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LassBrgiOss: Isolated Clusters in an Unusual Superstructure with Significantly Greater
Intercluster Bonding
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Exploration of reactions in the LeBr—Z system for Z= Fe, Ru, and Os in welded Nb containers at-9060

°C resulted in only the title phase. The 4Brg:Os stoichiometry is very close to that of known triclinic
PrsBrigOs but with an~32-times larger cell, 138 independent atoms, and completely different intercluster
connectivities in a complex monoclinic superstructume=33.076(5) Ab = 23.466(3) A,c = 23.537(2) A5

= 110.701(4), P2i/c (No. 14),Z = 4, 23°C). Tetragonally compresse&,16 € lanthanum octahedra centered
by Os are heavily interbridged by Br, including’Bt (f = face) and Br2-2 functions, to increase coordination
numbers about some Br (to 4) and La (to 6) and to give an average of 19.63 bondegDBrilsathe usual 18.
These result in a cell volume 10% less than for an equivalent (hypotheticgByk@s and Br-Br contacts as
short as 3.30 A. Increased polar+Br interactions presumably drive these changes. Optimal atom sizes for this
structure have been found so far only in this novel compound.

Introduction double-metal-layered phases, depending principally upon the
X:R ratio. Different structures found for a given ratio further
depend on the connectivities provided by the halide atoms as
these interlink the clusters into different frameworks.

The three types of discrete ternary cluster structures for these
ements are X 12Z, ReX10Z, and R2X17Z2. The rhombohedral
R7X12Z structure is derived from that of &1,Z by insertion

f a seventh oxidized (R) atom in the antiprismatic cavity that

es midway between clusters along thax3s ).*~” The second
type with YeloRu as the parent struct@rachieves a reduced

Exploratory synthesis in the search for new compounds,
structures, and properties is an important aspect of materials
chemistry, leading to the production of a large variety of new
phases, sometimes unprecedented or unforeseen. The forecaa
of phase stability even among a collection of clear alternatives
remains one of the great challenges in solid-state science, wher
the undiscovered possibilities sometimes seem to present almosf
overwhelming barriers to success. On the other hand, this lack

of predictability can offer great excitement and surprise with halogen content by means of-Xatoms that bridge edges on
the d's‘?o"erY of unknqwn, even unparalleled compounds. pairs of adjoining clusters into chains. Systematic syntheses of
A unique field of solid-state chemistry has been developed Rel10Z and RX1,Z phases for R= Y, Pr, and Gd and a large
for the cluster halides of the first two transition-metal groups, range of Z and of PgBr;oZ® with Cc; R’u and Os show how
namely for the er, T (IT" r-: h)t and the rargl-_earth ﬁlk(]er?ent R frequently this type structures occurs and how widely the cluster
(Sc, Y, and La plus the lanthanides-lau) families with halide  o00410n count (1622) may vary from the optimal 18. The third

— 1-3 i
X =Cl, Br, ﬁndf Lh The nom_:;]allyl/ octagledrall mert]al clusters dstructure type has been found for triclinic;Pt/Fe, Proli~-
present in all of these are evidently stable only when centere Re, 10 Lays17Fe, and Ceyl12Mn,. 1 This unusually low I:R ratio

by one of a sizable variety of interstitial heteroelements Z. The |, .., only isolated clusters is achieved in a relatively complex

typical cluster is usually isolated and insulated from its structure by means of sevenilbridges per cluster as well as
environment by 12 edge-bridging halogen atoms) (Aus, one novel a2 mode

c?mmor_ﬂy, additional outer lha"d‘? atoms wat ti)ono!l to, r?nd Many of the structural novelties occur with iodides, while
often bridge between, metal vertices, viz(BX'12X%. This  — cpiorides are relatively sparse in new chemistry. Reduced
simple classification excludes some more complicated bridging bromides are generally less well studied. The Br—Z systems
functions. The rare-earth elements provide a virtually distinctive yielded a variety of structural types: triclinicdBr;oZ for Z =

cluster chemistry compared with that for zirconium and hafnium, ~4 gk, and Os as well as the monoclinigBERu and several

doubtlessly because of the reduced number of metal valencecubiC PEBraz® with condensed (metal edge sharing) clusters.

electrons. For these, only three ternary structure types have beer|1zecent investigations on the SBr and Y—Br systems have

reported that contain isolated clusters, while the remainder of ;oo provided oligomeric (tetrameric) condensed cluster com-
the reduced halides (X:R 1.43:1) exhibit cluster condensation, pounds ReBraZs (R = Sc, Z= Fe, Os; R= Y for Z = Ru)
usually through shared edges, to form oligomers, chains, or ’ T '
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LaygBrg10ss

Y 16Braalr, Y 20Brselrs, 1?2 and the cation-deficient $s8rogZ4, Z
= Mn, Fe, Ru, and O%
In the present investigation, we explored the stabilization of

lanthanum bromide cluster phases through encapsulation of a

variety of transition metal atoms such as Fe, Ru, and Os. Among
these, only Os led to the observation and characterization of a
new phase, LaBrg10s;, with discrete clusters, but in a large
superstructure that is distinctly different from that formed by
the close R neighbor, FBri00s? The present report describes
its crystal structure and bonding.

