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Crystals of the title compound were obtained by reaction of La,0;, RuO,, and NaClO, in a KCl melt at
950°C under vacuum. LagRu,0,, forms hexagonal crystals, space group P6,cm; a = 9.885(2), ¢ =
10.805(2) A; V = 914.3(5) A%; Z = 2. Single crystal X-ray intensity data were collected on an automated
diffractometer using graphite monochromated MoKa radiation. Using 486 unique reflections (6° < 26 <
60°), the structure has been refined to a conventional R = 0.027 (Rw = 0.031). The significant motif in this
new structure is the Ru,02¢~ group with 3m symmetry, composed of a central RuOg octahedron that
shares three mutually cis oxygen atoms with adjacent RuQg octahedra. The mean ruthenium oxidation
number is 4.5, but the averaged Ru~O distances for the two types of ruthenium atom, Ru(1), 1.96 A and
Ru(2), 1.98 A, provide no support for the assignment of integral oxidation states to individual Ru ions. It is
proposed that there is extensive delocalization of dx electrons across the bridging oxygen atoms.

Introduction

A limited number of ternary ruthenium
oxides containing lanthanide ions have been
reported. These include the cubic pyrochlores
Ln,Ru,0, (I-3) (Ln = Pr-Lu; Y), the
orthorhombic perovskite LaRuQO,; (4) and
La,Ru0,, (5), which is isostructural with
La,Re0,, (6) and has a cubic structure
related to KSbO,. However, no lanthanide-
rich ternary ruthenium oxides have been made.
By contrast, a large number of ternary
rhenium oxides with Ln:Re ratio greater than
unity are known, several of which exhibit
considerable Re—Re bonding. For example,
the Re,08~ structural units in La,Re,0,, (7)
bear a striking resemblance to the Re,Cli-
ions in K,Re,Cly-2H,0 (&), both in con-
figuration and short Re—Re distance (2.259 vs
2.24 A, respectively). Re and Ru have similar
ionic radii in their various oxidation states and
in many cases form isomorphous oxides.
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Therefore we undertook to determine whether
some of the lanthanide-rich lanthanide ruth-
enium oxides might also exhibit strong
metal-metal bonding. In our exploration of the
lanthanum ruthenium oxide system we have
synthesized and determined the crystal struc-
ture of LagRu,0,,, a new mixed-valence oxide
crystallizing in a previously unknown type of
hexagonal structure. Though this compound
contains no direct Ru—Ru bonding, there is
evidence to suggest the presence of indirect
interactions between the ruthenium cations via
oxygen atoms bridging the metals.

Experimental

All starting materials were reagent grade
chemicals and, with the exception of La,0,,
were used without further purification. La,O,
was roasted in air at 800°C for several hours,
cooled under an inert atmosphere, and
weighed quickly to avoid contamination with
hydroxide or carbonate.
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Preparation. Ruthenium(IV) oxide (0.100
g), lanthanum(III) oxide (0.245 g), NaClO,
(0.0065 g), and about 3 g of KCl were loaded
into a Vycor tube (14-mm diameter x 10 cm
long), which was then evacuated and sealed.
The reaction tube was heated at 950°C for 2
days, allowed to cool to 700°C over a period
of 12 hr, then quenched to room temperature.
Excess alkali halide was removed from the
reaction mixture by leaching with water.

The product thus obtained was not
homogeneous, containing several distinguish-
able crystalline phases. The compound chosen
for this study was present chiefly as thin black
hexagonal plates, along with a few approxi-
mately hemispherical crystals having one large
hexagonal face. Because it was difficult and
tedious to separate out enough of this com-
pound for chemical analysis, single-crystal X-
ray diffraction was used to identify the phase.
Attempts at grinding a spherical crystal were
unsuccessful, so one of the hemispherical
crystals of approximate diameter 0.18 mm was
mounted for X-ray study.

A two-probe resistance measurement on a
single crystal of LagRu,0O,, showed it to be an
insulator. )

The other crystalline phases obtained from
the reaction mixture are now under study.

