Inorg. Chem. 2003, 42, 8768—8772

Inorganic:Chemistry

* Article

Synthesis and Characterization of the New Cluster Phase Ksglngy. Three
K-In Compounds with Remarkably Specific and Transferable Cation
Dispositions

Bin Li and John D. Corbett*

Ames Laboratory DOE! and Department of Chemistry, lowa State Lbrsity, Ames, lowa 50011

Received June 20, 2003

The titled compound Ksglngy (Pearson symbol hP238) has been synthesized by fusion of the elements in stoichiometric
proportions in Nb containers. The trigonal structure was established by single-crystal X-ray means (P3m1, Z = 2,
a=b =17.211(2) A, ¢ = 28.888(6) A). The crystal structure can be described as a three-dimensional indium
network composed of five kinds of clusters: three types of empty Iny, icosahedra with different exo-bonding and
symmetry, A (12 exo-bonds, 3m), B (12 exo-bonds, m), and C (6 exo-bonds, 3m); an Inys icosioctahedron centered
by a tetrahedral In atom (D, 3m); and a rather open In;s spacer (E, 3m). This new intermediate lies between Ky7Ins,
and KaInge. Remarkably specific and transferable potassium dispositions about each cluster anion occur in the title
compound as well as in Ki7Ing and Kxlnse. This characteristic makes it easier to understand the structural relationships
among these three compounds, which all exhibit a common K36 clathrate-Il network of alkali metal atoms that are
stuffed by cluster anions. The presence of the regular cation positions is probably decisive for the formation of all
three structures. The title compound is metallic.

Introduction cation positions as well as disordet? For indium, a few
isolated and often hypoelectronic clusters are found, such
as the “naked” Ig 7~ cluster in Kglny; 1415 and isolated
Z-centered lgy clusters of lower symmetry in &lnoZ (Z

= Ni, Pd, Pt)!6 as well as isolated distortedltetrahedra

in NaIn.'” However, other linkages of clusters into networks
via simple exo bonds are frequently observed as well.
Examples of the latter are Na-centereldsoln,e clusters
andnido-Iny; units in Nasln,z 47 closeing; and In-centered
closalny; clusters in K-n,;,'® closo- and arachnelng; in
AsNagelngs (A = K, Rb, Cs)*2%andcloscin;, plus an Ins
spacer in both g Nay glnzg (With some cation intermixing)

The intermetallic chemistry found in compounds between
the alkali metals and group 13 (triel) elements (particularly
Ga, In and TI) exhibits a remarkable richness of clusters and
cluster framework&3 However, the structures among these
always appear to show more differences than similarities.
Thallium exhibits the greatest variety of isolated cluster
anions? 7 whereas indium and gallium tend to form more
anionic cluster networks. Compared with indium systems,
gallium has been reported to form more binary and ternary
network compounds built of interbridged or fused clusters
or cluster fragments, but almost always with apparent
problems of fractional occupancies of some gallium and
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and Koolnse?222Recently, onlyclosalng; clusters plus four-
bonded (interconnecting) indium atoms were found in
KNaglng.24

Perhaps because of the “beauty and brilliance” of these(
triel clusters, the cation sublattices present in these com-

pounds have with a few exceptidhs! been neglected or
overlooked. In addition, although mixtures of the different

finally cooled to room temperature af@/h. X-ray powder patterns

for samples mounted between pieces of cellophane were collected
with the aid of an Enraf-Nonius Guinier camera, CaXradiation

A = 1.540562 A), and NIST silicon as an internal standard.

The new IKlngy is extremely sensitive to traces of air or
moisture. According to Guinier X-ray powder diffraction, the
patterns of supposedly pure products always contained minor
amounts of the Klppattern with diffusion lines. Annealing at 150

sized or charged cations have been observed to be veryc for one month gave the same results. Later, it was found that

effective in opening routes to new cluster speéie¥,;?>27

the proportion of Kln in the product increased with an increase in

the roles and regular geometries of the cations distributedexposure time for powder diffraction. This indicates thabligo

within the three-dimensional anionic network surrounding

gives Kln, at room temperature from reaction with traces of

the clusters have not been extensively studied. Especiallyatmospheric moisture, hence the broad lines.