Experimental Section

SynthesesThe general reaction techniques in weldgédn. diameter
Nb tubing, the use of Guinier powder photography for both phase
identification and approximate yield estimates, and the crystallographic
characterization means have been described béftadl reactants and
products were handled only inyMilled gloveboxes (HO < 0.1 ppm
vol). The reagents La metal (Ames Lab), sublimed Lagrepared
from the elements), and Os powder (Alfa, 99.95% metal basis) were
utilized on 206-300 mg reaction scales. Initial reactions that yielded
the new phase had overall stoichiometric proportions between 6:6:1
and 6:9:3 (La:Br:Os) that had been heated~&00—-950 °C for 14
days, followed by cooling in the furnace. The products were,€6§%
black crystalline LaBrs:0Os and ~40% of LaOBr from the 6:9:1
starting composition. (The latter must have arisen fro® h the LaBg
or from the SiQ jacket or because of O in the metal.) A later reaction
with the stoichiometric target LgBrs:Os heated at 900C for 6 days
gave a=90% yield with only LaOBr as a discernible impurity.
Interstitial candidates Mn, Fe, Co, Ru, and Ir did not give this phase.

X-ray Studies. An Enraf-Nonius (FR-552) Guinier camera was used
to gain phase identification and refined lattice constants. Protection of
the samples between layers of cellophane tape has been describe
earlier’* Powdered standard silicon (NIST) was included with each
sample in order to provide an internal calibrant. Lattice constants were
then obtained by standard least-squares refinement of measured an
indexed reflections in each pattern. However, the sensitivity and
resolution of this method yielded only smaller pseudotetragonal subcell
parametersa’ = b' = 8.2999(6) A andt’ = 15.489(1) A. The correct
monoclinic supercelll{ = 2/2a = ¢, a = 2c¢'/sin(110.701)) could

be detected only through precession photographs of single crystals taken

with very long exposure times {12 days). It is to be noted that a correct
unit cell was never detected for several crystals via the automatic
searching routine for a four-circle Rigaku diffractometer with a rotating-
anode source, only cells that were half or less of the correct cell. Since
the b and c axes are similar4 = 0.3%), ab- and c-axis exchange
twinning is also possibl&. Even a Bruker diffractometer with a charge-
coupled detector (CCD) gave confusing cells (parameters) depending
on the sample, between a larger primitive @-aentered orthorhombic
cell with the same cell parameters. The latter can be transformed to
the correct primitive monoclinic cell reported in this woek= 33.076-
(5) = 30.941/sin(110.701) Ap = 23.466(3) A,c = 23.537(2) A and
B = 110.701(4)). These were refined from a set 6f6000 strong
reflections collected from a single crystal that was not twinned.
Diffraction data were collected at room temperature on a Siemens
(Bruker) SMART Platform diffractometer with a CCD detector over
more than a hemisphere of reciprocal spa¢e<%55°) from a 0.2 mm
x 0.2 mmx 0.1 mm crystal sealed in a thin-walled capillary. A total
of 187 279 reflections were measured. The SMART software was used
for data acquisition, and SAINT, for data extractiérzrom the cell

d
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Table 1. Data Collection and Refinement Parameters for
LaygBra1Oss

empirical formula

fw

cryst system, space group,
lattice consts (A, A deg}

LagBrs10s
14661.3
monoclinic,P2)/c (No.14), 4
a=33.076(5)b = 23.466(3),
c=23.537(3) = 110.701(4),

V = 17089(7)
deaic (g/cn?) 5.70
u(Mo Ka) (cm™?) 364.7
R, wR2?P all data (%) 16.94, 8.34
R Ry, > 30(l) (%) 3.75,6.37

a Refined from~6000 reflections in single crystal data sét=
0.710 69 A, 23C. PR = 3 ||Fo| — |Fdll/Z|Fol; Rw = [ZW(IFo| — |Fcl)?
YW(Fo)M% w = 0r 2 WR2 = [FW(|Fol? — |Fel)FTW(IFol?)?"% w =
/(08?2

in almost the same crystal structure as far as th@kalusters were
concerned. However, the orthorhombic cell yielded some nonsensible
bromine positions that were too closeZ A) to each other. These
bromines were related to each other by false 2-fold or mirror symmetries
along c-axis that the monoclinic cell does not have. The monoclinic
cell finally assigned resulted in no such problem.

The data were first absorption-corrected with the aid of SADABS.
The absence conditions suggested a possible unique centric space group
P2,/c (No.14), which gave 39231 averaged data with Friedel pairs
merged (R = 4.9%). Direct methods$ yielded most metal positions.

It must be emphasized that Fourier refinemé&nigere used for the
positional parameters because of disastrous coupling that occurred
during least-squares refinements. The latter approach was at first
employed only for isotropic temperature factors with appropriate shift-
limiting restraints for all atom&? After all 138 atoms had been found,

aeveral such cycles of combined Fourier and least-squares refinements

againstF? with all unique data were followed by a full least-squares
refinements of both positional and thermal parameters with shift-limiting
restraints. Application of DIFAB® to the model after isotropic
fefinement improved the absorption correction, as it provided more
nearly spherical thermal ellipsoids. The final residuals after converged
anisotropic refinement of all 138 atoms with 1238 variables weF§/R(
WR2 = 16.94/8.34% for all 39 231 reflections, andFR, = 3.75/
6.37% for 6984 reflections with > 3a(l). The largest residual peaks

in a AF map were+~2.1 /A3, 0.8 A from Os2 and 1.99 A from
Br71, respectively. Since the data set contained so many weak
superstructure reflections, the residual R values were naturally larger.
Some data collection and refinement parameters are given in Table 1,
while more details are contained in the Supporting Information (Table
S1). Because of their sizes, lists of the final atom coordinates, isotropic
and anisotropic temperature factors, and their standard deviations are
in Tables S2 and S3. Some importantBr distances are in Table 2,
while the complete interatomic distance list and some angles appear in
Table S4. These and th&/F. listing are available from J.D.C.

