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Reaction of KI, La, LaI3, and Os in a welded niobium tube at 800°C yields black, air-sensitive crystals of K2-
La6I12Os. The phase was characterized by single-crystal X-ray diffraction (monoclinic,P21/c, Z ) 2, a ) 9.890-
(3) Å, b) 19.319(5) Å,c) 10.047(4) Å,â ) 108.69(3)° at 23°C). The structure contains tetragonally compressed
La6I12 clusters centered by Os and interbridged by Ia atoms according to the general pattern of (R6Z)Ii6Ii-a6/2Ia-i6/2
for all examples with X:R ratios of 2:1. However, the detailed pattern of three-bonded Ii-a and Ia-i 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 of Ii-a and Ia-i bridging defines zigzag chains of clusters with strain evident in the
interconnections. EHMO calculations show that the observed 0.49 Å tetragonal compression of the 16-electron
cluster (relative to an optimal 18-e) splits the nominal t1u

4 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 × 10-4 emu mol-1.

Introduction

The importance of exploratory synthesis in solid state
chemistry is well established by the large variety of new
compounds with unusual structures and properties that have been
discovered. The forecast of phase stability even among a group
of definite alternatives remains one of the most elusive problems
in solid state science, while the inability to conceive of new
structure types seems substantially insuperable at present. This
lack of predictability offers great excitement and surprise with
the discovery of unknown, even unprecedented compounds.

The chemistry of reduced rare-earth metal (R) cluster halides
(especially iodides) in the presence of different interstitial
elements is remarkably broad.1,2 The common structural feature
in most of these reduced clusters is the presence of R6X12 units
in which the halogen atoms (X) bridge all edges of nominal
metal octahedra (R6) which in turn enclose interstitial atoms Z.
Possible interstitial atoms are late transition metals (groups
7-11), main-group elements (Be-N, Si, etc.,), and also small
dimers such as C2. These interstitial atoms provide both central
bonding and additional valence electrons for the cluster bonding
orbitals and thereby aid in fulfilling the minimal electron counts
for bonding of the relatively electron-poor rare-earth metals.
The clusters within these compounds may remain either isolated
or be condensed into dimers or larger units, depending
principally upon the halide:metal ratio. Different structures
found for a given ratio further depend on both the connectivities
provided by the halide atoms as these interlink the clusters into

various different frameworks, and any countercations that may
be incorporated.
Our recent exploratory research has been focused on the

introduction of alkali-metal atoms into compounds of rare-earth
metal-rich cluster compounds in order to examine the nature of
quaternary compounds. Although many quaternary cluster
compounds are known among reduced zirconium halides,1 the
corresponding isolated rare-earth element clusters were once
known only with main-group interstitials in such as Cs4Pr6I13C2,
Cs4Sc6I13C,3 CsEr6I12C,4 and Cs2Pr6I12C2.5 Earlier attempts
toward this goal have been successful with the discovery of
the new Cs4R6I13Z structure type (R ) Ce, Pr; Z) Co, Os)
with isolated metal clusters.6 The novel connectivity here can
be formulated as Cs4(R6Z)Ii8Ii-a4/2Ia-i4/2Ia-a2/2 in which an Ii atom
bridges an edge of the metal octahedron, Ia atoms bond exo at
R vertexes, and the other symbols denote bifunctionality.
Another structural type AR6I10Z (A ) K, Cs; R) La, Pr; Z)
Mn, Fe, Os)7 has the halide connectivity between clusters
A(R6Z)Ii2Ii-i4/2Ii-a6/2Ia-i6/2with more multiple functions for fewer
halides. Subsequent studies also uncovered the unprecedented
bioctahedral rare-earth metal clusters A2R10I17Z2 (A ) Rb, Cs;
R ) La, Ce, Pr; Z) Co, Ni, Ru, Os) in which the R10Z2 units
are sheathed and interbridged by iodine atoms.8,9 These show
the new interconnection pattern A2(R10Z2)Ii8Ii-a8/2Ia-i8/2.
The present article describes another new structure that we

have encountered during our extended explorations in metal-
rich systems in the presence of alkali metals.
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Experimental Section

