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The Zintl concept provides an effective and useful way to
describe the chemical bonding in a wide variety of main group
intermetallic structures. The success of the concept in rational-

izing the syntheses and discovery of complex Zintl phases hasrigure 1. A [001] view of the crystal structure of Sr@a,Ge. The
enhanced its validity as an effective approach in the search foratoms are represented by the following: large light spheres, Sr; small
new polar intermetallics and for rationalization of their chemical |ight spheres, Ca; large dark spheres, In; small dark spheres, Ge.
bonding!~> In evaluating the limits of the Zintl concept, an o )
empirical boundary between elements of groups 13 (trelides) €xcess £10%) of indium and germanium were necessary to
and 14 (tetrelides) represents the violations for many group 13 obtain high yields £80%). The reactions were performed at
polar intermetallics. This is illustrated by the unlikely situation 1050°C over 5 days with prior heating under dynamic vacuum
that the elements of group 13 have enough effective core poten-at 356-450 °C for 5-8 h. The reaction was terminated by
tial to accumulate a high number of electrons, up to 5 electrons, fapid quenching to room temperature. All sample manipulations
without significant mixing with the electronic states of the metal Were done within a purified Argon atmosphere glovebox. The
component. However, existence of normal trelide Zintl phases title compound, SrG#n.Ge, forms as dark metallic rods and
and the non-Zintl behavior of several tetrelides and pnictides decomposes peritectically, which makes it difficult to obtain as
certainly imply that the Zintl boundary is not exact. The novelty Pure phase product. Single crystals were obtained from reac-
in the chemical bonding and crystal structure of polar main tions with large excess>(100%) of In and Ge. Dimensional
group intermetallics that lie near the Zintl border allows for analyses do not show any significant changes in the lattice
the possibility of discovering unique electronic phenomena. Parameters with variations in the loaded reaction stoichiometries.
In recent years, Corbett and co-workers, as well as Belin and This is confirmed by chemical analysis on several single crystals
co-workers, have reported on many novel Ga, In, and Tl cluster which indicates a nearly constant stoichiometry corresponding
compounds that follow Wade’s rules as in the boranés. 0 SrCaln,Ge. _ o
Studies on trelides have been spurred by the novelty of their ~ Crystal structure investigations were performed on powder
cluster chemistry. Other reports on polar intermetallics of tre- and single crystals by X-ray diffraction. Sril&Ge crystallizes
lides and mixed IrGe anions have resulted in intriguing In the orthorhombic space grodmnawith four formula units
questions concerning the ability of In to accommodate high neg- in the unit cell’” The crystal structure of SrGla.Ge, an or-
ative charge$3610 Recently, it was shown that b@.Ge dered derivative of the CrB-type, is shown in Figure 1. The
contains layers of indium with a delocalized open-shell band Crystal structure can be described as an ordered-derivative of
structurel® Also, recent work by von Schnering and co-workers CrB structure typé®19 This structure type is characterized by
on new silicides and germanides reveals the existence of Si andfigonal prisms of the metal atoms (Cr) centered by nonmetal
Ge arene-like systems in describing complex electron-deficient 2toms (B). The nonmetal atom arrangement results in parallel
silicides and germanidés. zigzag chains along theaxis. Most alkaline-earth- and rare-
Our present studies on polar intermetallics involving trelide €arth-metal monosilicides and monogermanides crystallize in

and tetrelide post-transition-metals focus on the structural, ™19y Guioy, A. M.; Corbett, J. Dinorg. Chem.1996 35, 2616.
chemical, and physical characteristics of “electron-deficient”  (11) (a) von Schnering, H. G; Bolle, U.; Curda, J.; Peters, K.; Carrillo-

Zintl phases® These phases represent a class of Zintl phasesggbeer:Si %3682?%%4’\/"(;b)sxclgﬁltgggmsnsérma m’egg'ﬁggg\g{ CF;h_e(r:ﬂJr d';"q _
where the normal picture of covalent networks of singly bonded Tebbe, K. FAngew. Chem., Int. Ed. Engl98q 19, 1033, (c) Liebman, J.

metalloids may not be sufficient to satisfy the valence require- F.; vincent, J. SAngew. Chem., Int. Ed. Engl982 21, 632.
ments of the anionic substructures. Our exploratory syntheses (12) Xu, Z.; Guloy, A. M. Unpublished work.