The Guinier powder pattern calculated for the refined structural
model agreed very well with that observed for the bulk product.
However, intensities calculated for all superstructure reflections are too
small to be observed in Guinier patterns under our experimental
conditions, even at low angles. But the more intense parts of the pattern
are still sufficiently different that the superstructure would not be
mistaken as that of a simplersR;cZ compound.

Results and Discussion

parameters and angles, two Bravais lattices were possible: the above The Structure. Explorations in reduced lanthanum bromide

B-centered orthorhombic cell and its exact transformation into the
primitive monoclinic cell with half the volume. The two cells resulted

systems with diverse transition metals as potential interstitials
have produced only this monoclinic 4g8rs;0s;, cluster phase,
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6, 6413.
(14) Daake, R. L.; Corbett, J. Dnorg. Chem.1978 17, 1192.
(15) Pratt, C. S.; Coyle, B. A,; Ibers, J. A. Chem. Soc. A971, 2146.
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Systems Inc.: Madison, WI, 1996.

(17) Sheldrick, G. M.SHELXS-86 Universita Gottingen: Gitingen,
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of Oxford: Oxford, U.K., 1996.
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Table 2. Some Important Distances (A) in kBrs:0s

Osl-La3 2.623(2) LatBr38 3.037(5) Lal®Brl3 3.149(4) La20Br52 3.105(4) La30Bré9 3.166(5) Lad0Brl0 3.084(4)
Osl-La2 2.675(2) LatBr62 3.105(4) Lal®Brl7 3.222(4) La26-Br78 3.200(5) La36-Br3l 3.202(5) Lad46Brl 3.135(4)
Osl-La5 2.947(2) LatBr2l 3.120(4) Lal®Brl7 3.441(4) La20Br22 3.223(4) La30Bro 3.296(4) La40-Bré6 3.301(4)
Osl-La6 2.971(2) LatBr23 3.395(4) LaltBr50 3.007(4) La20Br65 3.224(4) La30Brl 3.370(5) Lad40-Br72 3.442(4)
Osl-Lal 2.998(3) LatBr28 3.450(5) LaliBr3 3.030(4) La26-Brl8 3.604(5) La3%:Br42 3.010(4) Lad4+Brds 3.091(4)
Osl-La4 3.006(2) La2Brl9 3.061(4) LaliBr4 3.078(4) La2:Br52 3.032(5) La3:Br67 3.025(5) Lad4:Bri0 3.143(4)
Os2-Lall 2.641(2) La2Br61 3.115(5) LaltBr26 3.121(5) La2+Brll 3.093(5) La3%+Br75 3.027(5) Lad4+Br37 3.213(4)
Os2-Lal2 2.666(2) La2Brl2 3.137(4) LaliBr25 3.204(4) La2iBr8l 3.095(5) La3%iBré 3.144(4) LadiBr7 3.226(5)
Os2-Lal0 2.966(3) La2Br24 3.139(4) Lal2Brl8 3.073(5) La2+Br35 3.150(4) La3%1Br20 3.383(5) LadiBré6 3.228(5)
Os2-La7 2.985(2) La2Br73 3.233(5) Lal2Br57 3.106(4) La2iBrl2 3.165(4) La3%Br58 3.602(5) Lad:iBrd9 3.389(4)
Os2-La8 2.994(2) La2Br77 3.320(4) Lal2Br54 3.133(4) La22Br58 2.976(5) La32Br33 2.982(4) Lad2Brd6 3.065(5)
Os2-La9 3.000(3) La3Br74 3.053(5) Lal2Bré5 3.263(4) La22Br8l 3.053(5) La32Br67 3.076(5) Lad2Br53 3.151(5)
Os3-Lald 2.639(2) La3Br2  3.054(4) Lal2Br79 3.272(4) La22Brd7 3.129(5) La32Brl3 3.089(4) Lad2Br30 3.171(4)
Os3-Lalé 2.647(2) La3Brl6é 3.118(4) Lal2Br76 3.351(5) La22Br22 3.204(5) La32Br3 3.157(4) Lad2Brl 3.243(5)
Os3-Lal3 2.912(3) La3Br5  3.125(4) Lal3Br71 3.018(4) La22Br55 3.210(4) La32Br54 3.164(4) Lad2Brd3 3.268(4)
Os3-Lal5 2.920(3) La3Br21 3.160(4) Lal3Br46 3.049(4) La23Br36 3.001(5) La32Br4 3.245(4) Lad2Br34 3.316(4)
Os3-Lal7 2.987(2) La4Br24 2.987(4) Lal3Br55 3.079(4) La23Brll 3.064(5) La33Brd5 3.029(4) Lad2Br55 3.608(4)
Os3-Lal8 3.004(2) La4Br2  3.097(4) Lal3Br22 3.154(4) La23Br47 3.067(4) La33Brl7 3.045(4) La43Br68 2.966(4)
Os4-La21l 2.626(3) La4Brl5 3.101(4) Lal3Br75 3.183(5) La23Br69 3.122(5) La33Br51 3.105(5) La43Bré4 3.100(4)
Os4-Lal9 2.658(3) La4Br62 3.139(5) Lal3Br79 3.328(4) La23Br38 3.243(5) La33Brd8 3.279(4) La43Brl5 3.131(4)