X-ray data collection. All data were collec-
ted at room temperature on a Syntex Pi
automated  diffractometer using MoKa
radiation monochromatized with a graphite
crystal in the incident beam. The automatic
centering and autoindexing procedures have
been described elsewhere (9). Preliminary
photographs revealed 6/mmm Laue symmetry.
The systematic absence (#hOl [ # 2n) in-
dicated P6c2, P6,cm, and P6,/mcm as possible
space groups. The principal crystallographic
data are as follows: a = 9.885(2), ¢ =
10.805(2) A; V = 914.3(5) A% d,,. = 6.725
for Z = 2 and a formula weight of 1851.55.

A total of 516 unique reflections with 6° <
26 < 60° were collected using the 6-28 scan
technique, variable scan rates from 4.0 to
24.0°/min, and a scan range from 26(MoKa,)
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—0.8° to 26(MoKa,) + 0.8°. Intensities of
three standard reflections measured after every
100 reflections showed no significant
variations during data collection. Lorentz and
polarization corrections were applied.! The
crystal was measured with a micrometer
eyepiece and a numerical absorption correc-
tion (linear absorption coefficient 4 = 218.06
cm~!) was applied, with transmission
coefficients varying from 10.89 to 23.25%.

Structure solution and refinement were
successful only in the non-centrosymmetric
space group P6,cm (no. 185). Patterson
methods were used to solve the structure; it
was necessary to locate all five crystal-
lographically independent metal atoms, two
ruthenium atoms and three lanthanum atoms
from the Patterson map in order to phase
satisfactorily a Fourier difference map show-
ing the locations of the five independent
oxygen atoms. Three subsequent weighted
refinement cycles of the scale factor, all
variable positional parameters, and isotropic
temperature factors reduced the discrepancy
factor R, (R, = 2 1 IF I — IF | | / IF)to
0.045 and R, (R, = [Z w(lIF,| — IF )Y/
2. wlF 1313 to 0.058. Only those 489 reflec-
tions with F, > 3o(F ) were included in the
refinement. The atomic scattering factors used
were those of Cromer and Waber (10) for
neutral atoms; anomalous dispersion terms
(11) were included for all atoms. The quantity
minimized in all least-squares cycles was
2w(lF,| — IF,l)% with weights assigned as
w = 4F?%/g(F2)?, and ¢ was determined from
counting statistics.

Attempts to refine the anisotropic tem-
perature factors of the oxygen atoms were not
successful, always resulting in some non-
positive definite thermal ellipsoids. This prob-
lem is often encountered in oxides whose very
heavy metal atoms dominate the X-ray scat-
tering; in this case the difficulty is aggravated

