Inorg. Chem. 2004, 43, 282—289

Inorganic:Chemistry

* Article

Synthesis and Structure of CajgLisInssgr: A Novel Intergrowth of
Li-Centered In;; Icosahedral Clusters and Electron-Precise Zintl Layers

Jiang-Gao Mao,! Joanna Goodey, and Arnold M. Guloy*

Department of Chemistry and Texas Center for SupercondtyctUniversity of Houston,
Houston, Texas 77204-5641

Received May 29, 2003

A new ternary polar intermetallic, CaysLisIngs o7, was obtained from high-temperature reactions of the elements in
welded Nb tubes. Its crystal structure, established by single-crystal X-ray diffraction, was found to crystallize in the
orthorhombic space group Cmmm (No. 65). Unit cell parameters are a = 9.9151(6) A, b = 26.432(2) A, and ¢ =
10.2116(6) A; Z = 2. The structure of CaysLisInzs 7 features two distinct types of indium anionic layers. An “electron-
deficient” layer is made up of Li-centered Iny, icosahedra that are interconnected by bridging planar Ing units and
In atoms. A second Ins®~ layer is an electron-precise Zintl layer formed by fused four-, five-, and six-membered
rings of three- and four-bonded indium atoms. The two distinct layers are alternately stacked and linked into a
complex three-dimensional network. Vacancies are observed to occur only at the Iny, icosahedral and the bridging
indium units within the “electron-deficient” layers. Magnetic property measurements indicate that CaygLisIngs o7 exhibits
temperature-independent paramagnetism consistent with metallic behavior. Band structure calculations were performed
to elucidate the role of defects and vacancies in the electronic structure of the electron-deficient “metallic” Zintl
phase.

Introduction recent investigations aim to probe the validity of the Zintl
concept in rationalizing the synthesis and chemical bonding
of complex intermetallic compounds on the Zintl border. This
has led to the successful synthesis and description of,SrCa
In,Ge, that contains novel [faln—Ge}~ chains, analogous

to and isoelectronic with the allyl anion chain [E€H—

Intermetallic phases formed between the elements of group
13 (triels) with one or more of the electropositive alkali or
alkaline earth metals often show a rich variety of very
complicated and often unique structufedore importantly,

the smooth transition of electronic properties from semicon- CH.L. 4 Furth lorat Kled to the di f1h
ducting Zintl phases to normal intermetallic compounds that 2l...* Further exploratory workled to the discovery of the
unusual compound GlagSrs with an unprecedented Zintl-

occurs within trielides and tetrelides provides a fertile area | T 0
to search for materials with novel electronic structures and Intermetallic intergrowth structurelt features the anionic
chemical bonding. This offers unique opportunities in [INsl°” fragments analogous and isoelectronic with the
investigating relationships between crystal structure, chemical Simplest aromatic cyclopropenium molecule. Recently, our
bonding, and physical properties. In this context, the Zintl €xploratory work has resulted in the synthesis of the novel
concept provides an effective and useful starting point to transition metal polar intermetallic phase BiéSi; that
rationalize chemical bonding and electronic properties of features a unique bonding between Ni angridig fragments
materials in the border between metals and nonmeétls:. in a chain analogous to metalloceféEhe resulting discov-
ery of novel intermetallicr-systems emphasizes the validity
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Synthesis and Structure of Galisln s oz

“Electron deficiency” in polar intermetallic compounds of
group 13 (trielide) post-transition elements is usually dem-
onstrated by the formation of multicenter 2-electron bonds
that leads to the format_ion of isola_ted _an_d linked cluster units. |, ribbons, 99.9%; In shots, 99.9999%; Ge powder, 99.9999%)
The tendency of polar intermetallic trielides to form borane- 4ccording to molar ratio of 2:1:2:1 in welded Nb tubes within an
like clusters is illustrated by the extensive studies on a wide eyacuated quartz jacket. The reactions were performed at°tD00
variety of novel trielide cluster compounds which can be for 7 days with prior heating under dynamic vacuum at 30Gor
rationalized in terms of Wade’s rules as in the bordifes. 1 day, and then were allowed to cool slowly to room temperature.
Thallium exhibits predominantly isolated clusters, and gal- As a general precaution, all sample manipulations were done within
lium forms many network structures usually constructed a purified argon atmosphere glovebox that had a moisture level of
through bonding of recognizable deltahedral clusters, in !éss than 0.1 ppm. After proper structure characterization and

Experimental Section

SynthesesThe title compound was initially obtained from the
high-temperature reactions of the pure elements (Ca pieces, 99.99%;

addition to a number of isolated cluster units. On the other
hand, indium provides a mix of both network and discrete
deltahedral cluster examples and the best examples o

heterometal-centered clusters. Among a number of cluster

microprobe analysis, the air and moisture sensitive compound Ca
Lislngs g7was synthesized in high yields from reactions of stoichio-

fmetric mixtures of the pure elements at All diffraction lines

observed in the X-ray powder patterns could be indexed according
to a calculated diffraction pattern based on the single-crystal

units, the icosahedral geometry has been found to be commongfinement results.

