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Single crystals of two new osmium-containing triple perovskites,
BasLiOs,09 and BasNaOs,09, were grown from reactive molten
hydroxide fluxes in sealed silver tubes. They crystallize in the space
group P6/mmc with lattice parameters of a = 5.8025(1) A, ¢ =
14.1468(4) A for BasLiOs,0q and a = 5.8858(1) A, ¢ = 14.3451-
(5) A for BagNaOs;0,. The magnetic susceptibility of these osmates
indicates significant Os—Os coupling within the octahedra pair.

Ln,0s0; (Ln = Pr, Nd, Sm, Eu, Tb, Ho, Lu, and ¥§,
NdOsQ,* Laz0sO,Y” MOsO, (M = Na, K, Rb, and Cs)?
Cd0sQ;,*® Sr1050,4,2° and MsOsQ; (M = Li, Na).?
Quaternary osmium-containing oxides are even more rare,
and only a few examples, including 8/0sO; (M = Li,

Na, Mg, Ca, Sr, Fe, Co, Sc, Cr, In, and GaBaMOsGO;

(M = Pr, Nd, Sm-Lu, Y),?2 BaMOsGQO; (M = Co, Ni)?*

and BaMOsQ; (M = Li, Na),?>?%> are known. Of these
examples, a small number have been reported as single
crystals, such as L®%010,* NdOsQ,® La;0s010,'? and

Oxides are ubiquitous in nature and exist for virtually all 4 . - .
elements, where typically several binary and many ternary CdOs0,"* which were_ grown in sealed silica ubes _usmg
KCIO3, Sr1050,4,° which was grown from a K@flux in

and quaternary compositions are known. There are, of course, .
exceptions (the noble gases, for example), however; even® cl0sed Ag bomb, and MasQ;,** which was grown from

among the metals, there are cases (for example gold) wheré® N@O/NaOH flux. We recently.reporgsd the single crystal
very few oxides have been prepared and structurally char-SYNthesis of B&MOsGs (M = Li, Na)* from hydroxide

acterized. This, surprisingly, is also true for osmium, which fluxes in covered crucibles, and_ In-an eff‘?”_ to expand the
forms the well-known tetroxide, but for which there are few number of known complex osmium-containing omdest we
known complex oxides, and an even smaller number thathave pqntlnueq to gxplore the growth of cqmplex osmium-
have been fully structurally characterized and/or synthesizedcom"’lInlng oxide single crystals using high temperature

as single crystals. Most of the past research has focused ors!Utions- _
the preparation of ternary phases including@gO,, 1 Tl,- High temperature solution growth has been extremely

08075 Hg:0507,6 Ca0507,7-¢ AOsO; (A = Ca, Sr, and effective for the growth of oxide single crystals containing
Ba)'7,1,0MZOSQ; (I\/] —1 Na),il La4055019,12'13La36520,10,14 virtually every element in the periodic talf®.Fluxes
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employed for the growth of oxide single crystals have in-
cluded alkali and alkaline earth carbonates, halides, perox-
ides, super oxides, and hydroxides. Of these diverse solvent
systems, hydroxides have been particularly advantageous for
obtaining oxides containing elements in unusual or high
oxidation states as demonstrated by systems such as Ni(IV)
in BagNisO15,2” Rh(V) in SkNaRhQ,?® and more recently

the mixed valent Ru(V/VI) in BéNaRO,.?°

As the volatility of OsQ is both a safety and a synthetic
concern, we have explored the use of sealed silver tubes for
the crystal growth of complex osmium-containing oxides in
an attempt to avoid loss of osmium during the synthesis.

This work has resulted in the preparation of two new triple
perovskites, BaMOs,0O (M = Li, Na), containing osmium
in a mixed formal oxidation state of5/+6.