the importance of the alkali metal “solvation” environment
about the polyanions has not been well considered in
understanding the general chemistry of such intermetallic

compounds and their interrelationships, mainly because of

incomplete exploration among related compounds. During
our explorations for new compounds, the present phage K
Ingo was discovered. According to the-Hn phase diagrart?,
there are, in addition to the recently discoveregdiifgy, Kg-

In1;, and Ki7lng, two structurally unknown phases with
compositions of about Kin(or Kslng) and Kalns (or Kslny),

Structure Determination. Several silvery block-shaped crystal
were selected and mounted in glass capillaries inside a glovebox.
The crystals were first checked by Laue photography for their
singularity. The best one~0.22 x 0.28 x 0.31 mn3¥) was
transferred to a Bruker SMART 1000 CCD-equipped diffractometer
for data collection, which took place at 2@ with monochromated
Mo Ka radiation. A total of 1260 frames were collected with an
exposure time of 20 s each. A trigonal unit cell was initially
indicated from 999 indexed reflections. The reflection intensities
were integrated with the SAINT subprogram in the SMART
software packag®. The program SADAB® was applied for an

according to just the thermal analysis data. The former one empirical absorption correction.
is evidently the compound reported here. Close comparisons The XPREP subprogram in the SHELXTL 6.1 software pack-

of its structure with those of the neighboringJzg and
K171n4; reveal remarkably specific and transferable potassium
dispositions occuring around each of the three types of
clusters.

Experimental Section

Syntheses All reactions were carried out in welded niobium
tubes jacketed in a fused silica container by methods and technique
described previousl§71425All materials were handled in N or
He-filled gloveboxes that had moisture levels below 0.1 ppm
(volume). A single crystal of the title compound was first obtained
in an attempt to prepare a closed shell phagealf; by substituting
La for Sr in the hypoelectronic phase$tin;.2” A mixture of K,

La, and In in an atomic ratio of 2:1:7 was heated at 100@or 18

h and quenched to room temperature. The sample was then reheate

to 600 °C, held there for 166 h, and finally cooled to room
temperature at 2C/h. Several single crystals with the same structure
were also obtained from reactions of¥GIny; and KiEwlngg

compositions under almost the same conditions. Once the structure - k h
deflections ( = 20y). The largest residual peak and hole in thie

of Ksglngo had been established, a single phase sample was obtaine
after stoichiometric amounts of potassium (Alfa, 99.9%) and indium
(Alfa, 99.9995%) had been heated at 7@for 12 h, quenched to
room temperature, then reheated at 2@for two weeks, and

(21) Carrillo-Cabrera, W.; Caroca-Canales, N.; von Schnering, HZG.
Anorg. Allg. Chem1994 620, 247.

(22) Sevov, S. C.; Li, B.; Corbett, J. D. Unpublished research.

(23) The last compound was originally reported as trigonal s3§nsg 67
with mixed alkali metal and isolated indium atoms on the same position
(Cordier, G.; Mier, V. Z. Kristallogr. 1992 198 302), but our single
crysggl studies have shown that it is the ordered stoichiometrie K
INzg.

(24) Li, B.; Corbett, J. DInorg. Chem 2002 41, 3944.

(25) Dong, Z.-C.; Corbett, J. DI. Am. Chem. So0d.995 117, 6447.

(26) Dong, Z.-C.; Corbett, J. DAngew. Chem., Int. Ed. Engl996 35,
1006.

(27) Chi, L.; Corbett, J. DInorg. Chem 2001, 40, 2705.

(28) Morachevskii, A. G.; Bykova, M. ARuss. J. Appl. Chen2001, 74,
1793.

agé! was used for the space group determination. No systematic
absences for the apparent trigonal space group could be found, and
the intensity statistics clearly indicated a centrosymmetric space
group (E? — 10= 0.910). But no matter which space group was
chosen, such a®3, P3ml, P6/mmm or even some acentric
examples, only~25% of the In atoms could be found and no
structural solution. Finally, the presence of merohedral twinning
was tested by XPREP subprogram in SHELXTL 6.1, and the correct

daue group Bl and the twin law 1000-10001] were found.