Os4-La24 2.934(3) La4Br63 3.277(4) Lal4Br55 3.028(4) La24Br78 3.020(5) La33Brl3 3.305(4) La43Brl9 3.154(4)
Os4-La23 2.962(3) La4Brdd4 3.491(5) Lal4Brdd 3.072(4) La24Br35 3.027(5) La33Brd0 3.452(4) Lad3Br2 3.169(4)
Os4-La22 2.970(2) La5Brl2 3.018(4) Lal4Br63 3.097(4) La24Brd9 3.151(4) La34Brd42 3.016(4) La43Br5 3.235(4)
Os4-La20 3.002(3) La5Br72 3.103(4) Lal4Bré4 3.196(4) La24Br3l 3.391(5) La34Brd5 3.058(4) La44Br68 3.039(5)
Os5-La28 2.651(2) La5Br5  3.173(4) Lal4Br53 3.237(4) La25Brl6 3.048(4) La34Br33 3.091(5) Lad44Br23 3.120(4)
Os5-La25 2.652(2) La5Brl5 3.196(4) Lal5Br56 3.054(4) La25Brd9 3.080(4) La34Br78 3.159(4) Lad4Brl5 3.144(4)
Os5-La30 2.941(2) La5Br28 3.320(4) Lal5Br63 3.078(4) La25Br69 3.136(4) La34Br26 3.238(5) Lad4Br8l 3.224(4)
Os5-La27 2.952(3) La5Br23 3.444(4) Lal5Br37 3.082(5) La25Brl0 3.188(4) La35Br76 2.980(5) Lad4Br34 3.279(4)
Os5-La29 2.964(2) La6Brl9 3.059(4) Lal5Br77 3.173(4) La25Brdl 3.201(4) La35Br51 3.067(4) Lad5Br23 3.018(4)
Os5-La26 2.995(3) La6Br38 3.067(5) LalS5Br39 3.236(4) La25Bré0 3.227(4) La35Br8 3.094(4) Lad5Bré4 3.069(4)
Os6-La36 2.648(3) La6Br72 3.117(4) Lal5Br35 3.250(5) La26Brlé 3.025(4) La35Br3 3.179(4) Lad5Br34 3.087(4)
Os6-La34 2.660(3) La6Br74 3.123(4) Lal6Br70 3.101(4) La26Br47 3.065(4) La35Br26 3.301(5) La45Brél 3.177(4)
Os6-La35 2.921(3) La6Br60 3.224(4) Lal6éBr71l 3.118(4) La26Brl 3.086(4) La36-Br75 3.085(5) Lad5Brd3 3.203(4)
Os6-La32 2.954(2) La6Br29 3.354(4) Lal6Br37 3.126(4) La26Br30 3.116(4) La36Brl7 3.095(4) Lad5Br5 3.203(4)
Os6-La33 2.968(2) La7Br50 3.038(4) Lal6Br59 3.151(4) La26Bré8 3.239(4) La36Br76 3.134(5) Lad6Brdl 2.995(4)
Os6-La31 3.051(3) La7Br54 3.045(5) Lal6Br33 3.203(4) La26Bré0 3.257(4) La36Brd4 3.257(4) Lad6Br28 3.046(4)
Os7-La37 2.614(2) La7Br20 3.148(5) Lal6Br79 3.256(4) La26Br34 3.537(4) La36Br32 3.302(4) Lad6Br39 3.099(4)
Os7-Lad0 2.676(2) La7Br80 3.217(4) Lal#Br77 3.020(5) La2#Br25 2.952(4) La37Brl4 3.001(4) La46Br73 3.126(5)
Os7-Ladl 2.975(2) La7Brd0 3.224(5) Lal?Br79 3.028(4) La27#Brd9 3.071(4) La37Br48 3.060(4) Lad6Bril 3.233(4)
Os7-La38 3.008(3) La#Br51 3.360(4) Lal#Brld4 3.231(4) La2#Br7 3.097(4) La37Br32 3.061(4) La46Br21 3.254(4)
Os7-La39 3.013(3) La8Br65 2.981(4) Lal?Br59 3.234(5) La27Br3l 3.118(4) La37Br46 3.079(4) Lad7Br29 3.026(4)
Os7-Lad42 3.056(2) La8Br3  3.087(4) Lal#Br52 3.340(4) La27Brd5 3.264(4) La37Br57 3.214(4) Lad#Br39 3.034(5)
Os8-La44 2.640(2) La8Brl3 3.185(4) Lal?Br53 3.363(5) La28Br30 3.044(4) La38Br32 2.972(4) Lad7Br73 3.178(5)
Os8-La44 2.640(2) La8Br71 3.208(4) Lal8Br44 3.021(5) La28Br27 3.068(4) La38Bro 2.976(4) Lad7Br2 3.215(4)
Os8-Lad5 2.956(2) La8Br8  3.270(5) Lal8Br70 3.041(4) La28Br25 3.081(4) La38Br27 3.078(4) Lad7Bré2 3.219(4)
Os8-Lad5 2.956(2) La8Br70 3.434(4) Lal8Br56 3.075(5) La28Br80 3.084(4) La38Br7 3.134(4) Lad7Br21 3.278(4)
Os8-La43 2.958(2) La9Brl8 2.972(4) Lal8Br22 3.241(5) La28Br67 3.221(4) La38Brd0 3.306(4) La48Br29 3.089(5)
Os8-La43 2.958(2) La9Br20 3.056(5) Lal8Br52 3.456(4) La28Br58 3.537(5) La39Br56 3.054(4) La48Br28 3.117(4)
Os9-Lad48 2.779(2) La9Br8  3.118(4) Lal8Bri4 3.488(4) La29Br80 3.081(5) La39Br66 3.070(4) La48Bral 3.155(4)
Os9-La48 2.779(2) La9Br26 3.236(4) Lal9Br36 3.053(4) La29Br60 3.081(4) La39Brd3 3.081(4) La48Br39 3.191(4)
0s9-Lad7 2.927(2) La9Brd2 3.389(5) Lal9Br6 3.088(5) La29-Brl0 3.241(4) La39Bri4 3.111(4) Lad8Br66 3.223(4)
0s9-La47 2.927(2) La9Brd2 3.443(5) Lal9Br58 3.100(4) La29Br36 3.270(4) La39Br53 3.225(4) Lad8Br72 3.408(4)
Os9-La46 2.965(2) Lal6Br57 3.056(4) Lal9Br78 3.191(5) La29Bro 3.305(4) La39-Br24 3.262(4)