Single crystals of BaMOs,Oy were grown from molten  Figure 1. Approximate [110] view of the structure of Bd0s,0 (M =
hydroxide fluxes in sealed Ag tubes. For BIDs,00 7 N3 o e 8 S o s e O e red sphores.
Ba(OH)-8H,0 (Fisher, ACS reagent) and Os metal powder
(J & J I\/Iatel‘ials, |nC., 9998%) (161 molar I‘atiO) were and BQM"ZOg?)Z (M — L|’ Na) Systems as well. Energy
mixed with LiOHH,O (Alfa Aesar, reagent) and KOH  gjispersive spectroscopy (EDS, Philips XL 30 ESEM micro-
(Fisher, ACS reagent) in a 5.5-fold mass excess. In the casescope) was used to analyze the elemental content of the
of BaNaOsO,,*' Ba(OH)-8H,0 and Os metal powder  crystals and to verify the presence of barium, osmium, and
(1.6:1 molar ratio) were mixed with NaOH (Fisher, ACS oxygen for both compounds, and sodium for;BaOsOs.
reagent) in a 10-fold mass excess. The reactant constituentg jthium cannot be observed as it falls below the elemental
were placed inside a 0.5 in. diameter silver tube, which had cytoff for the instrument. Furthermore, within the detection
been flamed sealed at one end and crimped and folded ajmits of the instrument, no other extraneous elements were
the other. The tube was heated at Z23min to the reaction  jdentified.
temperature of 600C, held for 24 h, and then quickly cooled An approximate [110] view of BOs,0s (M = Li, Na)
to room temperature, by shutting off the furnace. Shiny black s shown in Figure 1. The oxide is isostructural with the
crystals were extracted from the flux matrix by sonication 6H-BaTiO® structure, also referred to as the triple perovskite

in methanol. _ _ structure. It consists of face-sharingOg octahedra pairs,
Hexagonal pyramids and double pyramid shaped crystalswhich in turn share six vertices to six MQM = Li, Na)
were isolated from both batches of 805,09 (M = Li, octahedra. In terms of stacking of close packed layers, the

Na) crystals. The double pyramid crystal morphology appearstriple perovskite is a combination of hexagonal (ABAB) and
to be characteristic for this structure type as we have observedcybic (ABCABC) stacked layers, creating the face-shared

it for other triple perovskite oxides, including BaRU,0¢> octahedra pairs and the vertex-shared octahedra, respectively.
The barium atoms are located in 12-fold coordination sites.
(27) Campal. A.; Gutierez-Puebla, E.; Monge, M. A.; Rasines, |.;'Rul ; ;
Valero, C.J.'Solid State Cheni954 108 230 Th_e alkali metal to oxygen dlstances_measure 2.154(5) A
(28) Reisner, B. A; Stacy, A. MJ. Am. Chem. S04.998 120, 9682. for LiOg and 2.259(5) A for Na@and are in good agreement
(29) stitzer, K. E.; Smith, M. D.; Gemmill, W. R.; zur Loye, H.-@. Am. with M—O distances observed for the osmium-containing

Chem. Soc2002 124, 13877. . o 25
(30) Crystal data for B#iOs,0o: formula BaLiOs,Oy, MM = 943.38 double perovsklte BMOsGs (M = Li, Na)- There are two

g/m/gl, hexagonal, spalc&e groBpy/mme a = 5.8025(1) Ab = 5.8025- different Os-O distances within the octahedra pair; three
1) A, c=14.1468(4) Aa = 90°, f = 90°, y = 12C°, V = 412.50(2) ; ;

&3’ 7= 2.T= 203K.J = 0.71073 AD, — 7.593 glcrf, crystal size Ipng distances measuring 2.032(4) anq 2.041(6) A for the
0.10x 0.11 x 0.07 mnf, u = 44.82 mMNT, Omax = 31°, independent lithium and sodium analogues, respectively, and three short

reflections 291 R = 0.1108), data/restraint/parameters 291/0/22, final distances of 1.873(3) and 1.852(5) A for the lithium and
R(F) = 0.0312, wRF?) = 0.0642. Atomic coordinatex,(y, 2) and

equivalent isotropic displacement parameters: Bal (84)00.0076- sodium analogues, reSpeCtiVGW- The short and long grouping
fz) A2 Ba2 (15, %5, 0.91276(6)), 0.0085(2) ALi (0, 0, 0), 0.007(6) of metal-oxygen distances for the face-shared octahedra

2 - . . . . .
(10)101/84)%’-0(/)3%(g51'2:7?322(?()))-19503(2451?,((2)?3%3%%182;4()53-?1?(3763‘)(4()))',9(%010_ pairs is typical for the triple perovskite structure and has
(1) A2 been observed for numerous other compositfdige long

(1) C/WS}aLdata for Fﬁdao&o@ fo;mu'a B@Nsaggfggvl""/gﬂb: g5§é‘5‘é Os—0 distance is formed by the set of three oxygens that
mol, hexagonal, space gro mm¢a=o. M= 0. . .
zl) AR'c= 13_3451(5% Aﬂgz S’go, i =Cgo°y y= 120&)\/: 430.37(2) are located in the shared face of the octahedra pair, and the
3,2=2,T=293K,A=0.71073 A D, = 7.404 g/crf, crystal size short distance is to the outer set of six oxygens that corner