Then the structure was successfully solved by direct methods in
space groug”3ml for a fairly large cell (ca. 1% 17 x 29 A3).
Seventeen apparent In positions were assigned on the basis of peak
heights, and subsequent least-squares refinements and difference
Fourier syntheses quickly located the five other indium atoms and
all potassium atoms judging from bond distances and peak heights.
Jhen the occupancies of all atoms were allowed to vary succes-
sively, but these test refinements did not lead to any significant
change from unity in the occupation factors. Refinements, finally
with anisotropic displacement parameters, converged at B1%,
GOF = 1.046 for 224 variables, and 6664 independent observed

map were 1.82 ane-2.20 e/A3 at distances of 0.83 and 1.67 A
from K5 and K9, respectively.

Some crystallographic and refinement details are listed in Table
1. Table 2 gives the atomic positional and isotropic-equivalent
displacement parameters. More detailed crystallographic and refine-
ment data and the anisotropic displacement parameters are available
in Supporting Information. These and the structure factor data are
also available from the corresponding author (J.D.C.).

Properties. Electrical resistivities were measured by the elec-
trodeless “Q” method with the aid of a Hewlett-Packard 4342A Q
meter32 The method is particularly suitable for measurements on
highly air-sensitive samples. For this purpose, 87.5 mg of a

(29) SMART Bruker AXS, Inc.: Madison, WI, 1996.
(30) Blessing, R. HActa Crystallogr.1995 A51, 33.

(31) SHELXTL Bruker AXS, Inc.: Madison, WI, 2000.
(32) Zhao, J. T.; Corbett, J. Dnorg. Chem 1995 34, 378.
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Table 1. Selected Data Collection and Refinement Parameters for
K3glngo

space groupZ P3m1, 2

fw 10710.50

lattice params (A) a=b=17.211(2) Ac = 28.888(6) A
V (A3) 7411(2)

Pcaled (g-cmM~3) 4.800

u (Mo Ka, cm™?) 132.61

R1, wR2 3.10,7.76

aR1= 3||Fol — IFdll/ZIFol; WR2 = FW(|Fol? — [Fc|)ZTW(F%)]"2.

Table 2. Atomic Coordinates %10% and Isotropic Equivalent
Displacement Parameters%{A 10%) for Kzglngo

X y z W Figure 1. ~(100) overview of the unit cell of Kglngo with the indicated
In(1) 1581(1) 4918(1) 2408(1) 14(1) different clusters: icosahedra A (turquoise), B (blue), C (yellow); centered
In(2) 2175(1) 4349(1) 1512(1) 16(1) icosioctahedron D (red), andknspacer E (gray). The-axis is horizontal.
In(3) 159(1) 3348(1) 2979(1) 15(1)
:ﬂgg; 2133(313) 4322?17) _29311%1()1) 221(41()1) an icosioctahedral kg centered by a 4b-In4 atom (D), and
In(6) 173(1) 3347(1) 1869(1) 16(1) (3) arather open 3 spacer (E). The three icosahedra A, B,
In(7) 1174(1) 2349(1) 1594(1) 15(1) and C are centered at Wykoff sitea, 6i, and b in 1:6:1
In(8) 2717(1) 5435(1) 4210(1) 16(1) . = T .
In(9) —1012(1) 1012(1) 4811(1) 16(1) proportions and with &, m, and 3n symmetries, respec-
In(10) 5718(1) 7859(1) —361(1) 37(1) tively. (The 12-bonded icosahedron B has the same
In(11) 1009(1) 2019(1) —181(1) 18(1) symmetry as the 6-bonded icosahedron inligs, and A
In(12) 1171(1) 2342(1) 3337(1) 14(1) . = '
In(13) 594(1) 1187(1) 4234(1) 14(1) and C icosahedra have the sanma §ymmetry as the 12-
In(14) 2737(1) 5474(1) 489(1) 36(1) bonded icosahedra inzKnszs and Ki7In4.) Both the icosio-
In(15) 1253(1) 5626(1) 4682(1) 17(1) ctahedron In@Ig; (D) and the s spacer (E) are centered
In(16) —1545(1) 3348(1) 1223(1) 36(1) DN . .
In(17) 596(1) 1193(1) 758(1) 16(1) on the 3-fold axis in @ sites with 3n symmetry, the same
In(18) 4394(1) 5606(1) —202(1) 36(1) as In7in Ki7nz1 and Ins in Koslnse. The five clusters A, B,
In(19) —1427(1) 3369(1) 3520(1) 19(1) C, D, and E are externally 12-, 12-, 6-, 12-, and 15-bonded
In(20) 1782(1) 1761(1) 2458(1) 14(1) " A . ' o T .
In(21) ~708(1) 4646(1) 4365(1) 19(1) (<3.60 A), respectively, to other members via direct inter-
In(22) —3333 3333 1699(1) 42(1) cluster In-In bonds. Thus, only clusters C and D are not
ﬁgg _gggg ggg? ggg;g; i‘a‘gg bonded to other clusters at all vertices, and there are no
K(3) ~778(2) 4611(1) 2341(1) 28(1) isolated indium atoms that interconnect polyhedra. All the
K(4) 0 0 1818(2) 15(1) inter- and intracluster bond lengths in this structure are
K(5) 1318(1) 2637(2) —1333(1) 22(1) i ; .
K() 6605(2) 9544(2) sa5(1) 3501) comparable to the corresponding bonds inli,; and Ky _
K(7) 453(2) 7133(2) 4304(1) 26(1) Inze. In the present compound, the shortest 2.87 A bond is
K(8) —1283(1) 1283(1) 3587(1) 21(1) In15—-In21 in the Ins spacer, a little longer than the
Eg%) 33303 66607 31165216((22)) 1282((11)) corresponding 2.81 A bond in Mng. There are no
K(11) 867(2) 5434(1) 3501(1) 14(1) particularly short bonds. This structure can also be schemati-
K(12) —2079(1) 2079(1) 2395(1) 28(1) cally described as an ...abcb... stacking along dhexis
Egi; 4622213) 9222(637) Slégg((j)) 6312((3%)) (Figure 1) in which the a layer contains icosahedra A plus
K(15) 2203(1) 4405(2) 5350(1) 22(1) polyhedra D, b just icosahedra B, and c icosahedra C plus