for all three triels” Removal of one and two icosahedral
vertices produces its derivativedo and arachnospecies,

Crystal Structure Determination. Single crystals were selected
from reaction product and sealed within thin-walled glass capillaries

respectively. In the solid state this can also be achieved byunder argon atmosphere. A block-shaped shiny black single crystal

the formation of vacancies (defects) at specific cluster
vertices® An illustrative example is the binary phase Na
In1; 76 that features a novallosclngs elongated icosiocta-
hedral anchido-Iny; icosahedral unit3The 10-bondedido-

Iny; icosahedra exhibit fractional occupancy at one vertex
effectively generating a proportional amount afachne

Inyo cluster units. Application of the Zintl electron counting
scheme and Wade's cluster bonding description, taking into

account the vacancies, show that the cluster compound

essentially exhibits a closed-shell count. The observed
fractional occupancy on one of the icosahedral cluster
vertices, resulting in the formation of bothdo-In;; and
arachnelnyg in 5:3 proportions, thereby satisfies the neces-
sary electronic requirement and is clearly “a recognized
means of adaptation” for solid-state cluster compounds.
Herein we report a result of our investigations on the
synthesis and chemical bonding of complex polar interme-
tallic phases along the border between electron-precise Zint

phases and normal intermetallics. Studies on the complex

chemical system containing group 13 elements, alkali earth
metals, and lithium led to the discovery of an unusual
intermetallic compound, Ga.isIn,s oz The compound reveals
a new intergrowth structure between “electron-deficient”
cluster and “electron-precise” Zintl layers. The “electron-
deficient” cluster layer features Li-centereddicosahedra
interconnected (8-exo-bonds) through planarfragments
and individual bridging In atoms. A novel electron-precise
Inz>" Zintl layer, made up 3- and 4-bonded indium linked
into 4-, 5-, and 6-membered indium rings, is similar and
isoelectronic with the GaSbanionic layer found in the Zintl
phase KGaSh'°

(7) (a) Corbett, J. D. II€hemistry, Structure and Bonding of Zintl Phases
and lons Kauzlarich, S., Ed.; VCH Publishers: New York, 1996. (b)
Corbett, J. DAngew. Chem., Int. E®200Q 39, 670 and references
therein.

(8) (a) Belin, C.; Tillard-Charbonnel, MProg. Solid State Chen1993
22, 59. (b) Burdett, J. K.; Canadell, H. Am. Chem. S0d.99Q 112
7207. (c) Tillard-Charbonnel, M.; Manteghetti, A.; Belin, org.
Chem.200Q 39, 1684.

(9) Sevov, S. C.; Corbett, J. Dnorg. Chem.1992 31, 1895.

(10) Cordier, G.; Ochmann, H. XKristallogr. 1991, 197, 297.

with approximate dimensions of 0.06 0.08 x 0.10 mm was
mounted on Siemens SMART 1K CCD (Mat¢adiation, graphite
monochromator). Accurate cell constants were indexed from 39
reflections chosen from 60 frames collected with a 10-s exposure
per frame. A hemisphere of data (1271 frames at detector distance
of 5 cm) was collected by the narrow-frame method with scan
widths of 0.30 in w and an exposure time of 40 s per frame, up to
20max = 56.0° at 293(2) K. The first 50 frames were re-collected
at the end of data collection to assess the stability of the crystal,
and the decay in intensity was later found to be less than 1%. A
total of 8351 reflections were measured, of which 1744 reflections
were independent and 1454 reflections with> 20(l) were
considered observed. The data were corrected for Lorentz factor,
polarization, air absorption, and absorption due to variations in the
path length through the detector faceplate. Empirical absorption
corrections based on SADABS were also applied.

The space group was determined to@amm(No. 65) based
on the observed systematic absences and counting statistics. The

|crystal structure was solved using direct methods using SHELXTL

that revealed all calcium and indium atom positions. The lithium
atom positions were subsequently located from difference Fourier
calculations. All atomic positional coordinates, anisotropic thermal
parameters for Ca and In atoms, and the isotropic thermal
parameters for all lithium atoms were refined by least-squares
methods (84 variable§ = 1.074, R1= 0.031 and wR2= 0.081

for observed datalt During refinement, we found that five indium
positions (In(5), In(6), In(7), In(8), and In(9)) were partially
occupied. This was indicated by abnormally high thermal param-
eters, and their site occupancy factors were refined accordingly.
The occupancy factors for all indium atoms were refined. Resulting
occupancies for In(1), In(2), In(3), and In(4) are more than 98%
and were subsequently considered fully occupied. The resulting
chemical composition based on structural refinement iglCa

Inas 0725y Final least squares refinement indicated that the difference
Fourier map was essentially featureless with residual peaks of 1.31
and—2.10 e A3 that are 0.84 and 0.51 A from In(8) and In(4)
atoms, respectively. X-ray diffraction data collection parameters
and final structural refinement results are summarized in Table 1.

