters, yielded R
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= (.044 and R, = 0.071 for the observed
data.

Table I presents the positional and aniso-
tropic temperature parameters from the
final anisotropic refinement. Except for two
ripples at the periphery of the Ba(1) atoms,
the difference Fourier map was essentially
flat and equivalent to 0.2 of an oxygen atom
or less.

An illustration of the structure is given in
Fig. 1. The figure was prepared using OR-
TEP (5). Bond lengths and angles calcu-
lated in the ORFFEE program are given in
Table II. The table of observed and calcu-
lated structure factors comprises Table I1I.

Results and Discussions

There exists only a few binary and ter-
nary oxides of rhodium (IV). Most of these
phases have been formed and crystallized
under high-pressure conditions. The amor-
phous binary oxide, RhQ,, is crystallized
with the rutile structure at 3000 atm and at
higher pressures (6).

More recently ternary oxides of Rh (IV)
have been reported to crystallize with the
pyrochlore-type structure. These publica-
tions include the derivatives TI,Rh,O; (7),
Bi,Rh,0; (8), Sc,Rh,0;, and Sm,Rh,0;
9.

No structural determination has ever
been carried out on any of these rhodium

TABLE I
AToMIC PARAMETERS FOR BaRhO; (4H)

Atom Position X y z B,° B,° By3® B,
Ba(1) 2a 0 0 0 0.73(8) 0.70 0.56(2) 0.35
Ba(2) 2c 3 % E 0.54(7) 0.52 0.16(2) 0.26
Rh(1) af 3 § 0.6137(1) 0.36(7) 0.31 0.08(2) 0.16
o(1) 6g 3 0 0 2.25(40) 1.11(40) 0.65(14) 0.88
o2 6h -0.1799 —0.3598(16) Ee 0.15(26) —0.34(30) 0.45(11) 0.07

¢ Thermal parameters are multiplied by 100. The B’s are defined by the general temperature factor exp
[~1 Byyh%a*? + Bypk®*? + Bylic** + 2B hka*b* + 2By hla*c* + 2Bygklb*c*)]. For Ba and Rh atoms, B, and
B,, were not refined since B;; = By, and B,, = } B,;. For oxygen, the x parameter was not refined since x = {y;

and By, = 3 By,.
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TABLE 11
BoND LENGTHS AND ANGLES IN BaRhO, (4H)

Distance Angle
A ©
Ba()-O(1) 6@ 2.872(1) o(-0(1) 4@ 2.872(1) O(1)-Rh-(1) 3@ 92.51(8)
Ba(1)-0(2) 6@ 3.002(5) Oo(N-0(2) 4@ 2.891(3) O(1)-Rh-0(2) 3@ 172.77(13)
Oo(H-0(2) 2@ 2.926(1) O(1)-Rh-0(2) 6@ 92.4%(5)
O(1)-Rh-0(2) 3@ 82.05(23)
Ba(2)-0(1) 6@ 2.926(1) 0(2)-0(2) 2@ 2.644(14)
Ba(2)-0(2) 6@ 2.875(5) 0()-0(1) 2@ 2.875(5)
02)-0(1) 2@ 2.891(3)
0(2)-0(2) 2@ 3.100(14)
Rh(1)-0O(1) 3@ 1.988(1) Rh-0O(2)-Rh 81.43(31)
Rh(1)-0(2) 3@ 2.014(6) Rh-O(1)-Rh 180.0
Rh-Rh 2.628(3)
Rh-O(1)-Rh 3.976(2)

(IV) phases but recently a mixed rhodium
(II1) /rhodium (IV) compound has been pre-
pared and its structure was determined
(10). The ionic formulation of the deriva-
tive is given as Pb2*Rhi*Rhi*O?%;. Previ-
ously, the preparation of Pb,Rh,O; was
shown to contain trivalent rhodium and
tetravalent lead atoms (/7). Table IV lists
the Rh-O distances for many of the triva-
lent and tetravalent derivatives.

FiG. 1. The projection of the hexagonal (110) plane
for BaRhO, (4H).

The calculated values for Y'Rh3* -0 and
VIRh**-O distances are 2.05 and 2.00 A,
respectively (/2). The observed Y'Rh-O
distance in BaRhO, is 2.001 A which is
consistent with the tetravalent state for
rhodium as expected.

The packing sequence for the four-layer
structure is ABAC, where A layers have
metal atoms at 00z, Blayers at ¥4 z',and C
layers at 3 £ z”. The Zhdanov notation for
this packing sequence is 2(2), space group
P6;/mme. This particular structure type
has been reported for BaMnQO, (high-tem-
perature phase) (/), BaCrO; (2), h.p. Ba
RuO; (/5), StMnQ; (/6, 17), and BalrO,
(/8). The reported structure refinement on
this BaRhO; phase is the first single-crystal
determination utilizing a four-circle diffrac-
tometer.

The high pressure used in the preparation
is considered to be most essential in stabi-
lizing the high oxidation state of rhodium
and in the formation of single crystals.
Previous experiments at lower pressures of
oxygen indicate the formation of a 4H
derivative, but one possessing a much
larger unit cell, indicative of a Rh(III) prod-
uct of possible nonstoichiometric composi-
tion BaRhO,_,.

The observation that another polytype is
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TABLE IV
RHODIUM-OXYGEN DISTANCES (A) FOR SEVERAL
DERIVATIVES
Compound Rh{IID)-0O Rh(IV)-O  Reference
a-Rh,0, 2.05 — 13
Rh,O(II) 2.05 — 14
RhO, — 2.02 6
Pb,Rh,0, 2.02 (for x = 0.343) — 1
PbsRh,0p  2.05 (two sites) 2.00 10
BaRhOQ, — 2.001 This work

also formed in the high-pressure/high-
temperature reaction is of significance. The
precession photographs show a six-layer
stacking sequence but the overall symme-
try is rhombohedral which means that the
true packing sequence must be at least 18
layers. The structure determination on 4H
BaRhQO; would suggest that face sharing of
octahedral RhO¢ plays an important part in
the stabilization of the structure. This infor-
mation will be useful in developing suitable
structural models for the 18-layer rhombo-
hedral polytype.
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