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La,Ru,0,, was prepared by the reaction of La,0;, RuQ,, and NaClO, in a KCl flux under vacuum at
950°C. The crystal structure of this new cubic KSbO, derivative oxide was Jetermined from single-crystal
X-ray diffraction data collected on an automated diffractometer with MoK a radiation. Principal crystallo-
graphic data: Cubic, space group Pn3; a = 9.451(QA; V = 844.2A% d, = 7.049 gcm>. Final
discrepancy indices R = 0.036, R,, = 0.042. La,Ru,0,, is isomorphous with Bi;Ru,0,,, but is notably
different in showing no direct bonding between ruthenium atoms; the closest Ru—Ru contact in this new

oxide is 2.994(1) A.

Introduction

Recently two ternary ruthenium oxides were
reported which exhibit the first known
evidence in oxide systems of metal-to-metal
bonding between Ru atoms. La,Ru,O,, (1)
and Bi,Ru,0,, (2), despite their dissimilar
stoichiometries, adopt closely related struc-
tures derived from the cubic KSbO, structure
type. In both compounds the short Ru—-Ru
distances (2.448 and 2.60 A, respectively), as
well as the displacement of the paired Ru
atoms from the centers of their coordination
octahedra toward each other, clearly indicate
the presence of a bonding interaction.

In the course of our study of compounds in
the lanthanide-ruthenium—oxide system, we
have synthesized La,Ru;0,,, a third ternary
Ru oxide structurally related to KSbO,. Our
investigation of the crystal structure of this
new compound revealed one surprising dif-
ference between it and that of the iso-
morphous Bi compound: La,Ru,0,, exhibits a

* Author to whom correspondence should be ad-
dressed.
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repulsive rather than a bonding interaction
between the ruthenium atoms. In this paper we
present the details of the La,Ru,O,, crystal
structure along with a structural comparison
of ternary transition metal KSbO, derivative
oxides.

Experimental

All starting materials were reagent grade
chemicals and, with the exception of La,0;,
were used without further purification.
Lanthanum oxide was roasted in air at 800°C
tor a few hours, cooled in an inert atmosphere,
and weighed quickly to avoid contamination
with carbonate or hydroxide.

La,Ru,0,, was obtained as one product of
the reaction of a 1:1 molar mixture of La,0,
and RuQ, with enough NaClO, to oxidize Ru
from the 4+ to the 4.5* oxidation state, using a
large molar excess of KCl as a flux. (Hexa-
gonal LagRu,0,,, described in a previous
paper (3), was another crystalline product
obtained). After being sealed under vacuum in
a Vycor tube, the reaction mixture was heated
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at 950°C for 1 day, cooled to 700°C over a
12-hr period, then quenched to room tem-
perature. The solidified KCl flux was removed
from the products by leaching with water.

La,Ru,0,, was obtained as black cubocta-
hedral crystals up to 2 mm across. A crystal of
dimensions 0.15 x 0.15 x 0.15mm was
mounted for X-ray study.

X-ray Data Collection

All data were collected at room tempera-
ture on a Syntex P1 automated diffractometer
using graphite-monochromated MoKa radia-
tion. The automatic centering and indexing
procedures used have been described else-
where (4). Preliminary photographs revealed
m3 (cubic) Laue symmetry. The systematic
absence (0kl, k + | # 2n, etc.) established Pn3
(No. 201) as the space group. The prin-
cipal crystallographic data are as follows:
a = 9451 (QA; V = 844.18A% d, =
7.049 g/cm~? for Z = 4 and a formula weight
of 895.93.

A total of 630 unique reflections with 5°
28 < 70° were collected using the #-28 scan
technique, variable scan rates from 4.0 to
24.0°/min, and a scan range from 26(MoKa,)
— 0.8° to 26(MoKa,) + 0.8°. The intensities
of three standard reflections measured after
every 100 reflections showed no significant
variation during data collection. Lorentz and
polarization corrections! were applied. The
crystal was measured with a micrometer eye-
piece, and a numerical absorption correction
(linear absorption coefficient 4 = 202.8 cm~")
was applied to the data. Transmission co-
efficients ranged from 8.60 to 12.89%.