(11) Sheldrick, G. MProgram SADABSL995. Sheldrick, G. MSHELXTL,
version 5.03; Siemens Analytical X-ray Instructuments: Madison, WI,
1995. Sheldrick, G. MSHELX-96 Program for Crystal Structure
Determination Universitad Gottingen: Gitingen, 1996.
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Table 1. Crystallographic Data and Structure Refinement Results for

Cayglislngs o7

empirical formula
formula weight
crystal system
space group
unit cell dimensions
a
b
c
volume
z
density (calculated)
absorption coefficient
F(000)
max and min transmission factors
crystal dimensions
26 range for data collection
index ranges

reflections collected
independent reflections
observed reflectiond ¢ 20(1))
refinement method
data/restraints/parameters
GOF onF?

final Rindices (observed data)
Rindices (all data)

largest diff peak and hole

Caslislnzsor
3634.68
orthorhombic

Cmmm(No. 65)

9.9151(6) A
26.432(2) A
10.2116(6) A
2676.2(3) A
2
4,511 g/ém
12.284 mrh
3207
1.0.735
0.0& 0.08 x 0.10 mm
31056.0
—12=<h=12,-31=<k= 33,
—-8=<1=<13
8351
174R(nt) = 0.0354]
1454
full-matrix least-squaresrn
1743/0/84
1.074
R40.0313, wR2=0.0813
R* 0.0410, wR2= 0.0947
1.314 ar®.099 e A3

Table 2. Atomic Coordinates and Equivalent Thermal Parametefs (A

X 103) for Cayglislngs o7

Mao et al.

obtained by careful indexing of the experimental X-ray diffraction
patterns with the theoretical diffraction pattern obtained from the
single-crystal structure refinement results, using NBS Si as an
internal standard.

Band Structure Calculations. The electronic structure of the
title compound was calculated using the LCAO (tight-binding)
approximation within the extended-kkel theory (EHT).2 Atomic
orbital and energy parameters were employed as béfore.
Consistent with the premise of the Zintl concept, the electropositive
metals Ca and Li in GglLisln,so; donate their electrons to the
anionic In network. Consequently, theoretical calculations were
performed on the relevant two-dimensional substructures and the
complete three-dimensional network ofz¢t~ with idealized
occupancies. Sufficiently large k-point sets (50), selected from the
irreducible wedge in the Brillouin zone, were used in all calculations
and integrations for Mulliken populations, overlap populations, total
energies, densities of states (DOS), and crystal orbital overlap
populations (COOP) curves. The atomic orbital and energy
parameters were employed as shown in Table 2.

Magnetic Property Characterization. Magnetic susceptibility
experiments were performed using an Oxford Instruments Maglab
9T vibrating sample magnetometer (VSM). The measurements were
taken on two single-phase powder samples over the temperature
range 4-300 K, at magnetic field strengths of 0.5 and 1.0 T. Each
of the polycrystalline powder samples was pressed into 1/8 in.
diameter pellets that were fastened to a standard sample holder with
Teflon tape. All manipulations and handling of samples were

atom  site X y 7 occupancy U(eqp performed under argon atmosphere to avoid oxidation of the air-
cal) 4i o0 0.2050(1) 1 1 15(1) sensitive compound. The magnetic susceptibility data were initially
ca2) 4k Y, i, 0.2777(4) 1 29(1) corrected for diamagnetic contributions from the sample holder and
Ca(3d 4i O 0.4286(1) 0 1 14(1) ion cores.

Ca(4) 8q 0.1928(2) 0.3160(1)Y, 1 13(1) _ _

Ca(5) 16r 0.3043(1) 0.3863(1) 0.2060(1) 1 14(1)  Results and Discussion

Lil) 8n O 0.3118(5) 0.227(1) 1 6(3) )

LiQ) 2c O Uy Iy 1 18(7) Crystal Structure. The compound Galislngs o7represents
In(1) 8n 0 0.4066(1) 0.3480(1) 1 11(1) a new structure type in both Zintl chemistry and intermetallic
:2% g% 341556(1) 1,2'3156(1) 0.%783(1) 11 1%?1()1) crystal structures. The rather complex crystal structure, shown
In(4) 8n 1, 0.2901(1) 0.6465(1) 1 22(1) in Figure 1, can be described as an alternate stacking of two
In(5) 4 0-3898(1) 1, 0.794(5)  19(1) types of layers, namely, a defect “electron-deficient” cluster
:EE% s 1(,)2'1552(1) ()/?5735(1) 0(')2548(1) g:ggigg %g)) layer and an “electron-precise” Zintl layer. The main
In(8) 4g  0.2845(2) Y, 0 0.685(5)  22(1) structural feature of the “electron-deficient” cluster layer is
In(9) 8q 0.2526(2) 0.4441(1) /2 0.472(3)  16(1) the In; icosahedral cluster. The #7 layered network is

considered electron precise.

