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Reaction of Kl, La, Laj, and Os in a welded niobium tube at 800 yields black, air-sensitive crystals obK
Lagl120s. The phase was characterized by single-crystal X-ray diffraction (monoétdic, Z = 2, a = 9.890-

() A, b=19.319(5) Ac=10.047(4) A8 = 108.69(3) at 23°C). The structure contains tetragonally compressed
Lagl12 clusters centered by Os and interbridged %stbms according to the general pattern ofZRel' =%;0l2 g/

for all examples with X:R ratios of 2:1. However, the detailed pattern of three-boricleainid P~ bridging is

new owing to the need to accommodate a relatively large, distorted cluster and two potassium ions in a more
open structure. One type df# and B bridging defines zigzag chains of clusters with strain evident in the
interconnections. EHMO calculations show that the observed 0.49 A tetragonal compression of the 16-electron
cluster (relative to an optimal 18-e) splits the nomingt HOMO into a two-below-one pattern and gives a
closed-shell configuration. The compound accordingly exhibits only a small and typical temperature-independent
paramagnetism;-6 x 1074 emu mot™.,

Introduction various different frameworks, and any countercations that may
. o ) be incorporated.

The importance of exploratory synthesis in solid state ¢ recent exploratory research has been focused on the
chemistry is well established by the large variety of new jiroquction of alkali-metal atoms into compounds of rare-earth
compounds with unusual structures and properties that have beefyeta|-rich cluster compounds in order to examine the nature of
dlscoye_red. The f_orecast of phase stability even among a groupguaternary compounds. Although many quaternary cluster
of definite alternatives remains one of the most elusive problems compounds are known among reduced zirconium halidies,
in solid state science, while the inability to conceive of new corresponding isolated rare-earth element clusters were once
structure types seems substantially insuperable at present. Thiknown only with main-group interstitials in such asPsl1sCa,
lack of predictability offers great excitement and surprise with Cg,Sgl13C3 CsEgl1,C4 and CsPrgl1:Cy.5 Earlier attempts
the discovery of unknown, even unprecedented compounds. toward this goal have been successful with the discovery of

The chemistry of reduced rare-earth metal (R) cluster halides the new CgRgl13Z structure type R = Ce, Pr; Z= Co, Os)
(especially iodides) in the presence of different interstitial with isolated metal clustefs.The novel connectivity here can
elements is remarkably brodd. The common structural feature  be formulated as GEReZ)I'sl' ~2/21%'4/212~ %2 in which an | atom
in most of these reduced clusters is the presenceXfRunits bridges an edge of the metal octahedrératoms bond exo at
in which the halogen atoms (X) bridge all edges of nominal R vertexes, and the other symbols denote bifunctionality.
metal octahedra (Rwhich in turn enclose interstitial atoms z.  Another structural type ARioZ (A = K, Cs; R=La, Pr; Z=
Possible interstitial atoms are late transition metals (groups Mn. Fe, Os] has the halide connectivity between clusters
7—11), main-group elements (B&\, Si, etc.,), and also small ~ A(ReZ)I'2l"42l %2l *62 With more multiple functions for fewer
dimers such as £ These interstitial atoms provide both central halides. Subsequent studies also uncovered the unprecedented
bonding and additional valence electrons for the cluster bonding Pioctahedral rare-earth metal clustersRhvliZ2 (A = Rb, Cs;
orbitals and thereby aid in fulfilling the minimal electron counts R = L&, Ce, Pr; Z= Co, Ni, Ru, Os) in which the 87 units
for bonding of the relatively electron-poor rare-earth metals, 2re sheathed and interbridged by iodine atéfhsIhese show
The clusters within these compounds may remain either isolatedt€ NEW interconnection patterms(®oZz)l'sl' %2l sz
or be condensed into dimers or larger units, depending The present article describes another new structure that we
principally upon the halide:metal ratio. Different structures Nave encountered during our extended explorations in metal-

found for a given ratio further depend on both the connectivities rich systems in the presence of alkali metals.
provided by the halide atoms as these interlink the clusters into
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Experimental Section
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Table 1. Some Crystallographic Data for,Kasl1,0s

Synthesis. The synthetic and sublimation techniques fordahd
the reaction procedures utilizing welded Nb tubing have been described
before?~! KI (Fisher, 99.95%) was dried under dynamic vacuum and
then sublimed. La metal (Ames Laboratory) and Os powder (Alfa,
99.95%) were used as received and handled in a glovebox. A reaction
with a stoichiometric target Kasl130s heated at 800C for 27 days
and slowly cooled at 8C/h to 300°C first produced black crystals of
KzLasl120s (~50% according to the Guinier powder diffraction pattern
calculated after the structural solution), 10% LaOl, and an unknown
phase which gave a few additional lines. The former phase was also
obtained in~40% vyield (plus 40% KLg100s” and 10% LaOl) from
reactions with the compositionzKa;Jl160s.