Os9-La46 2.965(2) Lal6Br40 3.088(4) Lal9Br3l 3.256(4) La29Br7 3.336(5) La40-Brd3 3.014(4)

Lal-Brél 2.963(4) Lal6Br4 3.092(4) La20-Br59 3.087(4) La30Br27 3.075(5) Lad46Br9 3.051(4)

a new and large structure type with isolated clusters. Even thecustomarily fill exo positions at metal vertexes. Horizontally,
common interstitials Fe and Ru gave no identifiable analogue pairs of dual edge-bridging Bt atoms connect the clusters into
of known Pr or Y bromides'2 or of lanthanum iodides LsZ infinite chains, whereas complementary pairs of BrBra-
(Z = Ru, Os, Ir, PtF! LaglsRu?? or the dimeric Lagl150%.2® interbridge clusters both vertically and in the third direction not
The new structure is constructed essentially from distorted shown. In contrast, Figure 2 shows in outline the usugOisa
or modified LaBri>type (edge-bridged) clusters centered by (tetragonally compressed) octahedra indBag:Os; in a view
osmium, as already known in the compositionally related but paaiie| to the uniqué axis, with bromine atoms omitted for
much simpler RiBr.dOs clusters and, in fact, in most cluster ity The structure can be considered to be built from CsCI-
halides. Flgur(_a 1 ShOWS. fqr_later comparlsogn ar_1d contrast onetype stackings of four cluster layers along thexis or, more
T ol 1. 2ong he [100)drecon, i o ofnaons o e
LagOs octahedra. In the first layer (numbered from left to right),

(21) Dorhout, P. K.: Payne, M. W.; Corbett, J. Borg. Chem1991 30 the approximate 4-fold axis of the compressed octahedra lies
4960. alongb, while in the second layer this runs alobgand these
(22) Payne, M. W.; Dorhout, P. K.; Corbett, J. org. Chem1991, 30, repeat in the third and the fourth layers. Figure 3 shows that

1467. :
(23) Lulei, M.; Martin, J. D.; Hoistad, L. M.: Corbett, J. D. Am. Chem. ~ €ach layer consists of a tetragonally elongated CsCl-type

Soc.1997 119 513. arrangement viewed along [100], viz., a rough cube of eight
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Figure 4. Various halide functions about clusters insBrs;0s.

strongest diffraction spots observed for the corresponding sub-
cell. The unit cell contains 16 such groups in the superstructure.
Bromine Functions. The ideal, or most common, octahedral

Figure 1. Structure of PsBri(Os,Ru) viewed alon@. Pairs of dual ”_‘eta' cluster_ls enclosed by 12 Inner edge-bridging) (Blus
edge-bridging Br' atoms connect the clusters into infinite chains that SiX exo-bonding (or outer, By bromides at the vertexes that
run nearly horizontally, whereas complementary pairs 6fBBra- are common_ly bifunctional and also inner atoms in neighboring
interbridge clusters both vertically and in the third direction not shown. clusters (B#'). But in LasgBrs10ss, this prototype connectivity
Inversion centers lie at the centers of the clusters and at the centers ofis much modified and distorted, and several other types of
all cell edges within the bridging arrays. bromine functions appear, generally featuring a greater number
of bonds per bromine to go along with the low Br:La ratio.
The present structure contains some vertexes with (a) tw@o Br
(b) double-edge-bridging BY, (c) a new face-capping function
(Brf=38) for a Br® on another cluster, and (d) a rarely known
example of Brthat is also exo to vertexes in two other clusters
(Bri-a-3) 11 The five types B Br—i, Br—a Br—a2 and Bf 2
types are illustrated in Figure 4 in this order for halide (X) in
general where