polyhedral spacer E.

Among 15 types of potassium atoms, all but K1, K14,
and K15 cap triangular faces of the polyhedra. These three
powdered sample with grain diameters between 150 anqu#50  are all incorporated into the rather openslspacer; the K14
was dispersed with chromatographic alumina and sealed under Hecation is in the center, and K1 and K15 cap hexagonal and
in a Pyrex tube. Measurements were made at 34 MHz over the heptagonal faces, respectively. The same type of positions
range 126-240 K. The measured resistivities ogdkng increase for these alkali metal atoms are found in (Kb#se 2* and
linearly from about 7 to 11.xQ-cm (0.30% K1) over 126-240 K22lnse,23 and the central atom in the spacer, K14 here,

K; this change is tal_<en as the defining characteristic of a metal. always has slight elongation of its displacement ellipsoid.
The extrapolategos is about 14.G.L2-cm. The relationship bet th E and the In-centered
p between the spacer E al e In-centere
Inye cluster D is shown in Figure 2. The latter (left), broken
down as In(lalnyy), can be described as a Friauf-8—3

Structure Description. The general [100] view of the unit  (In12) polyhedron (a truncated tetrahedron) that is centered
cell in Figure 1 outlines by means of closed polyhedra all and In-capped on the four hexagonal faces. As shown, the
In—In separations that are less than 3.5 A. The overall crystal Inys spacer can be derived in a somewhat ad-hoc manner
structure can be described as a three-dimensional indiumfrom the In7 unit by replacing (a) the three In18 that cap
network composed of three different building blocks: (1) the hexagonal faces in the waist by indium dimers (15
three types of empty lnicosahedra (A, B, and C), (2) #n In21), and (b) the top capping atom (In22), three indium

@Ueqis defined as one-third of the trace of the orthogonalidgdensor.