Synthesis. The synthetic and sublimation techniques for LaI3 and
the reaction procedures utilizing welded Nb tubing have been described
before.9-11 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 K2La6I13Os heated at 800°C for 27 days
and slowly cooled at 5°C/h to 300°C first produced black crystals of
K2La6I12Os (∼50% according to the Guinier powder diffraction pattern
calculated after the structural solution), 10% LaOI, and an unknown
phase which gave a few additional lines. The former phase was also
obtained in∼40% yield (plus 40% KLa6I10Os7 and 10% LaOI) from
reactions with the composition K2La12I19Os2.
Subsequent reactions under the same reaction conditions with the

exact stoichiometry yielded black, microcrystalline samples of K2La6I12-
Os in high yield (∼90%, besides ca. 10% LaOI). Attempts to obtain
Rb2La6I12Os, Cs2La6I12Os and Cs2Ce6I12Os yielded principally the
corresponding A2R10I17Os2 phases9 instead. Several reactions with other
interstitials and rare-earth elements did not yield any A2R6I12Z
compounds. Those with K2La6I12Fe and K2La6I12Ru compositions
resulted only in major amounts of KLa6I10Fe7 and La3I3Ru,12 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 K2La6I12Os were

mounted in thin-walled glass capillaries in the glovebox, and their
quality was checked by Laue photographs on Weissenberg cameras.
Monoclinic cell parameters and an indication of Laue symmetry 2/m
were obtained from an approximately 0.05× 0.05× 0.20 mm crystal
after a least-squares refinement of the setting angles of 25 centered
reflections collected on a Rigaku AFC6R diffractometer with the aid
of graphite-monochromated Mo KR radiation. A total of 4754
reflections was collected (4e 2θ e 50°; (h, (k, (l; 2θ-ω scans) at
room temperature, and these gave 2483 unique data (Rav ) 16.2%) for
space groupP21/c (No. 14) of which 815 were observed (I > 3σI).
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 set (h0l, l * 2n; 0k0, k * 2n).
The structure was solved by direct methods (SHELXS13). Programs,

scattering factors, etc. were those in the TEXSAN package.14 An
empirical absorption correction (µ ) 207.8 cm-1) was applied to the
full data set with the aid of threeψ scans atø near 90° and later, after
isotropic refinement, by DIFABS, as recommended15 (relative transmis-
sion coefficient range: 0.851-1.00). The second step consistently
reduced the standard deviations, especially for the positional parameters
of the iodine atoms. The residuals after the complete anisotropic
refinement of all atoms (97 variables, 815 reflections) wereR(F) )
0.042 andRw ) 0.038. The largest residual peak in a∆F map was
1.52 e/Å3, 1.6 Å from K.
The Guinier powder pattern calculated for the refined structural

model agreed very well with that observed for the bulk product with
Si as a common internal standard. This allowed indexing of the pattern
and a better determination of the lattice constants. Some data collection
and refinement parameters are given in Table 1. The final atomic
coordinates, isotropic-equivalent temperature factors, and estimated
standard deviations are listed in Table 2. Additional data collection
and refinement information and the anisotropic displacement parameters
are available as Supporting Information. These and the structure factor
data are also available from J.D.C.
Physical Property Measurements.Magnetic susceptibilities of K2-

La6I12Os were measured after loading a 20-mg sample in a He-filled
glovebox into an improved fused silica container.16 The magnetic

susceptibilities were measured at 3 T over a range of 6-300 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 toscreen for possible impurities, but these
were found to be ideal (M(T) f 0 atH ) 0). The data were corrected
for the susceptibility of the container and for the standard diamagnetic
core terms.
Calculations. EHMO calculations17were carried out for the isolated