: ; (13) Single-crystal X-ray analysis was carried out with an Enraf-Nonius
along the Zintl border have led to the discovery of one such four circle CAD4 diffractometer on a crystal with dimensiaze 0.05 x

compound, SrGi#n,Ge. Its crystal structure and chemical 0.05x 0.1 mm mounted inside a glass capillary. Monochromated Mo K
bonding feature a novel [I&eP~ chain analogous and isoelec- radiation was used, and the intensities of monitored standard reflections
; ; ; ; showed no significant changes. Lorentz, polarization, and absorption cor-
tronic WIFh an a.”.yl amon chain. . rections based on six-scans were applied. The phase problem was solved
_The air-sensitive title compound was synthesized through py direct methods. Full-matrix least-squares refinement was carried out with
high-temperature reactions of nearly stoichiometric amounts of anisotropic thermal parameters, secondary extinction coefficient, and atomic

iati occupancies refined. A final Fourier difference map was essentially
the pure elements (distiled Ca and Sr metals from APL featureless+1.26 and—1.43 e & within 1 A from Sr). Microprobe and

Engineering Labs: in shots, 99.9999%; Ge pieces, 99.9999%),cp analyses on 6 single crystals resuited in a chemical composition of

in welded Ta tubing within an evacuated quartz jacket. A slight SrooafCa.ssajnie7eSer 03y COnsistent with the refinement results. Cgstal
data for SrCan,Ge: M,, = 470, orthorhombicPnna a = 11.1569(9) A,

(1) Nesper, RProg. Solid State Cheni99Q 20, 1. b = 12.1285(6) A,c = 4.6582(4)A;V = 630.33(9) &, Dcaca= 5.00 g
(2) Nesper, RAngew. Chem., Int. Ed. Endgl991, 30, 789. cm3 u =221 cnm}; A = 0.710 73 A, Bmax = 70°; total data collected-
(3) von Schnering, H. GAngew. Chem., Int. Ed. Engl981, 20, 33. 2639; reflections obser 1029; variables= 30, R = 0.025,R, = 0.031,
(4) Chemistry, Structure and Bonding of Zintl Phases and ;|deu- GOF = 1.078.

zlarich, S., Ed.; VCH Publishers: New York, 1996. (14) Hohnke, D.; Parthe, EActa Crystallogr.1966 20, 572.
(5) Schiger, H. Ann. Re. Mater. Sci.1985 15, 1. (15) Villars, P.; Calvert, L. DPearson’s Handbook of Crystallographic

(6) Corbett, J. D. inlChemistry, Structure and Bonding of Zintl Phases Data for Intermetallic Phases2nd ed.; American Soceity for Metals
and lons Kauzlarich, S., Ed.; VCH Publishers: New York, 1996; and International: Metals Park, OH, 1991.

references therein. (16) Pearson, W. BThe Crystal Chemistry and Physics of Metals and
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the CrB-type or in the related FeB-type structifteThe main 3
structural feature of the alkaline-earth- and rare-earth-metal mon- -
otetrelides are the parallel zigzag chains of 2-bonded tetrelide s}
atoms making the alkaline-earth tetrelides normal Zintl phases
and the rare-earth tetrelides metallic phases. These observations s}
result in a Zintl picture of their chemical bonding: [&¥) +
(2-bonded)G¢] in the alkaline-earth-metal analogs; R +
(2-bonded)G& +1e7] in the rare-earth-metal compounds.

In SrCaln,Ge, the chain axis of the quaternary compound is s}
about 3 times longer than that of the parent binary compound
CaGe (CrB-type): Gcace= bsrcazinzce The repeat unit in the Sl B Bt I R InSp,
nonmetal atom chain, [y&ef~, is [[In—In—Ge-In—In—Ge- | L= In-Ge = . T
], and the shortest distance between neighboring parallel chains 2 === Py 70
is 4.6582(4) A. The cations, Ca and Sr, are ordered in that coor DOS
only Ca atoms lie on the shared face between two In-centeredFigure 2. COOP and DOS curves for Sr&a,Ge: (a) COOP curves
trigonal prisms and Sr and Ca atoms lie on the shared faceof the In—In (solid line) and In-Ge (dashed line) interactions; (b) DOS
between Ge-centered and In-centered trigonal prisms. On thecurves, the dotted line is total DOS; the solid line, Ipgpne pair);
basis of the crystal structure refinement, there are no significantdashed line, In5p(z-states).
mixed occupancies or vacancies in the Sr, Ca, In, and Ge atomic
positions. The observed metalonmetal '&(\:Iistances in the crystal . ] .
structure which range from 3.1 to 3.4 A (€, Ca—Ge, Sr- i <o C © b
Ge, and SrIn) are comparable to those found in related polar X R 4 ]/<._> f X '\' \0‘
intermetallic compound®¥:2® However, the ensuing cation / (S |_ ©
arrangement and nonmetal ordering result in short distances
between adjacent In atomd & 2.772(2) A), which are very
short compared to those observed in the medat(3.2—3.4