The In, icosahedral unit, as shown in Figure 2, is
The atom coordinates and the relevant bond lengths and bond angle&€Presented by In(1), In(6), and In(9). The—im cluster
are listed in Tables 2 and 3, respectively. More details on the distances in the k3 icosahedral unit, that range from 2.955
crystallographic studies as well as atom thermal parameters areto 3.109 A, are very close to those found for ttesoIn;,
given in the Supporting Information. icosahedron in ANaxlnss (A = K, Rb, Cs)* The Iny

The chemical compositions of several single crystals were also icosahedron is centered by the Li(2) atom, with—Ln
quantitatively analyzed by microprobe WDS (wavelength dispersive separations ranging from 2.908(2) A to 2.939(1) A. A
spectronj_eter) with appropriate ;tandards. Results i_ndica_1te a uniformpumber of centered thallium polyhedra angblpolyhedron
composition, the presence of Li, and a Ca:In atomic ratio of 0.720- a6 peen reported wherein the trielide clusters are either
(D‘l' This value is in exce."em agreement with the results .from centered by alkali metal or late transition metal atdritbe
single-crystal structure refinement. Since accurate analysis for . . . - .
lithium based on X-rays is difficult, lithium composition was L|-ce.ntered In;icosahedra in GalisInzs.o7is 8-exobonded
confirmed by the high yield synthesis of the compound in reactions and linked to form a layered network of clusters. The normal
with nominal stoichiometry about the ideal value. The nearly tWO-center-two-electrorxobonds (2.842(2) and 2.900(1)
constant lattice parameters (withim)2with variation of the lithium AR) are slightly shorter than the multicenter-two-electron
composition indicate the narrow homogeneity range of the lithium intra-cluster In-In bonds in the Ig icosahedral units.
stoichiometry. Moreover, bulk composition of a sample composed " ot - hvel963 39, 1397 (b) Whanabo. M
of several single crystals of the title compound was determined 12 |(_|a) Hgﬁmgm: R An?.m(ihen):. Soééﬂé 100, é(()9)3. angnbo, M.
using atomic absorption analysis, and results are consistent with(13) Mao, J.-G.: Xu, Z.; Guloy, A. Minorg. Chem2001, 40, 4472.
the refined chemical composition. Accurate lattice parameters were (14) Sevov, S. C.; Corbett, J. lorg. Chem 1993 32, 1612.

aU(eq) is defined as one-third of the trace of the orthogonalidgd
tensor.
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Synthesis and Structure of Galislnso7