La6(Os)I12I68- cluster with exo-bonded iodine included. SuitableHii

parameters for La, Os, and I, viz. (in eV) La, 6s,-6.56; 6p,-4.38;
5d, -7.52; Os, 6s,-8.17; 6p,-4.81; 5d,-11.84; I, 5s,-20.8; 5p,
-11.2 were taken from charge-consistent interactions on similar
compounds.9,10

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 K2La6I12Os, space groupP21/c (Z) 2). Some
characteristics of this structure are nominal octahedral metal
clusters defined by three crystallographically distinct metal
atoms and an enclosed Os atom that lies on an inversion center.
The only other symmetry elements are the improper 21 screw
and c glide, and all atoms but Os lie in general positions.
Figures 1 and 2 show [001] and [100] views of the bridging
about one cluster and a unique set of atom numbers. The twelve
edges of the La6Z cluster are bridged by six crystallographically
different iodine atoms to form the well-known R6X12 unit. The
range of La-La distances (∆ ) 0.206(6) Å) and the corre-
sponding Os-La separations (∆ ) 0.269(4) Å, 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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Table 1. Some Crystallographic Data for K2La6I12Os

fw 2624.66
space group,Z P21/c (No. 14), 2
lattice constantsa

a (Å) 9.890(3)
b (Å) 19.319(5)
c (Å) 10.047(4)
â (deg) 108.69(3)

V (Å3) 1818(1)
Dcalc (g/cm3) 4.808
µ (Mo KR, cm-1) 207.81
R, Rwb 0.042, 0.038

aCell constants refined from Guinier powder pattern reflections
measured with Si as internal standard;λ ) 1.540 562 Å, 23°C. b R)
∑||Fo| - |Fc||/∑|Fo|; Rw ) [∑w(|Fo| - |Fc|)2/Σw(Fo)2]1/2; w ) σF

-2.

Table 2. Positional and Isotropic Equivalent Displacement
Parameters (Å2) for K2La6I12Os

atom x y z Uisoa

Os 0 0 0 0.70(1)
La1 -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)
I1 0.3680(4) -0.1449(2) 0.2209(4) 2.6(2)
I2 0.3267(4) 0.0659(2) 0.4088(4) 3.0(2)
I3 -0.3484(4) 0.0306(3) 0.2006(4) 3.1(2)
I4 0.0253(5) -0.1053(2) 0.4160(4) 3.2(2)
I5 -0.0817(5) 0.2071(2) 0.1887(4) 3.4(2)
I6 0.3113(4) 0.1790(2) 0.0199(5) 3.6(2)
K -0.426(2) 0.193(1) 0.412(2) 8(1)

a Uiso ) (8π2/3)ΣiΣjUijai*aj*abiabj.
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iodine bridging. The latter is best related in terms of the known
alternatives, as follows.
Bonding constraints for all R6X12Z stoichiometries are the

need both to bridge all 12 edges of each cluster (Xi) and to
bond Xa exo at the six metal vertexes, which leads to the
connectivity R6(Xi)6(Xi-a)6/2(Xa-i)6/2 in which half the halogens
are bifunctional. The spatial dispositions of Xi relative to Xi-a

distinguish among various 6-12 structure types. The parent
rhombohedral Zr6X12Z (Z ) Be, B, C, H)18 is built of layers of
centric trigonal-antiprismatic clusters stacked along 3h axes. The
six Xi-a 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 I3 and I4 in the intercluster rhomboids in Figures 1 and 2,
respectively.) The three halogens at each end of the cluster

remain Xi. In Sc7X12Z, the antiprismatic 3h sites between clusters
pairs defined by the latter Xi accommodate an additional ScIII

atom.10,19

Insertion of the large cation in rhombohedral CsEr6I12C
generates just the reverse bridging arrangement; the parallel Ii-a,
Ia-i bonding functions are disposed around the ends of the
antiprism, while the Ii atoms about the waists of the 3h clusters
are part of the 12-coordinate sites for Cs+ that alternate with
clusters along 3h.4 On the other hand, pairs of 11-coordinate
Cs+ sites in Cs2Pr6(C2)I12 (P1h) are generated with four Ii-a, Ia-i
pairs around the waists of nominal octahedra, two more Ii-a