M
/\
M-M and M-M

represent edges and faces of the metal clusters. Sterically, the
12 X atoms in 6-12 clusters generally provide a tightly packed
array, and the principal space for additional bonding occurs in
the reduced hemispheres that lie outward from each vertex. (We
note that X~2 functionality is already known in some more

Figure 2. LagOs octahedral cluster arrangements in the unit cell of open, elongated trigonal bipyramidal cluster halides such as

LaugBrs;0ss. Each octahedron is centered by a Os atom (black), while Las(C2)Bro.2") o )
bromine atoms are not shown for clarity. There are nine independent Os atoms and the corresponding

number of pseudooctahedral cluster types iggBe10ss, two

with a lower multiplicity (8, 9) and one that is more distorted
(7). Even though the octahedra themselves are not easily
distinguished from one other, they are readily classified ac-

;\ cording to the surrounding bromine functions and connectivity,
as is summarized in Table 3. Clusters 1 and 2 have 12 inner
bromines about each that cover the 12 edges in one manner or

? ¢

another. Note that the other seven clusters are all different in
their closely bonded bromines, and these include three (4, 6, 7)
J with only 10 or 11 nearest neighbors and five that have one or

two of the unusual face-capping “inner” bromines f(BY. In

the same sense, the wide variety of cluster halides known to
Figure 3. Elongated CsCl-type arrangement of nine;Qa clusters date nearly always have just six halogens bonded exo at the six
shown as polyhedra. Cluste_r 5 is cgn_tral. This arrangement can beyqrtexes of the nominal octahedra. The complexity (and
considered as a smallest building unit in.#rs:0%, perversity) of the present structure is further emphasized by the
tabulation ofa functions (right-hand block) in Table 3, where
different clusters are shown to have-Z0 (mainly 8) exo-
bonded Bt in diverse arrangements. Overall, the clusters show
a range from 18 (cluster 4) to 22 (cluster 8) total bromines within

(S

LagOs clusters centered by a ninth. The intralayer—Os
distances are-8.3 A, while those between the pseudoeclipsed
(top and bottom) cluster layers arel5.5 A. The cluster in the
center is rotated by 90rom neighboring clusters to yield less
steric hindrance. This quasi-tetragonal cluster unit forms a basic 24y Heuer, T.; Steffan, F.; Meyer, Gur. J. Solid State Inorg. Chem
building unit for the whole structure, consistent with the 1996 33, 265.
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Table 3. Number of Bromine Atoms about Each Cluster ingdBxs;:0s, Sorted by Cluster Type and Bromine Function

functions
cluster n@ i i—i i—a i—a—a f-a ai a—a—i a—f tot. Br/cluster formula, Br/LgOg
1(1-6) 2 3 6 1 6 0 1 19 10.25
2(7-12) 2 3 6 1 7 0 1 20 10.58
3(13-18) 2 2 7 0 1 7 0 1 20 11.00
4(19-24) 1 1 7 0 1 8 0 18 9.58
5 (25-30) 3 8 0 1 6 2 20 10.08
6 (31-36) 3 8 0 6 2 1 20 9.58
7 (37-42) 4 4 1 2 8 19 9.33
8 (43—-45) 2 4 6 0 6 2 2 22 11.00
9 (46-48) 2 8 0 2 4 2 2 20 10.17
fraction 1 2/4 2/3 2/4 3/4 1/3 1/4 1/4
tot® 8 22 53 3 6 53 6 6 81

aTypical d(La—Br) ranges are 2.953.30 A for edge-bridging (i,+a) or face-capping (f) and 3.68.39 A for exo-bonding (&) functions.
b Each cluster is identified by the number of the centered osmium, Table 2. The lanthanum atom numbers in each are given in parémbeeses.
edge bridging; a, to vertex; f, face-cappirffidgzach cluster can be represented by a composition, splitting each bromine according to the number of
La to which it is bonded, not distinguishing i from a. For example, cluster 1 §€Q)(BF)a(Br')aa(Br sz (Bri =2 )1 a(Bré )swsz(Brd s =
Las(Os)Brio.2s (last column).2 Clusters 8 and 9 have half the multiplicity of the other clusters. These totals are per formula unit.

Table 4. Degree of Tetragonal Compression of the Clusters in
LaygBrs10s As Measured byd(Os—La) Differences (A)

cluster type Ad(odd axis} d(La—Os) compression axis (La)

Q

X7

% !