Table 3. Selected bond lengths (A) and angles (deg) forsalnys o7

Ca(l)-In(2) 2x 3.306(3) Ca(1¥In(2) 2x 3.4585(9) Ca(1yIn(3) ax 3.561(1)
Ca(1)-In(4) 2x 3.6126(8) ca(1yIn(7) 3.475(3) ca(2yIn(s) 2x 3.693(3)
Ca(2)-In(6) 2x 3.427(1) Ca(2¥In(7) 2x 3.438(4) Ca(2¥In(8) 2x 3.551(3)
Ca(2)-In(9) 4% 3.654(3) Ca(3yIn(1) 2x 3.6012(8) ca(3yIn(2) 2x 3.360(3)
ca(3)-In(6) ax 3.564(2) Ca(4yIn(1) 2x 3.434(2) Ca(4¥In(3) 2x 3.383(1)
Ca(4)-In(4) 2x 3.462(2) Ca(4yIn(4) 2x 3.709(2) Ca(4yIn(5) 3.616(2)
ca(3)-In(8) 2x 3.394(2) Ca(4¥In(9) 3.437(2) Ca(4yIn(4) 2x 3.462(2)
Ca(5)-In(1) 3.390(1) ca(5¥In(2) 3.177(2) Ca(5)yIn(3) 3.647(1)
Ca(5)-In(4) 3.536(2) ca(5yIn(5) 3.576(1) Ca(5)In(6) 3.386(1)
ca(s)-In(7) 3.052(2) Ca(5yIn(8) 3.673(1) ca(5)In(9) 3.408(2)
Li(1)~In(1) 2.794(14) Li(1)In(2) 2x 2.786(14) Li(1)-In(3) 2x 2.969(8)
Li(1)—In(4) 2.986(14) Li(2)-In(1) 4% 2.9168(7) Li(2)-In(6) 4 2.939(1)
Li(2)—In(9) 4% 2.908(2) In(Ly-In(1) 3.104(1) In(1)-In(6) 2x 3.0617(8)
In(1)—In(9) 2x 3.109(1) In(2)-In(2) 3.085(1) In(2}-In(3) 2x 3.0014(7)
In(3)—In(4) 2x 3.0135(6) In(4)-In(4) 2.991(2) In(4¥-In(5) 3.029(1)
In(5)—In(9) 2x 2.842(2) In(6)-In(6) 3.077(2) In(6)-In(8) 2.900(1)
In(6)—In(9) 2x 3.064(1) In(7)-In(8) 2x 2.888(2) In(9%-In(9) 2.955(3)
In(1)—In(1)—In(9) 2x 60.06(2) In(6)-In(1)—In(1) 2x 108.12(2)
In(6)—In(1)—In(6) 60.34(4) In(6)-In(1)—In(9) 2x 107.62(4)
In(6)—In(1)—In(9) 2x 59.54(3) In(9%-In(1)—In(9) 107.34(5)
In(3)—In(2)—In(3) 97.90(3) In(3%In(2)—In(2) 2x 108.18(1)
In(2)—In(3)-In(2) 82.10(3) In(2)-In(3)—In(4) 2x 106.47(2)
In(2)—In(3)—In(4) 2x 112.98(2) In(4¥-In(4)—In(3) 2x 116.55(2)
In(4)—In(3)—In(4) 126.91(4) In(3)In(4)—In(3) 110.68(3)
In(3)—In(4)—In(5) 2x 121.77(2) In(4%-In(4)—In(5) 60.42(2)
In(9)—In(5)—In(9) 119.30(8) In(9)In(5)—In(4) 4x 116.07(3)
In(4)—In(5)—In(4) 59.17(4) In(8¥-In(6)—In(1) 2x 120.08(3)
In(1)—In(6)—In(1) 107.54(4) In(L)In(6)—In(9) 2x 107.05(4)
In(8)—In(6)—In(9) 2x 126.42(5) In(L¥-In(6)—In(9) 2x 61.00(3)
In(9)—In(6)—In(9) 57.67(5) In(8%-In(6)—In(6) 116.24(4)
In(1)—In(6)—In(6) 2x 59.83(2) In(9%-In(6)—In(6) 2x 108.38(3)
In(8)—In(7)—In(8) 95.42(6) In(7)-In(8)—In(7) 84.58(6)
In(7)—In(8)—In(6) 4x 109.09(2) In(6)-In(8)—In(6) 127.53(7)
In(5)—In(9)—In(9) 120.35(4) In(5)-In(9)—In(6) 2x 121.05(3)
In(9)—In(9)—In(6) 2x 61.17(3) In(6y-In(9)—In(6) 109.64(5)
In(5)—In(9)—In(1) 2x 122.28(5) In(@)-In(9)—In(1) 2x 108.61(3)
In(6)—In(9)—In(1) 2x 107.93(5) In(6)-In(9)—In(1) 2x 59.46(3)
In(1)—In(9)—In(1) 59.89(4)

Electron-deficient
cluster layer

J In 5 Zintl layer

In8

\ /Y Figure 2. ORTEP representation of thee&obonded Li-centered n
=l @C 2 E'e“f°"‘ icosahedron in Galislngzs oz Thermal ellipsoids of indium are drawn at
deficient 50% probability, and important distances (A) are listed as follows:—In1
cluster layer In1, 3.104(1); In+In6, 3.0617(8); IntIng, 3.109(1); In6-In6, 3.077(2);
In6—1n9, 3.064(1); In9-1n9, 2.955(3); In5-In9, 2.842(2); In6-In8, 2.900-
(2). In sites that exhibit vacancies are shaded for clarity.

} Ins” Zint layer dimensional layer along th&10plane as illustrated in
Figure 3. Adjacent I cluster units are bridged, through
exabonds, along thea and ¢ axes by In(5) and In(8),

Electron-deficient respectively. Adjacent bridging In(8) atoms along &aaxis

cluster layer are further bridged by In(7). The fragment formed by the
%) i linking of In(8) and In(7) can be considered as unique
Q) @) @ @) ‘»' LS bridging unit of the “electron-deficient” cluster layeplanar

Figure 1. The [001] view of the crystal structure of Ghislnys ez Ca Ing rhomboids. Within each lnrhomboid unit, the Irrin

In, and Li atoms are represented as large (empty), medium (c‘:r(')sse’d), ancpond length is 2.888(2) A and the +in—In angles are

small (empty) spheres, respectively—lim bonds are drawn. The interlayer ~ 84.58(6) and 95.42(8)at In(8) and In(7), respectively. Each

In4—In5 distance is 3.029(1) A. In4 unit effectively links four In, icosahedral units through
The 8excbonded In, icosahedra are linked through two In(8) atoms. The geometry of the resultingi§Jsin, unit,

bridging indium atoms (In(5) and In(8)) forming a two- wherein the In(8) atom is four-bonded and the In(7) atom is

Inorganic Chemistry, Vol. 43, No. 1, 2004 285
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(a)

Figure 3. The [010] view of the cluster layer in Ggisln,s osthat features
In;, icosahedra interconnected by bridging atoms ang fiagments.
Relevant distances are as follows: +iR8, 2.888(2) A; In6-In8, 2.900-