Subsequent reactions under the same reaction conditions with the
exact stoichiometry yielded black, microcrystalline sampleshii 1
Os in high yield ¢90%, besides ca. 10% LaOl). Attempts to obtain
RbsLagl120s, Cslasli:0s and CgCe;il1.0s vyielded principally the

fw 2624.66
space group? P2;/c (No. 14), 2
lattice constants

a(h) 9.890(3)
b (A) 19.319(5)
c(A) 10.047(4)
f (deg) 108.69(3)
V (A3) 1818(1)
Decarc (g/cn?) 4.808
u (Mo Ka,, cm™?) 207.81
R, Rb 0.042,0.038

aCell constants refined from Guinier powder pattern reflections
measured with Si as internal standatds 1.540 562 A, 23C.PR=
YIIFol = [Fell/3|Fol; Ry = [IW(IFol — [Fel)/2W(Fo)]"% w = o 2.

Table 2. Positional and Isotropic Equivalent Displacement
Parameters (A for K,Lagl1,0s

corresponding AR10l170s phasesinstead. Several reactions with other
interstitials and rare-earth elements did not yield amReh.Z

compounds. Those with Kagli.Fe and KlLagl;-Ru compositions
resulted only in major amounts of KklagFe’ and LalsRu? respec-
tively. Reactions with Mn and Co as interstitials gave unidentified
products and so did those with Pr and Ce instead of La.

Single Crystal and X-ray Study. Crystals of KlLagli.Os were
mounted in thin-walled glass capillaries in the glovebox, and their
guality was checked by Laue photographs on Weissenberg cameras
Monoclinic cell parameters and an indication of Laue symmetry 2/
were obtained from an approximately 0.250.05 x 0.20 mm crystal

after a least-squares refinement of the setting angles of 25 centered K

reflections collected on a Rigaku AFC6R diffractometer with the aid
of graphite-monochromated Mo K radiation. A total of 4754
reflections was collected (& 26 < 50°; £h, £k, +£I; 20— scans) at
room temperature, and these gave 2483 unique &afa~(16.2%) for
space groupgP2,/c (No. 14) of which 815 were observed ¢ 30)).

The last was uniquely indicated by the indication of a centrosymmetric
space group on the basis of intensity statistics and the systematic
absences exhibited by the data d@l (| = 2n; 0kO, k = 2n).

The structure was solved by direct methods (SHEEXSPrograms,
scattering factors, etc. were those in the TEXSAN pacRagén
empirical absorption correctiom (= 207.8 cnt® was applied to the
full data set with the aid of threg scans ay near 90 and later, after
isotropic refinement, by DIFABS, as recommentdcelative transmis-
sion coefficient range: 0.8511.00). The second step consistently

atom X y z Usoa
Os 0 0 0 0.70(2)
Lal —0.0068(4) 0.0458(2) 0.2748(3) 1.3(1)
La2 0.0234(3) —0.1459(2) 0.0969(3) 1.4(1)
La3 0.2868(3) 0.0129(2) 0.0910(3) 1.4(1)
11 0.3680(4) —0.1449(2) 0.2209(4) 2.6(2)
12 0.3267(4) 0.0659(2) 0.4088(4) 3.0(2)
13 —0.3484(4) 0.0306(3) 0.2006(4) 3.1(2)
- 14 0.0253(5) —0.1053(2) 0.4160(4) 3.2(2)
15 —0.0817(5) 0.2071(2) 0.1887(4) 3.4(2)
16 0.3113(4) 0.1790(2) 0.0199(5) 3.6(2)
—0.426(2) 0.193(1) 0.412(2) 8(1)

a Uiso = (8Jr2/3)2i2juijai*a,-*§ié.

susceptibilities were measuretd&aT over a range of 6300 K on a
Quantum Design SQUID magnetometer. The magnetization of the
sample was first checked as a function of the applied field between 0
and 6 T at 50 and 200 K tscreen for possible impurities, but these
were found to be ideaM(T) — 0 atH = 0). The data were corrected
for the susceptibility of the container and for the standard diamagnetic
core terms.