SN 1 0.332 2.870 2,3
S 2 0.332 2.875 11,12
N\ 3 0.313 2.852 14,16

i 4 0.325 2.859 19,21

5 0.311 2.859 25,28

6 0.320 2.867 34,36

7 0.368 2.890 37,40

g° 0.317 2.851 44, 44

o 0.167 2.890 48, 48

2 The difference between the average of four longer and two shorter
d(Os—La). ° Centric.

/-—A——\ short only one electron per formula unit of an average (ideal)
Figure 5. Part of the environment about the most distorted cluster 7 t1-type HOMO configuration for all nine cluster types. The
(center) within the layer of interbridged clusters. Distinctive features effect of a ground-state deficiencytis well-known to afford
include two Bi—2at top and one unbridged metal edge (Iower left front). genera| tetragonal Compressions of 16-electron Clustersl as
observed in ¥l;0Ru (Ad(R—2) = 0.21 A)8 PreBrigRu (0.28
A, vertical in Figure 1F K,lLagl100s (0.25 A)26 and less in
Yel100s (0.18 A)? MO calculations on ¥l19Ru indicated that
interactions between 4d orbitals on the Y atoms cause a splitting
of the nominal $# HOMO into g* below kg8 Very similar
distortions are found in L@Brg;0s in general, as summarized
d in Table 4. The first eight clusters show 0:30.37 A decreases
in axial d(La—0s) (i.e.,~0.67 A apex-to-apex), while cluster
9 changes only about half as much. It may be that two extra
holes lie in a nominaht? (— &) on the least compressed (and
half as frequent) cluster 9, but this is really not clear. Five of
the clusters contain one or two anomalous face-capping
functions (Table 3). Although it is well-known that capping all
faces changes electronic requirements of clusters considéfably,
we have here five examples of only partial changes toward that
limit, most containing no symmetry elements. Thus calculations
to pinpoint the possibly single electron hole per f.u. seem
relatively profitless. The widespread tetragonal compressions
of the clusters still seem to be the best hintelktively simple
effects. The same cautions apply as much or more to possible
magnetic susceptibility properties, where even unique and nearly
ideal geometries do not always give a simple result (summarized
in ref 28).

what we judge to be bonding distances (Table 3, foot@dte
where 18 is “normal” [(X)12(X®g]. The conformations about
most lanthanum and bromine atoms are fairly regular and
obvious on inspection of distance tables. On the other hand,
the particularly distorted cluster 7 in the center of Figure 5 has
two Bri-2 functions. In addition, one edge (La38a42) is
elongated 0.5 A beyond the normal range (lower left front) an
remains unbridged, and all but two metal atoms in the cluster
have two Bf neighbors.

If the bromines are assigned equally among the lanthanum
atoms to which each is bonded, that is, disregarding i, a, and f
differences, we can gain an approximate composition for each
cluster. For example, cluster 1 is in this sensg(0a)(Br)-
(Br)ara(Br = de(2/a(Br 2 312 Bré)gs(Bré My, or Lae-
(Os)Brng2s and the others are as given in the last column in
Table 3. The average cluster in the compound &Q8)Br 125
and the average cluster-based electron count is [(48@)(1)

+ 8(8)]/8 = 15.875~16. Our crude assignment does not allow
anything more to be said about the actual electron distributions,
although different and significant EeBr bond polarities are
expected.

Cluster Distortions. Eighteen skeletal electrons are optimal
for nominally octahedral 612 type clusters that are centered
by transition metal elements, corresponding to a skeletal electron
distribution into the R-Z bonding aft,5, the nominally (25 rlu(?q%aﬂks' T.; Rosenthal, G.; Corbett, JJDAm. Chem. S02.988
nonbonding ¢ on Z, and the RR bonding 1> HOMO interms  (26) Uma, S.; Corbett, J. Dnorg. Chem.1998 37, 1944.
of octahedral representatioffsThe present complex phase is (27) Hughbanks, T. RProg. Solid State Chen1989 19, 329.
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Figure 8. Interlayer bromine bridging function around cluster 1.
Bromines involved in intralayer connectivity (Figure 7) are not shown
for clarity.

Figure 6. [010] view of thea—c plane in LagBrs;0s aty ~0 with

La shaded and Os black. t&a and La-Br bonds are shown as filled
and shaded, respectively. All the bromines bridging clusters in this plane
are shown.

{200

i
f 5len AN o,
RTANATY
PA\VESE\V-

2 ®
LD o -{——‘—53>@/ e
Yo DL xe

/ 3
=S R(isi ey (0
PAYIRIRV/AY/ AN
;;5;;{‘%‘}‘7}»-\@ AV
Ll (= Eogpe=]

e
(Ne DL D
\_"/z’ . /‘f'_‘@” F SaENY

A

Figure 7. [100] view of theb—c plane in LagBrs;0s; atx ~0. Figure 9. Zigzag ordering of clusters and bromine functions in the

) b—c plane atx ~0 (Figure 7) with only Br2 and Br19 are shown for
The Superstructure. As can be expected from the variety clarity. A possible subcell is shown with thicker lines.