(1) A; In5—Ing9, 2.842(2) A. In sites that exhibit vacancies are shaded for
clarity.

two-bonded, is that of an edge-shared dimer of tetrahedra
with In(7) acting as the two-bonded bridge between In(8), ®
and the vertices of the Jpicosahedra as_the terminal ligands. Figure 4. (a). The [010] view of the [I§%~ Zintl layer in CasLisinas.or
The dimer of edge-shared tetrahedra is a common structuralmportant In-In distances (): In2In2, 3.085(1); In2In3, 3.0014(7);
feature among many Zintl phases, for example, theJ&i° In3—In4, 3.0135(6); In4In4, 2.991(2). (b) Corresponding view of the
Zintl anion found in NaKSﬂSQ.lS’lﬁ [GaSb2} Zintl anion layer in KGaSh

The unusual crystal structure of {daisinzse7 is also  Subsequent formation of bonds between the bridging In(2)
marked by the occurrence of vacancies or defects that areatoms of adjacent Inunits leads to the formation of
found only within atom positions that make up the “electron- pentagonal rings, ultimately resulting in chains of edge-
deficient” cluster layer. These defects are preferentially shared planar five-membered rings. Edge-shared pentagonal
located aexobonded icosahedral vertices (In(6), 0.681(3); rings are familiar structural units of zeolitic and clathrate-
and In(9), 0.472(3)) and all of the bridging indium atoms |ike network Zintl phase&*!’ The layer is finally formed
(In(3), 0.794(5); In(7), 0.751(5); and In(8), 0.695(5)). Forma- py linking parallel chains via bonds between nearest neigh-
tion of vacancies (defects) is commonly observed among horing vertices of adjacent chains. The joining of the parallel
electron-deficient cluster phases of gallium and indium. chains of five-membered rings results in the formation of
These vacancies are manifested as fractional occupancies ofiexagonal indium rings. The six-membered rings form a
atom positions at the vertices of the;Jicosahedra or at  nominal chain of edge-shared hexagons alongathsis.
bridging atom sited It has also been shown that the defects  The resulting Zintl anionic layered network, {{mzln,z)] >
and vacancies observed among the trielide cluster compounds= |n;5-, closely resembles the structure of the isoelectronic
have an electronic origin associated with an electron counting [GaSh] -~ layer found in the Zintl phase KGag¥ as shown
scheme that optimizes the occupancy of cluster bondingin Figure 4b. In KGaSh each four-bonded Ga atom is
levels? coordinated to four Sb (3-bonded) atoms and the GaSb

The other interesting structural component in the com- tetrahedra are linked in a manner that also results in the
pound Caglislnys o7 is an anionic layer, i, as shown in formation of 4-, 5-, and 6- membered rings, each ring
Figure 4a. The electron-precise layer is made up of three-containing two Ga atom¥. In deriving the CalLislns o7
and four-bonded indium atoms (In(2), In(3), and In(4)) that structure from KGaShit would be necessary to replace both
form 4-, 5-, and 6-membered rings. The Zintl layer can be Ga and Sb atoms with In, and applying a°9®tation
built from a familiar unit-a pair of edge-shared tetrahedra. alternately on a pair of adjacent edge-shared indium penta-
The edge-shared tetrahedron is represented by In(2) gons. The difference between the related layer structures lies
common edge; In(3)- centers of the tetrahedra and In(4) on the orientation of the pentagons with respect to the rows
— terminal corners= Ing units. The edge-shared tetrahedral of hexagon rings. In GglisIn,s o7 each 4-membered indium
units are further linked through common vertices (In(4)) to ring is linked to four 5-membered rings via edge sharing
form a chain of corner-shared gmnits along thea-axis. and with two indium hexagons through sharing corners (see
Figure 4a). This arrangement is a slight modification of that

(15) Klein, J.; Eisenmann, BZ. Kristallogr. 1991, 196, 213.
(16) Eisenmann, B; Cordier, G. I8hemistry, Structure and Bonding of  (17) Corbett, J. D. IrChemistry, Structure and Bonding of Zintl Phases
Zintl Phases and lonsVCH Publishers: New York, 1996; p 61. and lons VCH Publishers: New York, 1996; p 139.
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found in [GaSh]~, wherein each 4-membered ring is linked
through common edges with two pentagons and two 6-mem-
bered rings, and linked through common vertices with two
indium pentagons. It should be noted that theInZintl
anion layer in Calislngs o7 differs from the isoelectronic
unit of isolated or “molecular” 1§t~ anions (cyclopropenium-
like) found in CalngSns.> The In—In distance in the I~
layer ranges from 3.001 to 3.085 A, comparable to the In

In distances found in 3 cluster, and is slightly longer than
the exoln—In bonds of the cluster layer.