! Computer programs used on a PDP 11/45 computer
at the Molecular Structure Corporation, College Station,
Tex., were those of the Enraf—Nonius structure deter-
mination package.
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TABLE 1
VALUES OF 18%F0BS AND 1B¥FCALC
H K L FOBS FCALC H K L FOBS FCALC H K L FOBS FCALC H K L FOBS FCALC H K L FOBS FCALC
2 993 9 3 29 2355 1 2438 2432 s 4 742 651 2 572 s71
4 1528 1995 €1 17 1822 2 158 1485 5 5 1461 1434 3 1613 1647
g 3282 3 €1 1?7 961 3 1216 1178 5 & 1398 1288 a 1431 1487
10 2832 2966 7 91 1388 4 1455 14 5 7 1227 1174 5 365 a8
12 1728 1792 7 5@ 1757 5 1631 1643 365 364 & 1337 1336
14 2443 2513 7 4 1384 1488 & 1771 1737 a4 388 7 633 85
8 ‘268 223 7 6 726 087 7 2125 2112 1 436 3%6 9 1167 1132
2 1208 1183 ? 1893 1@ee g ‘a3 866 1 557 1818 18 1 1815 77
a4 2334 2201 7 18 5 1 5 1183 1230 1 519 616 18 2 1244 1232
8 g 7 12 185¢ 1@73 1@ 24v 13 51 791 816 10 3 1224 1248
8 788 2915 2932 11 s 43¢ 1995 2088 10 a4 663 54
1@ 1352 1197 1184 1177 12 3 957 1 585 53 12 5 rar 62
12 73 78 4 68 28 1312 1214 2 738 737 12 & 958 53
14 59 631 37 2814 1418 1228 3 3pa; 3155 12 7 961 38
2 89 @8 1572 8 i 1488 4 1848 1@ 1 e all 38
2 2556 2484 1 66 1547 117 1789 5 1451 14 11 2 a4
4 1456 1417 45| 2453 2 B? 845 b 2162 21? 1 3 4 33
[ 1176 1173 -] 1847 3 S S14 ? 739 71 1 q 1187 1895
g 733 e@1 F 71 1276 4 28 863 658 67 1 1178 1398
19 1421 1442 58 1356 5 Y114 1ees 1926 186 2 1B6B 77t
12 499 532 ] 1847 [ 4 450 1 438 39 3 2131 2174
2 2233 2338 1 56 28 712 279 11 1528 148 a a4 38
a4 j713 2724 1 B8 27 1 s 13 362 1 74 6 5  1@g4 1832
6 3965 3821 1 2136 2119 10318 14 480 1338 134 & 1688 1622
g 1851 1852 1@ 4 1253 1260 y 3117 798 4 1208 131 7 1375 1372
18 2725 2768 @ 6 1154 1137 1 312 464 494 ? 87 54 1159 1148
12 424 459 1 9 147 1417 1 13 1131 1134 4 71 2 1116 1122
14 1211 1227 18 82 806 1 313 .ser _ses 7 a 93 g 18 1231 1452
48 1281 1257 it 2 75 743 1 48 aigr 2126 1705 1297 129 1 563 573
4 2 2233 2355 11 4 532 1 4 1 Tad2 1443 1 7 6 878 7 1 7a1 775
4 a 3559 3529 12 B 2729 2750 ia 2 5 139 177 789 2 13 1414 1456
4 6 672 62l [T 3 1 4 3 1% 535 17 1336 132 12 ‘624 36
a8 1664 1640 | 63 6. 1 4 4 18S 075 17 15 77 8 593 26
419 2184 2052 2 2113 2182 1 4 5 124 187 171 47 1 1 1353 1995
412 1996 1008 4 ‘3 354 1 4 & 136 572 1ot 15 i 2 2228 2213
414 1914 1921 5 1413 1441 1 4 7 12 188 1267 1252 3 36 78
5°¢g 3647 3676 & 2208 2283 1 48 18 909 525 438 4 1969 1049
5 2 7855 20 7 1816 1894 i 4 3 g4 B4 645 25 5 1258 1228