Calculations. EHMO calculation¥ were carried out for the isolated
Lag(Os)hole®™ cluster with exo-bonded iodine included. Suitablg
parameters for La, Os, and I, viz. (in eV) La, 6s6.56; 6p,—4.38;
5d, —7.52; Os, 6s,-8.17; 6p,—4.81; 5d,—11.84; |, 55,—20.8; 5p,
—11.2 were taken from charge-consistent interactions on similar

reduced the standard deviations, especially for the positional parametergompounds:°

of the iodine atoms. The residuals after the complete anisotropic
refinement of all atoms (97 variables, 815 reflections) we(E) =
0.042 andrR, = 0.038. The largest residual peak iM\& map was
1.52 e/R, 1.6 A from K.

The Guinier powder pattern calculated for the refined structural
model agreed very well with that observed for the bulk product with

Results and Discussion

Structure. The presence of the large Os interstitial and two
relatively small K- countercations results in a new monoclinic
structure type for KLasl120s, space group2;/c (Z=2). Some

Si as a common internal standard. This allowed indexing of the pattern characteristics of this structure are nominal octahedral metal
and a better determination of the lattice constants. Some data collectionclusters defined by three crystallographically distinct metal
and refinement parameters are given in Table 1. The final atomic atoms and an enclosed Os atom that lies on an inversion center.
coordinates, isotropic-equivalent temperature factors, and estimatedThe only other symmetry elements are the impropescew
standard deviations are listed in Table 2. Additional data collection g4 ¢ glide, and all atoms but Os lie in general positions.
and refinement information and the anisotropic displacement parameters;Figures 1 and 2 show [001] and [100] views of the bridging
are available as Supporting Information. These and the structure factorabout one cluster and a unique set of atom numbers. The twelve
data are also available from J.D.C. - . ’ -
Physical Property Measurements. Magnetic susceptibilities of K eglges of .the. L& cluster are bridged by six crystallogrgphlcally
Lasl120s were measured after loading a 20-mg sample in a He-filled different iodine at(_)ms to form the well-knownsRy unit. The
glovebox into an improved fused silica contaiderThe magnetic ~ range of La-La distances 4 = 0.206(6) A) and the corre-
sponding Os-La separations = 0.269(4) A, Table 3) describe
a substantial distortion from octahedral symmetry, a compression
along the La3-Os—La3 axis. The genesis of this appears to
be concerted effects of an electronic instability of the 16-e cluster
(below) and probably also the asymmetry of the intercluster
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Figure 1. ~[001] view of the individual clusters in Kasl;,0s and

the intercluster bridging along [100]. Interconnected La and Os atoms
in the clusters are shown with solid ellipsoids, bridgiing &re shaded,
and | and K have open (90% probability) ellipsoids. Only the unique
atoms in the centric clusters are labeled.
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Figure 2. [100] view of the structure of KLagl1,0s showing the pairs
of 14 bridges to each cluster, the strained, multiple cluster bridging by
I5, and the approximately close-packed [100] cluster layer generated.

iodine bridging. The latter is best related in terms of the known
alternatives, as follows.

Bonding constraints for all §X12Z stoichiometries are the
need both to bridge all 12 edges of each clusté) éxd to
bond X exo at the six metal vertexes, which leads to the
connectivity R(X)e(X'=3e2(X% )¢ in which half the halogens
are bifunctional. The spatial dispositions ofélative to X2
distinguish among various-6L2 structure types. The parent
rhombohedral ZX1,Z (Z = Be, B, C, Hf®is built of layers of
centric trigonal-antiprismatic clusters stacked alorax8s. The
six Xi—2 that lie around the waists of the antiprisms are exo
bonded to cluster vertexes in the adjoining layers, and vice versa
waist iodine in the latter bonding in parallel to vertexes of the
central cluster. (This complementary functionality can be seen
for 13 and 14 in the intercluster rhomboids in Figures 1 and 2,

Uma and Corbett

Table 3. Important Distances (A) and Angles (deg) inlisl1:0s

Os-Lal 2.921(3) 1+K 3.67(2)
Os—La2 2.967(3) 1K 3.52(2)
Os-La3 2.698(3) 12-K 3.46(2)