Combining the two different types of anionic layers finally
leads to the complex three-dimensional anionic network of
indium in Caglislngs oz The “electron-deficient” cluster and
“electron-precise” Zintl layers are alternately stacked along
the b axis and linked through Hln single bonds between
the cluster-bridging atoms In(5) of the cluster layer and the
terminal vertices, In(4), of the edged-shared tetrahedgal In
unit. The complete crystal structure is shown in Figure 1.
The formation of interlayer Inln bonds effectively makes
In(5) and In(4) four-bonded. The interlayer In{9j(4) bond
length is 3.029(1) A, which is comparable to the—In
distances within the Zintl i~ layer. However, the interlayer
In—In bond is slightly longer than thexabonds of the I,
icosahedron, consistent with a layered description. The
difference may lie on the matrix effects associated with the
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Figure 5. Relevant densities-of-states (DOS) curves showing the contribu-
tion of (a) In cluster, (b) I8°~ Zintl layer, and (c) In bridging units to
the total DOS of Calislng,. The Fermi level is set to 0.00 eV.

occurrence of vacancies in the cluster layer and the difference

in the sizes of the cation spacers.

The calcium and lithium atoms of Gghislngs o7 effectively
act as “spacers” in the crystal structure. Calcium atoms, Ca-
(1), Ca(3), Ca(4), and Ca(5), form a nominal double layer
of calcium atoms between the two different layers, and
exhibit high coordination numbers (11, 10, 10, and 9,
respectively). The remaining calcium atoms, Ca(2), lie within
the cluster layer and exhibits 12-fold coordination. The Ca-
(2) atoms occupy the cavities formed by the bridging In
units and In12 clusters of the cluster layer and effectively

bonds between indium atoms as in Gaéamd delocalized
bonds like those of indium-rich alkali metal indid&%!®
Electronic Structure. To assess chemical bonding of the

titte compound, and to understand a possible rationale for
the preferential occurrence of defects or vacancies in the
cluster layer, two- and three-dimensional band structure
calculations were performed on thedt~ network and its
component layers. In these calculations, all indium atoms
were treated with ideal (100%) site occupancies. The results
of the three-dimensional calculations are summarized in

act as spacers between the icosahedra within the cluster layef /9ures 5 and 6. These are analyzed and related to the two-

As previously mentioned, the Li(2) atoms are located at the
center of In; icosahedral units. The remaining lithium atoms
Li(1), located at the periphery of the Zintl layer, exhibit a
normal 6-fold coordination. The nearest neighbors of Li(1)
are five In atoms of a 5-membered ring in the Zintl layer
and one In(1) atom from a neighboring.drcluster. The
coordination geometry around each Li(1) can be described
as that of a pentagonal pyramid. All €l distances, ranging
from 3.052(2) to 3.693(3) A, and Hiln distances, ranging
from 2.786(12) to 2.986(14) A, are comparable to those
found in related polar intermetallics and Zintl pha$esg*®
Based on the crystal structure, the chemical bonding in
Caglislngs o7 is interesting on two points. First, the title
compound exhibits the structural and chemical behavior of
solid-state cluster compounds of alkali metal trielides with

icosahedral units, including the presence of vacancies and

dimensional calculations performed on the component cluster
and Zintl layers. The analyses of the resulting band structures
indicate that the electronic structure of the three-dimensional
network can be derived from a rigid band approach. Except
for the increased dispersion of the bands associated with the
interlayer bridging atoms, the band structure of the three-
dimensional network closely resembles the combination of
the electronic structures of the component layers. This is
confirmed by inspection of the nature of the orbital contribu-
tions (coefficients) to the bands of the component layers.
For the electron count associated with ideal occupancies,
i.e., Caglislngg, the states immediately below the Fermi level
are mainly contributions from the strongly antibonding states
of the In; icosahedra, and some nonbonding states related
to the bridging indium atoms of the cluster layer. The
unoccupied states immediately above the Fermi level are
mostly derived from antibonding states of the®mZintl

nonstoichiometry. On the other hand, the other component|ayer " The relevant indium bonding levels associated with

of the same compound exhibits structural features and
stoichiometric behavior associated with electron-precise Zintl
phases. Furthermore, Ghisln,s o7 features both localized

the Zintl layer lie significantly below the Fermi level-(-4

(18) Mao, J.-G.; Guloy, A. MJ. Alloys Compd2001, 322, 135.
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Figure 6. Crystal orbital overlap population (COOP) curves of relevantlminteractions in Calislnzg: (@) In—In (In12 cluster bonds); (b) IrIn (bonds
in Ing°7); and (c) In(4)-In(5) (interlayer bonds).