5 4 723 g3 1528 1586 1 413 3 370 a 29 2018 & 1860 1856
5 ¢ 2458 2138 2567 2649 1 a1l B85 82 s 1212 1238 ? 1588 147
5 8 2p52 2039 18 1844 1055 1 412 94 a3? 5 504 a7 52 623
518 1737 1712 11 1432 1443 1213 81 312 7 B35 3 36 esl
51z 2884 1956 12 1133 1158 1 a1a 3 g 377 1 12 1326 1324
] 5 2439 13 1738 1764 1 5 B 1833 1028 43 6 1 317
§ 2 2338 3869 14283 i 5 1 1332 1354 1B 1223 1167 12 1516 1528
& a4 2151 2215 15 984 1808 1 5 2 Bl 826 1 1835 1921 1 59
6 5 1578 1536 A 578 15 3 22 172 i 583 543 3 1818 1813
H K L FOBS FCALC H K L FOBS FCALC HoK FOBS FCALC H K L FOBS FCALC H K L FDBS FCALC
4 1 1125 1133 7 334 284 3 4 1123 112 8 1812 1754 4 7 2 1149 1i88
4 2 ead 7 1471 14} 4 57 €3 1 485 7 a7 3 32 781
4 3 932 966 71 2 67 4 71 75 2 1248 1225 4 7 4 89 az3
4 4 1532 1478 1479 154 41 7S 75 3 g7 837 4 7 s 1357 137@
4 5 1824 1985 56! ai a1 265 3 754 733 a 7 & 133 1382
4 6 2066 2837 1843 185 ai a7 aa? 5 &4 562 a7 7 57 57
4 7 1368 1336 62 6 a1 76 79 6 1282 1261 4 7 8 1129 1145
4 923 541 137 1378 S 2265 2354 b 552 1 4 7 S 73 B1
3 1333 1438 5 ag a31 5 3 i 1288 1251 a8 8 38 51
4 526 534 7 a7a 5 2 1231 1258 1 a21 386 a8 1 a7 a5
a1 873 878 a1 74 5 4 7 4 4 1649 1758 a8 2 1178 1188
41 426 427 84 69 S 6 1324 1283 4 4 1657 1743 4 8 3 94 42
al13 1178 118@ 1ea1 97 5 7 354 4 a4 1630 1798 4 8 a 1931 1365
5 1620 1614 i6e8 157 5 72 862 a 4 832 87 a8 5 33 3a
S 2861 2863 32 83 5 36, 236 4 4 4 1967 2926 4 8 6 482 22
5 167 Tag7 425 a1 51p 1283 1185 4 4 5 17pa 1732 a8 7 565 528
5 36 377 4 595  s7 512 1392 1393 a4 4 g 19i7 1948 a g 1 1812 1835
5 a4 1991 2000 5 87 101 6 1237 1266 a 4 7 989 964 a3 2 37 95]
S 5 176. 1742 [ 1994 188 6 173 1228 4 4 B 1928 1941 4 9 4 1985 1925
] 33 4 2 133 128 6 249 2634 4 4 1176 1174 5 3 @ 2273 2419
S 7 164 1623 8 ] 88! 6 56 554 4 a1 8i4 811 5 5 1 1242 1383
5 1888 1863 1B 8 47 454 8 a4 1328 1386 a4 a4y 1147 1165 5 5 2 1321 1375
518 2852 1986 e | 97 3 6§ 5 1848 1B15 4 a1z 1593 1593 5 5 a 1848 1874
11 1257 1224 10 2 1477 1454 6§ 6 1359 1299 a5 803 ad 5 5 5 1206 1178
1 a1 5 12 4 59 522 6 7 1783 1671 a5 324 936 55 ¢ 61 71
51 933 1 1 18 935 6 228 2198 4 9 706 632 5 5 7 18354 1947
455 419 2813 2128 6 114€ 1098 4 5 4 212% 2133 5 5 8B 1343 1324
1117 1103 2294 2275 613 1186 1864 455 3 2= 5 518 1826 1874
ii11 1131 2869 3185 7 7S 715 a5 & 333 373 5 6 1 33 66
32 ! 895 paa 7 1435 1432 a5 7 g6z 813 5 6 2 1188 1298
2  2a 7 a 225a 2281 ? 1772 1842 45 698 666 56 3 79 18
5 33 8 5 1461 1585 307 724 782 4 5 86 62 56 5 a1 74
& 927 ] § 1231 1195 3 7 4 1838 1835 4 513 1176 1155 5 6 6 588 14