Results and Discussion
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Figure 2. The relationship of Iy polyhedron (left) and Iy spacer (right)
in Ksglngo. The In and K atoms are turquoise and orange, respectively.

atoms (In10) that cap the pentagonal faces, and the centerin(
Ind4 all by K, giving K[Kalng(Iny)s]. Actually, there is a
similarity in the genesis of the {g spacer and the |a
icosioctahedron as well. The former can be viewed as a
tetracapped truncated trigonal prism while the; inosioc-
tahedron is a tetracapped and centered truncated tetrahedroi
In this structure, two kinds of Samson polyhedra can be
found: an icosahedron-centered 104-atom and a icosiocta-
hedron-centered 145-atom polyhedra. Starting from the origin
of the cell, the first is constructed of (a) 12 indium atoms in ¢
icosahedron A, (b) the 20 potassium atoms that are positionedigure 3. Building units of the Isdngs structure: (a) the 20-atom
. . . pentagonal dodecahedrontfpabout icosahedra A, B, C (turquoise); (b)
radially above its triangular faces and form the dual the 28-atom hexakaidecahedra?®] about clusters C and D (red or gray,
pentagonal dodecahedron, and (c) 12 indium atoms beyondrespectively); (c) the ks clathratell network in Keglngo. The connections
the centers of these pentagonal faces that are exo to thémong clusters are not shown.

central icosahedron and also cap the 12 inside pentagonal A . )
faces of (d) the resulting fullerene-like g truncated 0.144 for the four 3.80 A separations bu0.052 for the six

icosahedron. According to the endohedral formalism, this 3-29 A “bonds”, quite contrary to the usual assumptions for
104-atom polyhedron can also be described in terms of VEC counting. The procedure was not pursued further
successive onionlike layers as i@ K@ In»@Ineo. Starting because of Iarge comput_lng requw_ements, but the structure
from the In4 position, the center of the.gicosioctahedron, ~ Su9gests heavily delocalized bonding.

there is a 145-atom polyhedron which can be formulated as  Specific and Transferable Cation Dispositions.It is

IN@ N @K@ IMsK@Ings. Here one K15 atom and 15  Significant that the title compoundsing is compositionally
indium atoms form the third sphere as a part of the SamsonPrecisely intermediate between two neighborg]ri; ** and
polyhedra. A similar behavior occurs in the fullerane-like Kz2Nze?* Even though the three occur in different space
Nagslng7Z2 (Z = Ni, Pd, or Pt)?3 here one Crysta"ographic groups, cubid=d3m, trigonal P3m1, and rhombohedr&3m,
sodium atom Na7 completes a sphere to generate @h M respectively, they also contain the same or progressively
type fullerene of 48 indium and 12 sodium atoms. The related cluster bUIIdlng blocks. All three contain empltyso-
foregoing 104-atom and at 145-atom polyhedra interpenetratelni2 icosahedra, but different larger indium clustetsoso

to form the layers (Figure 1) and are connected to the next In17 polyhedra in K7lnsy, bothclosolnyz and an Ins spacer
layers through the 6-bonded icosahedra and thesiracer. N the present Kolngo, and only Ins spacers in Kelnze. But
Even when such different ways are used to look at the N0 other deep relationships have been noted among these
structure ofKaglngo, the relationship of this kind of complex ~ structures from the usual perspective of just the indium

structure to those of other related compounds, such,as K clusters. Perhaps their elegance has overshadowed what are
Ing; and Kyolnag, is not clear. also present, in all three intermetallic phases: a consistent

Some consideration was given to the possibility that the cation substructure. All three can be characterized in terms
application of Wade’s rules and VEC considerations could of an overarching K clathrate-Il type network of alkali
allow some conclusions about the electronic requirements Metal atoms, a character that has been noted before only in
of the clusters, the compound, and the observed metallicthe orthorhombic NaK s Anse* This feature gives a much
character. The problem focuses when we consider themore complete understanding of these compounds and
appropriate count for the Jpcluster for which there are four ~ Structures. The ks clathrate-11 network is constructed of
exo “bonds” at 3.80 A, beyond a perhaps reasonable cutoff tWo polyhedra of different sizes and proportions: a dual 20-
of 3.6 A. But, EHTB calculations done for the anionic atom one that cages the smalleflicosahedral polyhedron,

network at only 6k-points gave an overlap populations of @nd a larger 28-atom member that cages the larger In
icosioctahedron, or an {a spacer, or both. Figure 3

(33) Sevov, S. C.; Corbett, J. Sciencel993 262 880. shows the clathrate structure ogdhg, symbolically with
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spheres of different colors representing different clusters.
According to the formula of a representative clathrate-II
structure, (HS)s(CCls)s(H20)1363* multiples of these three

indium compositions may be reexpressed as the following:

Li and Corbett

type by clusters, viz., the foregoing cluster arrangements are
those of the atoms in the Laves phase MgQhat in As-
Nagelnzg (A = K, Rb, Cs) parallels that of the A15 (£3i)
structure’® and the clusters in NgGej; mirror the MgZn

8K17In4y, [IN1o]1elIN(INalnio)]eKaze 4Ksolngo, [IN12]16K(K 4-
In15)]4[IN(IN4lN12)] 4K 136 8Ko2lNzg, [IN12]16[K(K 4lN15)]8K136.
All three structures have the samgsiknetwork and empty ) ) )
icosahedra inside the 20-atom cages. The main differences The numerous intermetallic compound_s between the alkali
among them are the clusters within the 28-atom cages. TheMetals and group 13 elements Tr (particularly Ga, In, and
larger cluster [In(lalny)] inside the 28-atom cage in i Tl) and their attractive structural relationships continue to
Inay is either half or totally substituted by [K@0:9)] (Inss ple_ase anq amaze us with the!r details. AIth_ough p!uster
spacer) with decreasing In content fromyK.: (70.7 at. %) anions define the structure building blocks, their significant
t0 KaolNgo (67.2%) t0 Kelnae (63.9%). To this is added the polarizabilities appear to give rise to further specific interac-
already noted similarity in the genesis of tha-lnentered tions of these with the catlons., which usually bridge between
icosioctahedron and the ispacer. According to the above two or more clugters. Thus it should 'be remembered .tha}t
regularities in cation positions, a larger even more open Madelung energies between the cations and the anionic
cluster might be possible inside the 28-atom cage in ac!us’;e_rs as well as some parallel covalency mus_t also be
K-richer compound. We have already observed an unknown Significant components of the overall phase stabfiifihe
compound (loaded as KIn) with the same potassium “sol- discovery of the new intermediate compounglKsg, clearly
vation” environment, but a different polyhedron inside the shows how remarkably specific and transferable these cation
28-atom cation cage. But the last gives some refinementdispositions are relative to the neighboringiKa; and Koz
troubles, perhaps because this cluster may have become to#s» & helpful aid to further understanding and organization.
dismantled with increasing K content to be well ordered. According to this ideal, more members of the related
The hierarchical structural relationships of these com- compounds must exist. The cation(s) in these kinds of regular
- . i it i i 37
pounds to the clathrate and other families is a very useful d|sp05|t|03r;s may also be sodium, as inpGe, * and Nas-
organizing feature in many solid state systems, there obvi- C%4Gas> or an often specific mlxture210f sodium and
ously being certain preferred ways in which solids organize, potass;t;m (or other) as found ingNay elnas ** and NaK.g-
whether these involve molecules, ions, or charged and even!NssTl7* The presence of regular cation positions is probably
interconnected clusters. The term was evidently first general- decisive for the formation of a given structure because these
ized in the discussion of the orthorhombRnM3 Nau &K 15 > not only fill space more efficiently but also keep the clusters
Inss structuré® which contains two kinds of interconnected apart. Presumably, direct interactions between polyanions
In1» clusters each surrounded by a dual dodecahedsal A lead first to interbridging or then condensation where they
(K + Na) cation polyhedron plus a rather dismantlegsIn  €ome in contact. The persistence of specific cation interac-
spacer within K(NagKon:2) units. The result is most similar tions with po_lyatomig aniqns and the related ad_vantages of
to the constitution of Kelns except that one K in the present the use of mixed cations in exploratory synthesis have also
K(K.In1s) units has been replaced by a pair of Na, and all een noted for other systerhs.
other sites have mixed N& occupancies. We have also Supporting Information Available: Tables of additional
found other versions of the spacer and cage that occur incrystallographic and refinement parameters, anisotropic displace-
Nay K18 4N35, Namely in NaxK1glnse and KNaglnse.3® Ap- ment parameters, a list of distances, and electrical resistivity data
proximate relationships to a number of other structures, often for Ksdlnso. This material is available free of charge via the Internet
with gallium, have also been notédA similar hierachical ~ at http://pubs.acs.org.
relationship between the clathrate-I structure type and thatic030201E
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