eV), and below the antibonding states of the “electron- one can relate the structure and property of complex
deficient” cluster layers. This implies that the occupied intermetallic structures based on electronically isolated
bonding states of the “electron-precise” Zintl layers are structural components.
stabilized to lower energies (more electronegative) and are  Magnetic susceptibility measurements on powder samples
electronically “isolated” from the states of the “electron- of Cayglisings;from 4 to 300 K indicate that the compound
deficient” cluster layers. One can then argue that, at the exhibits weak temperature-independent paramagnetism with
idealized “defect-free” electron count, the-im cluster  susceptibilities of 1.4< 102 emu/mol. Diamagnetic cor-
bonds are weakened due to the strongly antibonding naturerections due to ion cores (&a Li*, and Ir#*) and Larmor
of the highest occupied states. Hence, one can expect thaprecession of the electron pairs of the clusters were apflied.
bonding interactions in the “electron-rich” hisInz, are The observed magnetic behavior is consistent with a poor
enhanced by “oxidization” or a decrease in the electron count, metallic behavior and can be rationalized by the possible
as well as by a decrease in the available antibonding states. conditions that lead to “metallic Zintl phase®2! Metallic
These conditions can readily be achieved ing0alngs o7 conductivity among Zintl phases may arise from the overlap
by the formation of vacancies at theidicosahedra and the  of a formally “filled” valence band with “empty” conduction
bridging In atom sites. Consequently, the vacancies of the bands. This is exhibited by seemingly closed-shell Zintl
indium network are preferentially located at the “electron- phases that conform to the structural motif of a corresponding
deficient” cluster layers that account for the antibonding electron count, as in the case BiNaSn3!’ It is also
states near the Fermi level. The effects of the nonstoichi- interesting to note that the measured magnetic susceptibility
ometry are consistent with the above picture. The formation of CaglisIn,s o7is significantly larger than those previously
of defects allows for the expected decrease in electron countreported for metallic alkali metal indium cluster compounds.
tantamount to the removal of some cluster electronic states.However, the observed magnetic susceptibility is consistent
Hence, the introduction of vacancies in the “electron- and comparable with that of other “metallic’ Zintl phases
deficient” cluster layer significantly lowers the Fermi level, (poor-metals) containing 12
and the optimization of the taln interactions within the I Intergrowth Approach to New Materials. An inter-
icosahedral units of the cluster layer is generally approached.growth approach that has been successfully used in the design
The electronic effects of defects and vacancies on the f complex metal oxides can also be applied to the discovery
remaining In-In bonds in the Zintl [Ig]>~ layers are  of ynusual polar intermetallicd This multilayer intergrowth
expected to be negligible, leaving the optimized bonding approach has been particularly successful in the synthesis
states of the anionic Zintl layer essentially intact. of new layered complex oxides such as the cuprate super-
A complete and quantitative electron counting scheme thatconductors and layered perovskites. Complex functional
takes into account all electronic effects of vacancies on the layered materials based on intergrowth structures of layered
electronic structure of Galislnzs o7 is difficult due to the  transition metal oxides and intermetallics have been shown
need to consider a multitude of possible permutations of
modeling the disorder. However, one can extract useful (20) Ashcroft, N. W.; Mermin, D. NSolid State PhysicsHolt, Rinehart
qualitative bonding explanations, based on the application 1) ?\l”gsr\)’g'rr"sé%%;g‘gﬁ‘g'g?a'?é éghzsr{lg;’égb’ N
of a rigid band approach, from the calculated electronic (22) xu, z. Ph.D. Thesis, University of Houston, 1999.

structure of complex intergrowth structures. In this manner, (23) Brock, S. L.; Kauzlarich, S. MCHEMTECH1995 25, 18. Guloy, A.
M.; Goodey, J.Condens. Matter New&998 7, 24. Cava, R. J;
Zandbergen, H. W.; Krajewski, J. J.; Siegrist, T.; Hwang, H. Y.;
(19) Mao, J.-G.; Guloy, A. MJ. Alloys Compdin press. Batlogg, B.J. Solid State Chenl997 129 250.
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to exhibit novel physical properties such as superconductiv- clusters and localized bonding associated with semiconduct-
ity, giant magnetoresistance (GMR), and other electronic anding Zintl phases. Like in previously reported intermetallic
magnetic phenomerfd. A similar intergrowth approach  m-systems (SrGin,Ge, CalngSns, and BaNiSi), metallic—
applied to polar intermetallics and Zintl phases has also beennonmetallic intergrowth polar intermetallics emphasize the
reportec®>* Corbett and co-workers reported several related richness of the Zintl border in the synthesis of novel complex
Zintl phases in the MgLa—Sb system based on the intermetallics with unusual chemical bonding. The interme-
intergrowth of LaSb intermetallic layers and d&i Zintl tallic intergrowth approach, guided by the Zintl concept, is
layers?# Also, the application of a “chemical twinning” a simple yet useful approach to understanding the synthesis,
approach to the preparation of complex yet electron-precisecrystal structure, and chemical bonding of complex inter-
silicides has been describ&i.The previously reported Ga metallics with novel structures and unusual bonding schemes.
IngSns phase that features thein cyclopropenium analogue
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