lying on other trans edges of the clusters.5 The present K2-
La6I12Os meets the needs of the larger interstitial and two smaller
K+ counteractions in yet another way. Here pairs of three Ii-a

connections lie on opposite sides of the centric cluster with a
common La1 vertex in each; that is, they bridge three of the
four cis edges that meet at La1, I3 on La1-La3 and I4 and I5
on La1-La2 edges (Figures 1 and 2; the Ii-a are shaded therein).
As usual, the corresponding I3a-i and I4a-i in other clusters form
parallel bridges (rhomboids) and are exo to the respective La3
and La1, thus interconnecting the clusters in the [100] and [001]
directions. But the disposition of I5 is new and different; the
two trans I5i-a connect clusters along [010] while the two I5a-i

counterfunctions to La2 involve different clusters (Figure 2).
These are seen to be related by horizontal 21 screw axes along
x, 1/4, 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 I1i, I6i, and I2i atoms (unshaded)

that bridge four La2-La3 edges about the waist of the
octahedron (Figure 2) and a trans pair of La1-La3 edges (Figure
1), respectively. These all have common termini at the La3
vertexes. The 0.49 Å compression of the cluster along La3-
Os-La3 is thus associated with La3 vertexes to which three of
the more basic Ii are bound, while La1 about the waist has three
Ii-a neighbors, and La2, two Ii-a. We suppose that the slight
(0.046 Å) shortening of the cluster along La1-Os-La1 (vs the

(18) Ziebarth, R.; Corbett, J. D.J. Solid State Chem.1989, 80, 56. (19) Dudis, D. S.; Corbett, J. D.; Hwu, S.-J.Inorg. Chem. 1986, 25, 3434.

Figure 1. ∼[001] view of the individual clusters in K2La6I12Os and
the intercluster bridging along [100]. Interconnected La and Os atoms
in the clusters are shown with solid ellipsoids, bridging Ii-a are shaded,
and Ii and K have open (90% probability) ellipsoids. Only the unique
atoms in the centric clusters are labeled.

Figure 2. [100] view of the structure of K2La6I12Os showing the pairs
of I4 bridges to each cluster, the strained, multiple cluster bridging by
I5, and the approximately close-packed [100] cluster layer generated.

Table 3. Important Distances (Å) and Angles (deg) in K2La6I12Os

Os-La1 2.921(3) I1-K 3.67(2)
Os-La2 2.967(3) I1-K 3.52(2)
Os-La3 2.698(3) I2-K 3.46(2)

I3-K 4.00(2)
La1-La2 4.166(4) I4-K 4.15(2)
La1-La2 4.162(5) I5-K 4.12(2)
La1-La3 3.960(4) I6-K 3.98(2)
La1-La3 3.993(5) I6-K 3.97(2)
La2-La3 4.038(4)
La2-La3 3.983(5)

I2-I2b 4.190(9)
La1-I2 3.162(6) I4-I5 3.863(6)
La1-I3 3.231(5)
La1-I4a 3.372(5) Os-La1-I4 177.2(2)
La1-I4 3.218(5) Os-La2-I5 162.5(1)
La1-I5 3.255(5) Os-La3-I3 178.9(1)
La2-I1 3.233(5) I2-La1-I3 168.8(2)
La2-I4 3.294(5) I4-La1-I5 165.5(1)
La2-I5 3.321(5) I1-La2-I6 168.9(2)
La2-I5a 3.498(5) I4-La2-I5 167.0(2)
La2-I6 3.202(5) I1-La3-I6 162.0(1)
La3-I1 3.313(5) I2-La3-I3 162.9(1)
La3-I2 3.255(6)
La3-I3 3.287(5)
La3-I3a 3.435(5)
La3-I6 3.313(5)