Solution and Refinement of the Structure

A three-dimensional Patterson function was
used to determine the positions of the metal
atoms (Ru, La(l) and La(2)). These atoms
were used to calculate approximate phases for

! Computer programs used on a PDP 11/45 computer
at the Molecular Structure Corporation, College Station,
Texas, were those of the Enraf—Nonius structure deter-
mination package.
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CRYSTAL STRUCTURE OF La,Ru,0,,

a Fourier map, from which the three oxygen
atoms were located. The origin of the unit cell
was chosen at the 3 special position, which is }
% 4 from that used by Abraham et al. (2) for
Bi;Ru,0,,. Three cycles of least-squares re-
finement of a scale factor, all variable posi-
tional parameters, and isotropic temperature
factors gave discrepancy indices:

R, =D |IF,| —FI/|FJ=0.052,
R, =[Zw(llF,| — IF )Y wiF,12Y2 = 0.061

The function minimized during all least-
squares cycles was Zw(IFol — |F_1)? where
the weighting factor w = 4F */0(F ?)? with o
determined from counting statistics. Only
those 568 reflections with F 2 > 30(F,?) were
included in the refinements. Scattering factors
used were those of Cromer and Waber (5) for
neutral atoms, and anomalous dispersion
corrections (6) were included for all atoms.
Five subsequent refinement cycles in which
the scale factor, all variable atomic positions,
anisotropic temperature factors, and an iso-
tropic extinction correction were varied
reduced R, to 0.036 and R, to 0.042. Final

TABLE II

Bonp Distances (A) AND ANGLES (°) wiTH
STANDARD DEVIATIONS IN PARENTHESES

Bond Distances

Ru-0(1)(X2) 1.935(3)
-0(2a)(X2) 1.990(3)
—0(2b)(X2) 2.007(3)

La(1)-0(2)(X6) 2.551(3)

-0(3)(X2) 2.359(5)
La(2)-0(1)(X3) 2.866(3)
-0(2)(X3) 2.665(3)
—0(3)(X3) 2.334(1)

Angles

O(1>-Ru-O(1)’ 78.6(2)

O(1>-Ru-0(2a) 91.1(1)

O(1)-Ru-0(2a) 92.4(1)

O(1)-Ru-O(2b) 167.5(1)

O(1)-Ru-O(2by 88.9(1)

O(2a)-Ru~O(2a) 175.4(2)

0(2a)-Ru—-0O(2b) 90.4(2)

O(2b)-Ru-0O(2bY 86.8(2)
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shifts in the parameters were less than 10% of
the estimated standard deviations of the
individual parameters. The esd of an observa-
tion of unit weight was 2.60. The extinction
correction was of the form F2 = F¥(1 +
sI,)), with a final s value of 4.88(6) x 10-". A
final Fourier difference map showed no signifi-
cant residual electron density.

The final atomic parameters listed in Table I
were used along with the variance-covariance
matrix to calculate the interatomic distances
and angles and their esd’s reported in Table II.
Observed and calculated structure factor
amplitudes are listed in Table TI1.

Results

La;Ru,0,, crystallizes in a structure derived
from that of cubic KSbO, which is also
adopted by Bi;Ru;0,, (2), Bi;GaSb,0,, (7),
and a number of related compounds. The basic
structural unit in all KSbO, derivatives is the
M,,0,, three-dimensional network (M = Ru,
Ga, Sb, and other octahedral ions) consisting
of edge-sharing pairs of MO, octahedra,
further linked through their remaining vertices
to other M,0,, moieties. The resulting frame-
work is quite open and admits a variety of
counter ion configurations. In KSbO, the
interstices of this network are occupied by
12 K+ ions, although this compound generally
shows nonintegral Kt ion occupancy and is an
ionic conductor (8). In La,Ru0,, (1) the
interstices contain two tetrahedral La,O
groupings, while in La,Ru,0,, there is a
La,,0, network. The reader is referred to
other works (I, 2, 7-9) for drawings and
overall description of KSbO,-type structures;
we will confine structural description to the
immediate environments of the metal ions.