? 35 8 s i77@ 1767 3 7 5 1349 1346 4 51 33 S 6 7 75 S
650 2 2138 2188 7 1444 1487 4 6 1293 1347 5 6 8B 78 55
635 2 1271 1338 ? 1162 1139 4 6 798 8i2 569 25 a3
1 =Gl 42 1 2248 2217 2 1D67 998 4 6 735 762 S 7 8 33 39
1 54 498 i 16 569 7 23 656 4 6 a76 471 s 7 1 a5
1 ned 7?51 1 63 734 71 693 644 4 6 4 1161 1189 S 7 2 1233 1289
1388 1254 1 26 1937 38 665 682 a6 5 c s 73 54 a3
7 30 62 4 80 783 38 659 663 4 6 6 1615 1573 9 7 4 B8S6 968
? 81 60 4 23 997 3 g 615 579 4 6 7 B4s a9 s 7 S 245 795
? 226 2267 4 2 86 1943 3 8 149 445 4 6 a3? 1357 s 7 6 se8 552
? 4 B4t 1B 4 77 864 3 8 4 572 583 4 6 437 459 5 7 7 €29
7 S 62 65 4 4 1736 1758 3 8 5 434 343 4 61 472 360 S B 9 243 2323
7 6 155 1945 4 5 1 563 3 8 7 ’e9 695 4a 7 31 57 5 8 1 33 291
7?7 595 608 4 6 1119 1895 3 8 8 325 313 4 7 1163 1154 5 8 3 535 555
H K L FOBS FCALC
S 8 4 347 492
£ 8 5 218 158
¢ @ 538 530
g 1 883 715
6 2 29439 2@15
6 3 Tcas Teal
6 4 1228 1278
6 5 945  Bas
& & 1823 1316
6 7 4Bz 538
79 487 S14
7 1 83 Ber
? 2 918 875
2 3 e 53
? a4 752 761
7 5 1183, 1204
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by the necessarily approximate nature of the
absorption correction used. Therefore the
anisotropic thermal parameters were refined
for the metal atoms only. Three cycles of least-
squares refinement of the scale factor, iso-
tropic extinction parameter s (F..,, = F,/(1 +
sI)), all variable positional parameters and
thermal parameters produced R, = 0.031, and
R, = 0.033. Three reflections (006, 030, and
113) were very strongly affected by extinction
and were given zero weight, giving R, = 0.028
and R, = 0.032. Changing the enantiomorphic
specification by reversing the signs of the
imaginary anomalous dispersion terms further
reduced R, to 0.027 and R, to 0.031. Final
shifts in the parameters were less than 10% of
the estimated standard deviations of the
individual parameters. A final difference
Fourier synthesis revealed no peaks greater
than 2e~/A3. The esd of an observation of unit
weight was 1.92; the final value of the
extinction parameter s was 4.0(1) x 1077
Values of observed and calculated structure
factors are listed in Table 1. Positional and
thermal parameters for the atoms and their
esd’s (estimated standard deviations) are
shown in Table II. These atomic positions
along with the variance—covariance matrix
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were used to calculate the interatomic dis-
tances and angles listed in Table IIL.