of functions listed in Table 3, the complete structure ofgta
Brs:0s is very complicated, and we will show only some that lie around cluster 1. For clarity, the view is along Q)1
exemplary sections for simplicity. Figure 6 shows an [010] ~90° from that of Figure 7. This also means that the bromines
section &—c plane) around the clustersyat= 0 with only the shown here are entirely new and connect clusteterplane.
innerbridging or interconnecting bromines in the plane shown We can also see the cleard role of Br60 on cluster 5.
for clarity. Examples of i (Br58),+a (Br6,11,32,34,48,81) and Although reasons why LgBrs;Os; achieves its particular and
f—a (Br43,66,78, in projection) functions are visible. Figure 7 rather complex superstructure relative to the neighborirg Pr
shows the bromine-richer connectivity in the perpendicitac BrigOs (Figure 1) seem unclear, it is evident that the increased
plane [100] for clusters centered arourd= 0. This shows numbers of the polar L-aBr interactions are a major driving
examples of+i (5, 15, 21), and+a—a (2) connections as well.  force. Thus each cluster (but number 4) has an excesé)(af
Several metal vertices are also seen to have more than one exosonded bromines compared with the normal 18. This generates,
bonded bromine, e.g., La43 and La47. This view contains a and the structure allows, more crowded closed-shell contacts
number of BI~' functions characteristic of EBrigOs (Figure between bromines, new bromine functions, and complex and
1) but without much order. presumably delicate orderings of cluster orientations and
The 2-D bromine connectivity in the—c plane (Figure 7) bromine connectivities. Electronic contributions among the
combined with a perpendicular one suctaas (Figure 6) gives various distorted clusters are not clear beyond the rather uniform
a start at the network structure, but it would be very difficult to tetragonal compressions. Rather than showing more details of
show all such connectivities by means of figures. In Figure 8 all of the structural motifs, we will show two relatively clear
we show only the neighboring (upper and lower) [100] sections characteristics of the superstructure. Figure 9 is a repeat of
Figure 7 with all bromines but Br2 and 19 eliminated. An
(28) Uma, S.; Martin, J. D.; Corbett, J. Iorg. Chem 1999 38, 3825. alternate subcell (heavier lines) is also drawn. Cluster orientation
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RU,22 La]_2|17FQ11 and Pil 17Fez,10 CsLaloFe and CsRo-
Fes! and CslLajgl170s and CsPrgl170%.22 No other super-
structures have been noted, although certainly some may have
remained as “unknown products”, even in the—Br—Os
system. The above pairs of comparisons all exhibit small
increases in cell volume from the Pr to the La member;-3.1
5.4% without exception, presumably because of larger size of
La. But in the present case, no analogue of the triclinig Pr
Br100s € = 1) has been seen. Instead, the very slightly oxidized
LagBrio.1240s € = 8-4) is favored in a large monoclinic structure
but still one built of isolated clusters. A striking feature regarding
its stability is the volume per cluster, which is 9.4&&sthan

that of PgBrigOs despite small opposing effects from atom size
differences¥? Clearly we have stumbled on the rare favorable
case in which just the right size proportions of all three elements
and of their cluster units (and, possibly, unknown electronic
effects of the distortions) allow favorable increases xR
interactions. Strong, polar E&Br bonding must be a major part

of the gain, and the increases in coordination numbers of each
by the other express this. Five Br about each La vertex is the
normal situation, but here 17 (of 48) La have six Br neighbors,
and two La, only four Br. Correspondingly 20 of 81 Br have

Figure 10. Ordering of clusters in tha—c plane in LagBrg;Os aty the expanded 4-fold bonding interactions with La (Table 3).
~0 (as in Figure 6) but only intralayer bromines shown for clarity. A The large cell represents the difficulty of achieving this in an
possible subcell is marked with thicker lines. efficient, periodic manner.

Matrix effects—important closed-shell repulsions between,
on the left half of this figure is very similar to that on the right, mainly, halide anions plus any changes iR and R-Z
suggesting &/2 pseudocell. The centered clusters type 1 in the distances with cluster distorti&h-must be the effects that limit
bottom and top halves (along 9, /s, etc.) are rotated so that  ponding here. These are expressed, in part, by particularly short
the Br2 and Br19 functions are ordered and alternate aong  d(Br—Br), of which there are three notable exampte3.4 A:
In an ideal subcell, these would be fixed, and Br19 would have 3.393(6), 3.317(7), and 3.300(5) A fd(Br39—41), d(Br42—
i—a-a function as Br2 already does. However, this would put 42), andd(Br9—36), respectively. The first involves Bf and
Br2 and Brl9 too close to each other, much less than the Bri-a on a common cluster, and the other two involve atom
observed 3.71 A. This steric hindrance may be the reason forpairs that are both Bito a common La vertex. These are very
the observed variation in functions for Br2 and 19, the zigzag short compared with the smallest distances in other cluster
ordering of clusters, and the longbraxis. Ordering in the bromides, 3.452(4) A in N®uBrgNO, 3.408(2) A in P
neighboringb—c plane atx = %4, %4, however, is the other  Br; ;N0 (both Pt),34 and 3.451(3) A in K¥NbgBrys.35
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4 and 7 alternate alongwith rotation between adjoining col- ) i ) _ )
umns. Alternatively, the last are also related to each other by f_S“pportt'”g '”fo”t“a“on A?;f"‘"abl'e- thsb'es (I’f CrySta”tOgraPh'f and §
inversion centers on the origin, faces, edges, and middle of the''"€Men paran:le ers, pOSI'I'.O”a and therma parameAers (isotropic an
true cell. This doubles the cell along [001] but with an obtuse amSOtmp'C.) f_or all atoms, all interatomic dlstanceSLS_ » and some

- . angles. This information is available free of charge via the Internet at
angle in a monoclinic cell. http://pubs.acs.org.

The Bottom Line: Better Space Filling. The present com-

plicated phase is clearly a novelty, and an important one it 1C990692W
seems. Many isostructural pairs of compounds have been(si) Lulei, M.; Corbett, J. DZ. Anorg. Allg. Chem1996 622, 1677.
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Leipzig, Germany, 1934; p 238.
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