13—K 4.00(2)
Lal-La2 4.166(4) 14K 4.15(2)
Lal-La2 4.162(5) I5-K 4.12(2)
Lal-La3 3.960(4) 16-K 3.98(2)
Lal-La3 3.993(5) 16-K 3.97(2)
La2—La3 4.038(4)
La2—-La3 3.983(5)

12—12° 4.190(9)
Lal-12 3.162(6) 14-15 3.863(6)
Lal-I13 3.231(5)
Lal-142 3.372(5) Os-Lal-14 177.2(2)
Lal—14 3.218(5) Os-La2-15 162.5(1)
Lal-15 3.255(5) Os-La3-13 178.9(1)
La2—-I1 3.233(5) 12-Lal—-I3 168.8(2)
La2-14 3.294(5) 14-Lal-15 165.5(1)
La2—15 3.321(5) I+La2—16 168.9(2)
La2—152 3.498(5) 14-La2—-15 167.0(2)
La2—16 3.202(5) 1+-La3—16 162.0(1)
La3—11 3.313(5) 12-La3-13 162.9(1)
La3—I12 3.255(6)
La3-13 3.287(5)
La3—132 3.435(5)
La3-16 3.313(5)

aExo I, bd(I—1) < 4.33 A, all intercluster.

remain X. In SeX12Z, the antiprismatic_ 3ites between clusters
pairs defined by the latter Yaccommodate an additional "Sc
atom10.19

Insertion of the large cation in rhombohedral GS$EC
generates just the reverse bridging arrangement; the patael |
127" bonding functions are disposed around the ends of the
antiprism, while thelatoms about the waists of thecBisters
are part of the 12-coordinate sites for'‘Cbat alternate with
clusters along 3 On the other hand, pairs of 11-coordinate
Cs' sites in CsPrs(Cy)l12 (P1) are generated with foul®, &
pairs around the waists of nominal octahedra, two more |
lying on other trans edges of the clusterdlhe present k
Lagl120s meets the needs of the larger interstitial and two smaller
K* counteractions in yet another way. Here pairs of thigk |
connections lie on opposite sides of the centric cluster with a
common Lal vertex in each; that is, they bridge three of the
four cis edges that meet at Lal, 13 on kdla3 and 14 and 15
on Lal-La2 edges (Figures 1 and 2; the?lare shaded therein).
As usual, the corresponding®3and 1471 in other clusters form
parallel bridges (rhomboids) and are exo to the respective La3
and Lal, thus interconnecting the clusters in the [100] and [001]
directions. But the disposition of 15 is new and different; the
two trans 152 connect clusters along [010] while the twa15
counterfunctions to La2 involve different clusters (Figure 2).
These are seen to be related by horizonfad@ew axes along
X, 14, 0, etc. and to so generate [100] layers of interbridged,
approximately close-packed clusters, but with some distortions.

Each cluster has left a pair of']16/, and 12 atoms (unshaded)
that bridge four LazlLa3 edges about the waist of the
octahedron (Figure 2) and a trans pair of tdh3 edges (Figure
1), respectively. These all have common termini at the La3
vertexes. The 0.49 A compression of the cluster along-.a3
'Os—La3 is thus associated with La3 vertexes to which three of
the more basic lare bound, while Lal about the waist has three
Ii-2 neighbors, and La2, twd® We suppose that the slight

respectively.) The three halogens at each end of the cluster(0-046 A) shortening of the cluster along La®s-Lal (vs the

(18) Ziebarth, R.; Corbett, J. OJ. Solid State Chermi989 80, 56.

(19) Dudis, D. S.; Corbett, J. D.; Hwu, S.4dorg. Chem 1986 25, 3434.



KsLagl120s: A New Structure Type

Figure 3. lodines surrounding the potassium cation, with distances
that range from 3.46 to 4.15 A.

La2 axis) results from the opposite effect of the predominant
bonding of the less basi¢Pto Lal.