a Exo Ia-i. b d(I-I) < 4.33 Å, all intercluster.
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La2 axis) results from the opposite effect of the predominant
bonding of the less basic Ii-a to La1.
The bridged K2La6I12Os structure and cluster distortions are

also associated with some evident strain in the lattice. Although
“matrix effects” associated with closed-shell X‚‚‚X contacts,
such as Xa riding on the four Xi about 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, all
intracluster I‚‚‚I contacts are greater than 4.3 Å vs fairly short
contacts of 3.95-4.00 Å found in other iodides. On the other
hand, the bridges between three clusters via I5i-a and I5a-i

bonded at La2 vertexes are significantly distorted relative to
the regular pairs of I3 and I4 double bridges. This is seen in
several Os-La2-I5 radial connections in Figure 2 that are bent
from a normal 180° to 162.5°. The La2-I5a distance is also
the longest of its type in the structure. These rather awkward
I5 bridges also result in unusually short (3.86 Å) I5-I4 contacts
between clusters, Figure 2 (across the 21 axis aty ) 1/4).
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 Å, with an average,
3.858 Å, that is 0.15 Å greater than the sum of Shannon radii.20

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 sites.1,7,21

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 element10,22,23and zirconium clusters24-26

have been discussed in detail on the basis of extended Hu¨ckel
molecular orbital calculations. The interstitial elements provide

both electrons and orbitals for the formation of strong bonds
with the cluster skeleton. Eighteen electrons are optimal for
nominally octahedral 6-12 type clusters that are centered by
transition elements, corresponding to the R-Z bonding a1g2 t2g6,
the R-R bonding HOMO t1u6, and the nominally nonbonding
eg4 orbitals on Z. The 16-electron cluster in K2La6I12Os shows
a compression of 0.49 Å along La3-Os-La3 relative to the
average of the other two axes (Table 3). Similar tetragonal
compressions have been observed for the 16-electron clusters
in Y6I10Ru (0.41 Å)10 and Pr6Br10Ru (0.55 Å)27 but notably less
(0.18 Å) in Y6I10Os.10,28 Relatively little distortion is observed
in the 17-electron example Pr6Br10Co (0.24 Å)27 and actually a
small expansion in Y6I10Ir.28 Extended Hu¨ckel MO calculations
on Y6I10Ru10 indicated that interactions between 4d orbitals on
the Y atoms cause a 0.30 eV splitting of the nominal t1u

4 HOMO
into a counterintuitive two-below-one (eu(x,y) and b2g(z)) pattern,
mostly because the Ru 5p levels lie too high to be effective in
Y-Ru bonding. A similar result was obtained for Pr6Br10Ru27

where the surprisingly greater axial compression (0.55 Å) 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 in Y6I10Os and Y6I10Ir,28

but this certainly does not carry over to the present Os-centered
phase. Our comparable calculations on aD4h La6(Os)I12I68-

cluster also generate two-below-one splitting of t1u
4 HOMO but

with a smaller gap (∼0.14 eV) than that earlier calculations on
Y-I-Ru and Pr-Br-Ru examples.
The absence of Curie-Weiss behavior for the magnetic

susceptibility of K2La6I12Os (Figure 4) and the implied closed-
shell configuration are quite consistent with the calculations.
The observed temperature-independent paramagnetism,∼6 ×
10-4 emu mol-1 after core corrections, however, is comparable
to values found for several other rare-earth metal and zirconium
cluster halides.29

The synthesis of K2La6I12Os with the common R6X12Z 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
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Figure 3. Iodines surrounding the potassium cation, with distances
that range from 3.46 to 4.15 Å.

Figure 4. Molar magnetic susceptibility of K2La6I12Os, corrected for
core diamagnetism.
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recently found in La6Br10Os,30 represents another way in which
phase stability may be achieved. Presumably, structural sim-
plicity reflects greater stability in the presence of the same
alternative structures.
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