Results

The structure of LagRu,0,, is shown in
projection on the a—b plane in Fig. 1; a
perspective drawing emphasizing the linkages
of the ruthenium coordination octahedra is
shown in Fig. 2. The structure can be
described in terms of discrete assemblies of
four RuO4 octahedra linked by corners to
form Ru 0%~ units, with lanthanum ions
coordinated between these clusters.

The main structural motif of this compound,
the Ru, 034~ cluster, is shown in detail in Fig.
3. The cluster has 3m(C,,) symmetry and
contains a unique Ru(l) atom on a site of 3 m
symmetry and three equivalent Ru(2) atoms
lying on mirror planes. Both kinds of ru-
thenium atoms are surrounded by octahedra of
oxygen atoms with Ru—O distances ranging
from 1.92(1) to 2.03(1) A, and cis-O—Ru-O
angles from 84.4(3) to 99.8(3)°. The average
Ru-O distances for Ru(l) and Ru(2) are
approximately the same (1.96 and 1.98 A,
respectively). The O(1) atoms form bridges
between the ruthenium atoms so that Ru(l)

TABLE II

POSITIONAL AND THERMAL PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS?

Atom X y z ﬂn ﬂz: Bs; B B Bas
La(l) 0.3333° 0.6667 0.3831(1) 0.00158(11) 0.00158 0.00127(8) 0.0016 0.0 0.0
La(2) 0.2420(1) 0.0 0.2321(1) 0.00207(8) 0.00147(9) 0.00190(6) 0.0015 —0.0017(2) 0.0
La(3) 0.6028(1) 0.0 0.0930(1) 0.00192(8) 0.00269(9) 0.00097(6) 0.0027 —0.0007(2) 0.0
Ru(l) 0.0 0.0 0.0 0.0010¢2) 0.0010 0.00049(16) 0.0010 0.0 0.0
Ru(2) 0.6449(1) 0.0 0.4017(1) 0.0011(1) 0.0014(1) 0.00067(7) 0.0014 0.0001(2) 0.0
o(1) 0.8404(13) 0.0 0.3854(13) 0.7(2¥
0(Q2) 0.8457(13) 0.0 0.1081(13) 0.7(2)
0(Q3) 0.4364(8) 0.2730(9) 0.2700(8) 0.3(1)
04) 0.5461(10) 0.7019(9) 0.0348(9) 0.9(1)
0O(5) 0.4415(13) 0.0 0.3754(13) 0.5(2)

a The form of the anisotropic thermal parameter is expl—(8,,h2 + B,k + B33/ — B,hk + B3kl + By:k1)). Numbers
in parentheses are estimated standard deviations in the last significant digits.
b Entries with no esd’s are fixed by the symmetry of the space group.

¢ Isotropic B’s.
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TABLE III

INTERATOMIC DISTANCES AND ANGLES
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Distances (A)

Ru(1)}-0(1)(x3) 2.01(1)
—0(2)(x3) 1.92(1)
Ru(2)}-0(1) 1.94(1)
~0(3)(x2) 2.00(1)
—0(4)(x2) 1.97(1)
-0(5) 2.03(1)
La(1)-0(3)(x3) 2.382(6)
—0(4)(x3) 2.549(7)
—O(5)(x3) 2.913(2)
La(2)-0(1)(x2) 2.680(7)
~0(2)(x2) 2.488(6)
—0(3)(x2) 2.441(6)
—0(4)(x2) 2.842(7)
~0(5) 2.508(10)
La(3)-0(2) 2.407(10)
-0(3)(x2) 2.407(6)
—0(4)(x2) 2.783(7)
—0(4)(x2) 2.683(7)
~0(5) 2.391(10)

Angles (deg)
O(1)-Ru(1)-O(1y 85.9(4)
O(1)»-Ru(1)-0(2) 179.3(5)
O(1)-Ru(1)}-0(2) 93.6(3)
O(2-Ru(1)}-0(2) 86.9(4)
O(1)>-Ru(2)}-0(3) 86.2(3)
O(1)>-Ru(2)-0(@4) 99.8(3)
O(1)-Ru(2)-0(5) 166.8(4)
0O(3>-Ru(2)-0Q3) 89.0(4)
0O(3)-Ru(2)-0(4) 92.6(2)
O(3)-Ru(2}-0(5) 84.4(3)
O(4)»-Ru(2)}-0(4) 85.1(4)
O(4)-Ru(2)-0(5) 89.9(3)
Ru(1)-O(1)Ru(2) 136.7(6)

F1G. 1. A projection of the LagRu,0,, structure on the a—b plane. Half the atoms in the unit cell are shown. Small
open circles: La; small closed circles: Ru; large circles: O atoms. Heights are given as fractions of the ¢ axis.

shares three mutually cis-oxygen atoms with
the Ru(2) atoms. The Ru(1)>-O(1)-Ru(2)
angle is 136.7(6)°, and the closest approach
between ruthenium atoms is 3.67 A. The two
Ru,024~ clusters in the unit cell are related by

the 6, symmetry operation, and the shortest

Ru—-Ru distance
The three

between clusters is 5.40 A.
crystallographically distinct

lanthanum ions lie between the ruthenium
clusters. Two of them (La(2) and La(3))
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FIG. 2. A perspective view of the LagRu,0,, struc-
ture, with the ¢ axis approximately vertical, The
octahedra represent RuOj, units, the open circles La ions.