The bridged KLagl1,0s structure and cluster distortions are
also associated with some evident strain in the lattice. Although
“matrix effects” associated with closed-shelt-XX contacts,
such as Xriding on the four Xabout each vertex, are common
and significant in many cluster networks, such are not important
here. Presumably because of the large sizes of Os and La, al
intracluster {-+1 contacts are greater than 4.3 A vs fairly short
contacts of 3.954.00 A found in other iodides. On the other
hand, the bridges between three clusters via2land 15
bonded at La2 vertexes are significantly distorted relative to
the regular pairs of 13 and 14 double bridges. This is seen in
several Os-La2—I5 radial connections in Figure 2 that are bent
from a normal 180to 162.5. The La2-152 distance is also
the longest of its type in the structure. These rather awkward
I5 bridges also result in unusually short (3.86 A}-I8 contacts
between clusters, Figure 2 (across theagis aty = /).

The coordination sphere of the less demanding potassium
counterion is irregular, Figure 3. The cation is surrounded by
eight iodine atoms over a range of 0.69 A, with an average,
3.858 A, that is 0.15 A greater than the sum of Shannon #&dii.

These circumstances are presumably reflected in the large and

irregular thermal ellipsoids for potassium (Table 2). Many
examples are known in other quaternary cluster halides in which
like cations lie in poorly defined, low-symmetry site§2!
Alkali-metal atoms often mainly fulfill charge requirements,
while the dominant framework is formed by the clusters and
the bridging halides.

Calculations. The contributions of main-group or transition-
element interstitials to the bonding and stabilization of isolated,
octahedral rare-earth elem&?23and zirconium clustef$ 26
have been discussed in detail on the basis of extende#dtu
molecular orbital calculations. The interstitial elements provide

(20) Shannon, R. DActa Crystallogr 1976 A32 751.
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Figure 4. Molar magnetic susceptibility of K asl1,0s, corrected for
core diamagnetism.
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both electrons and orbitals for the formation of strong bonds
with the cluster skeleton. Eighteen electrons are optimal for
nominally octahedral 612 type clusters that are centered by
transition elements, corresponding to theRbonding ag taef,

the R-R bonding HOMO 1,8, and the nominally nonbonding
es* orbitals on Z. The 16-electron cluster inlkagl1,0s shows

a compression of 0.49 A along La®s—La3 relative to the
average of the other two axes (Table 3). Similar tetragonal
compressions have been observed for the 16-electron clusters
in Yel1oRU (0.41 A0 and PgBrigRu (0.55 A¥7 but notably less
(0.18 A) in Yel1g0s1028 Relatively little distortion is observed

in the 17-electron example §Ar1oCo (0.24 A¥” and actually a
small expansion in ¥10lr.28 Extended Hakel MO calculations

bn Yel10RU indicated that interactions between 4d orbitals on
the Y atoms cause a 0.30 eV splitting of the nomindlHOMO

into a counterintuitive two-below-one(gy) and by(2)) pattern,
mostly because the Ru 5p levels lie too high to be effective in
Y—Ru bonding. A similar result was obtained foBri gRU’
where the surprisingly greater axial compression (0.55 A) was
attributed to reduced matrix effects caused by the larger Pr and
smaller bromide. Relativistic effects were imagined to be
responsible for the smaller distortion inslY,Os and ¥l olr,28

but this certainly does not carry over to the present Os-centered
phase. Our comparable calculations oD@ Lag(Os)hole®~
cluster also generate two-below-one splitting;gf HOMO but

with a smaller gap+0.14 eV) than that earlier calculations on

Y —1—Ru and P+Br—Ru examples.

The absence of CurieWeiss behavior for the magnetic
susceptibility of kLagl120s (Figure 4) and the implied closed-
shell configuration are quite consistent with the calculations.
The observed temperature-independent paramagnetisng

104 emu mot! after core corrections, however, is comparable
to values found for several other rare-earth metal and zirconium
cluster halideg?

The synthesis of WL agl1,0s with the common BX1,Z cluster
composition but a different structure shows how the introduction
of alkali metals and suitable Z can lead to new compounds
stabilized by transition metals. The compound achieved also
illustrates another way in which structures may adapt to meet
the necessary bonding and electronic requirements. At the same
time, the present structure would appear to mark something near
the boundaries of practicality and stability in terms of strain
and complexity. The creation of large superstructures, as

(27) Llusar, R.; Corbett, J. Onorg. Chem 1994 33, 849.
(28) Payne, M. W.; Corbett, J. Dnorg. Chem 199Q 29, 2246.
(29) Steinwand, S. J.; Corbett, J. Dorg. Chem.1996 35, 7056.
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Supporting Information Available: Two tables with more crystal-
lographic data and anisotropic displacement parameters (2 pages).
Ordering information is given on any current masthead page.
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