The unique Ru atom in La,Ru,0,, has a
distorted octahedral coordination geometry,
with Ru—O distances varying from 1.935(3) to
2.007(3) A, and cis O-Ru-O angles ranging
from 78.6(2) to 92.4(1)°. Two RuQg octa-
hedra share an edge to form the Ru,0}} 3~
unit shown in Fig. 1. The group lies on a position
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CRYSTAL STRUCTURE OF La,Ru,0,,
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FIG. 1. The Ru,0}} />~ unit.

of 222 symmetry, with one crystallographic
two-fold axis passing through both metal
atoms. The two ruthenium atoms of this group
are displaced from ideal octahedral geometry
away from each other, resulting in an acute
O(1)-Ru-0O(1) angle of 78.6°, and the closest
approach between Ru atoms is 2.994(1) A.
Two  crystallographically  independent
lanthanum atoms occupy the cavities in the
Ru,,0, network; their coordination environ-
ments are shown in Fig. 2. La(1) lies on a site
of 23 symmetry and is coordinated by an
approximate cube of eight oxygen atoms; six
of these are at La—O distances of 2.551(3) A
and two more at 2.359(3) A. Nine-coordinate
La(2) lies on a threefold axis, with La—O
distances ranging from 2.334(1) to
2.866(3) A. The O-La—O angles are not
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particularly unusual and were omitted from
Table II in the interest of brevity.

Discussion

In La,Re,0,, (9 the short Re-Re contact
(2.415 A) has been interpreted as denoting a
double bond (10). The somewhat longer Ru~
Ru distances in La,Ru,O,, (1) and Bi;Ru,0,,
(2) (2.488 and 2.60 A, respectively) betoken a
substantial bonding interaction, while
Ba, IrO, (11) but slight, if any, metal-metal
bonding (d,_,, = 2.96 A). The trend toward
decreasing metal-metal interaction along this
series of KSbO,-derived oxides is readily
understandable as the result of the increase in
nuclear charge going from Re*** to Ru*33+
to Ir¥*. However, it is not so easy to explain
why, among the three oxides La,Ru O,
Bi,Ru;0,, and La,Ru,0,,, all with Ru in the
4.33 formal oxidation state, two compounds
should show Ru—Ru bonding while the third
does not. Particularly puzzling is the com-
parison of Bi,Ru,0,, with La,Ru,0,,, which
raises the question of why the isomorphous re-
placement of Bi** with La’** should result in
such a dramatic change in Ru—Ru separation,
from 2.60 to 2.994 A.

Since neither Bi3* nor La’* is likely to parti-
cipate in covalent interactions with the ru-
thenium atoms, the only factors likely to affect
the structures are some difference in the over-

FiG. 2. The La(1) and La(2) coordination environments.
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all size or some particular coordination geo-
metry of the tripositive ions. However, a
general dilation of the crystal lattice due to
ionic size effects does not seem sufficient to
explain the drastic increase in Ru~Ru distance
observed. The unit cell volume of Bi;Ru;0,, is
fully 10% greater than that of La,Ru O,,, yet
its Ru-Ru distance is only 0.11 A longer. By
contrast, the 5% cell volume increase from
Bi,Ru,0,, to La;Ru,0,, results in a 0.39 A
increase in dg, g, Aside from general ionic
size differences, the coordination geometries of
La*t and Bi** in the two compounds are
roughly similar; if anything, the Bi** co-
ordination is more regular than that of La3*,
Thus the structural differences between
La,Ru,0,, and Bi,Ru,0,, are apparently not
attributable to distortions due to a Bi** 6s?
lone pair effect.

In summary, there does not seem to be any
single, simple reason why Ru—Ru bonding
should be absent in La,Ru,0,,. We therefore
suggest that those Ru—Ru bonds that are
found in ruthenium oxides with Ru having
oxidation numbers >4 are only barely favored
energetically, so that even so subtle a change
as the replacement of Bi*t by La’* can dis-

COTTON AND RICE

favor them. Perhaps this low stability is the
reason why so few examples of metal-metal
bonding have been found in ruthenium oxide
systems.
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