Fic. 3. The Ru,0% structural unit. The threefold
axis of the cluster is approximately vertical.

interleave the Ru(2)O, octahedra along the a—
¢ faces, while La(1) fills in the tunnels between
clusters down the three fold axes along (4 $ z)
and (3 } z). The lanthanum coordination
geometries are typical of those found in many
La oxides and complex oxides; the O-La-O
angles are unremarkable and were not listed in
Table III in the interest of brevity. La(1), lying
on a threefold axis, has six closely coordinated
oxygens at distances of 2.382(6) and 2.549(7)
A, and three much longer La—O contacts at
2.913(2) A; these nine oxygen atoms form a
very distorted tricapped trigonal prism. La(2)
and La(3) each lic on a mirror plane. La(2) is
coordinated by nine oxygen atoms at distances
from 2.441(6) to 2.842(7) A, while La(3) is
eight-coordinate with La—-O distances from
2.391(10) to 2.783(7) A.

Discussion

LagRu,0,, is the first lanthanide-rich
lanthanide ruthenium oxide to be described. Its
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structure appears to be unprecedented, resem-
bling no other known oxide, halide, or silicate
structure; so far as we are aware, even its
space group (P6,cm) is but rarely encoun-
tered. LagRu,0, is also the first mixed-
valence ruthenium oxide found to contain
finite groupings of ruthenium atoms rather
than an infinitely extended arrangement of
joined metal coordination polyhedra.

Assuming that the lanthanum ions are
present in their normal tripositive state, the
mean oxidation number for the ruthenium
atoms in LagRu,0,, is 4.5. This nonintegral
average oxidation state brings up the question
of how charge is distributed among the
individual ruthenium atoms. Can we justify an
assignment of two different, integral oxidation
states for Ru(l) and Ru(2)? Since there are
three Ru(2) atoms for every Ru(1), reasonable
schemes, i.e., those employing only common
oxidation numbers, for assigning integral
oxidation states to the metals are few. Indeed,
there are only two sets of reasonable oxidation
numbers totaling +18: 3(+4) + (+6) and
3(+5) + (+3). However, even these schemes
do not appear to pass additional tests of
reasonableness. Thus, octahedrally coor-
dinated Ru(VI) does not appear to be pre-
viously known in any oxide system, and both
possibilities require the unlikely circumstance
that two ruthenium atoms that differ by two
units in oxidation number be bound to the
same oxygen atoms and have the same
coordination number.

Some clue as to the relative oxidation states
of metal atoms in metal oxides should be
provided by the metal-oxygen bond distances.
As mentioned before, the average Ru(1)-O
and Ru(2)—O distances in LagRu,0,, are
quite similar, namely, 1.96 and 1.98 A,
respectively. According to Shannon and Pre-
witt’s effective ionic radii (/2) and Shannon’s
revised radii (/3) both of these values are
appropriate for oxidation states in the range
+4 to +5. It might be argued that the
distortions in the ruthenium coordination
geometries, with Ru—O distances differing by
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more than 0.1 A, are so great as to make
judgements based on average distances unreli-
able. Indeed, Shannon (13) has shown that dis-
tortions definitely influence the average M—O
distance for a metal in a given oxidation
state. However, by Shannon’s distortion index
4 (13) the distortions in the geometries of
Ru(l) and Ru(2) are of essentially the same
magnitude. Therefore, distortion may be
assumed to affect the two sets of Ru-O
distances equally and the Ru oxidation states,
whatever they are, must be approximately the
same. Even though the accuracy of our Ru—-O
distances (esd’s ~ 0.01 A) would not warrant
differentiating between metals differing in
oxidation state by one unit, in this case the
only possible assignments of integral oxidation
numbers require differences of two units. We
therefore believe that our data argue against
integral oxidation numbers and are better
accommodated by postulating some form of
charge delocalization.

Since in LagRu,0,, the ruthenium atoms
are too far separated for direct metal to metal
bonding, charge delocalization must be
assumed to take place principally by =
interactions across the Ru(1}>~O(1)-Ru(2)
chains. While it should be possible to develop
this idea in some detail using a molecular
orbital treatment, the low symmetry of the
problem makes it unlikely that any firm
conclusions could be reached from purely
qualitative arguments. Moreover, without data
on the magnetism and spectra, a quantitative
computation could not be subjected to any
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cogent test of its validity. For these reasons we
do not, at least for the present, plan to examine
the electron distribution in more detail.
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