0.12x 0.08x 0.05 mn?, u = 43.013 mnT, Omax = 42°, independent - s .
reflections 648Ri, = 0.0395), data/restraint/parameters 648/0/22, final share to the sodium (I'th'um) containing octahedra. The short

R1(all data)= 0.0354, wR2(all dataj= 0.0793. Atomic coordinates ~ Os—O distances are comparable to distances measured for
(%, ¥, 2 and equivalent isotropic displacement parameters: Bal ( - - - - idati

17, 0.0883(1)). 0.012(1) A Ba2 (0, 0.%). 0.010(1) &: Na (0. 0, 0), 0OsQ; octahedra with osmium in a high formal oxidation state,
0.011(1) & Os {3, %3, 0.1611(1)), 0.006(1) A O1 (0.1808(5),
0.3617(11), 0.0910(4)), 0.012(1A02 (0.0206(16), 0.5103(8), 1/4), (32) Kim, S.-J.; Smith, M. D.; zur Loye, H.-C. Unpublished results.
0.012(1) &. (33) Burbank, R. D.; Evans, H. Acta Crystallogr.1948 1, 330.
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; - i Figure 3. Temperature dependence of the magnetic susceptibility of loose
F 2. T ture d d fth tl tibility of |
gure emperature dependence of the magnetic susceptibility of loose crystals of BaNaOs$Og at an applied field of 10 kG. A diamagnetic

crystals of BgLiOs;Oy at an applied field of 10 kG. A diamagnetic > h ; .
correction of the atoms using Pascal’s constants was applied to the data cOTection of the atoms using Pascal’s constants was applied to the data.

cal spin only moment for an Os(V/VI) system of 4.48,
which is most likely a result of spinorbit coupling in the
osmium.
The temperature dependence of the ZFC magnetic suscep-
r]tibility for BasNaOsQOyg is shown in Figure 3. Similar to that
of the lithium analogue, there is an increase in suscep-
tibility at low temperatures to a maximum at 10 K whereupon

) . ) . the susceptibility decreases and levels out at 6 K. Here also,
Using batches of single crystals, the magnetic susceptibil- the large negative Weiss constantéof= —462 K suggests

ity** of these new triple perovskites was investigated. The g0 short-ranged osmiurosmium interactions within the
temperature dependence of the ZFC magnetic susceptibilitytyce.sharing octahedra, while the downturn in the suscepti-
of BaLiOs,Oo is shown in Figure 2. At low temperatures, pjjity at 10 K is most likely caused by long-range magnetic
there is an increase in the susceptibility to a maximum at 13 jnieractions. Fitting the high-temperature portion of the
K followed by a decrease in susceptibility, indicative of gysceptibility data (150 k< T < 300 K) yieldsC = 1.33
antiferromagnetic correlations. There is a beginning of a emuK-mol! with uer = 3.25 ug. Again, the effective
second magnetic transition at 5 K, below which the suscep- moment is considerably lower than the theoretical spin only
tibility begins to increase again. Fitting the high temperature moment.

portion of the susceptibility data (150 K T =< 300 K) to It is our belief that this method for preparing single crystals
the Curie-Weiss law yields a Curie constant of 1.403 of osmates is quite general, and hence, work toward the flux
emuK-mol™ with uer = 3.34ug and 0 = —490 K. This  growth of other complex osmates is underway.

very large, negative Weiss constant suggests strong short-

ranged osmiumosmium interactions within the face-sharing
octahedra, while the downturn in the susceptibility at 13 K
is most likely caused by long range magnetic interactions.
The effective moment is significantly lower than the theoreti-

such ast5, +6, or +7.162021.25The Os-O distance measur-
ing ~2.03 A is typical for this set of MO separations in
triple perovskites. Interestingly, the ©8s interatomic
distances of 2.6053(6) and 2.5490(8) A for the lithium and
sodium analogues, respectively, are noticeably shorter tha
the Os-Os distances in osmium metal (2.675 A), favoring
metalk-metal interactions.
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Supporting Information Available: X-ray crystallographic
information for BaLiOs,Og and BaNaOsQyq in CIF format. Details
(34) Magnetic measurements: The magnetic susceptibility g¥Be,0q of the X-ray structure determinations. This material is available

(M = Li, Na) was measured on samples of loose single crystals using free of charge via the Internet at http://pubs.acs.org.
a Quantum Design MPMS XL SQUID magnetometer. Temperature
dependence measurements were taken at a field of 10 kG.
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