A), and other anionic In clusters and networkis< 2.86-3.3

A).921 The short In-In interatomic distances are comparable H he el . 4 bonding in th d
to those observed in cationic In fragments such g% Jins’*, ence, the electronic structure and bonding in the compoun

and In#* (dn_m = 2.62-2.78 A) and in molecular In complexes ~ CaN Pe represented by a conjugated@eP z-system, as illu-
(d = 2.81-2.93 A)2L22 The calculated Pauling bond order strated in Scheme 1, with the first resonance structure as the
(PBO) is about 1.52% The observed Geln distancesdin_ce more dominant one. The calculated electron densities of 4.8

= 2.629(3) A) are also comparably smaller than the sum of the &1d 6.4 for In and Ge, respectively, are in agreement with the
single bond radii of In and Ge (gilce = 2.665 A), PBO= first resonance structure. The observed torsional angles around

1.152% In the spirit of the Zintl concept, the corresponding 6 th€ In—In and In-Ge bonds are 178.34(6and 176.66(4)

electrons per formula unit associated with the charge transfer '€SPectively. These reveal a slight nonplanarity of the atoms

from the cations does not satisfy the valence electronic require-1" the chain which could be attributed to the packing effects of

ment of ([InGeF") if the 2-bonded nonmetal atoms along the the differently sized cations. This results in a small decrease
chain are all singly bonded. Hence, it is tempting to attribute in the overlap of ther-orbitals but stabilizes the resonance struc-

the short In-In and In—-Ge interatomic distances to the presence ture V.VhiCh features In double bonds. Hence, the observed Ch".ﬂ'
of multiple bonds such as in [4AIn—Ge-F~, thereby explaining acteristics of the calculated band structure that features a conju-
the perceived electron deficiency. ' gatedr-system explain the short+in and In-Ge interatomic

To assess the chemical bonding, band structure calculationsdis'[ances observed in Srid&Ge. Furthermore, the electronic
bonding, ba h i structure of the monomer [isef~ is reminiscent of the allyl
were performed on the anionic p@eP~ chain. One-dimen-

sional band structures were calculated using the extendekeHu anion. Magnetic susceptibility measurements indicate the com-
formalism?24 with atomic orbital and energ arameters em- pound is diamagnetic, and this is consistent with being a semi-

ISm;™ Wi ic orbi 9y p conducting Zintl phas& The electronic effects of the cation
ployed as beforé® Densities of states (DOS) and overlap popu-

. ; orbitals were neglected in our calculations and we believe that
lations (COOP) were calculated based onkgbints, and the o0 effects can be considered as perturbations mainly on the
results are shown in Figure 2. The calculations show that all

. : orbitals directed at the cations, the In and G®gbitals. How-
states below Fare In-in anq In-Ge bqndlng or nonbonding, ever, the overall bonding picture is retained and the Zintl concept
with some In-Ge antibonding states just below. EThe ob-

served In-In—Ge and In-Ge—In bond angles are 96.17¢4) is validated,

. N Efforts are now underway to fully characterize the electronic
and 103.06(6), respectively, and these indicate reduced sp hy- :
bridization as expected in heavier post-transition-metals. Hence properties of the undoped and doped phases of iz and

the lone pairs in In are mainlv 5p orbitals. This is confirmed 'to search for related inorganicbonded systems. These studies
by the caﬁculations wherein t%e pro'ected- DOS show that the &€ part of our continuing efforts to narrow the disparity between

y . proj . the synthesis of new materials and their physical characterization
states near {are mainly In-5p and Ge-4p states with the

- . L and to provide an improved understanding of structure, property,
nonbonding lone pairs (In-gplying just below k. The In-In and bonding relationships in intermetallics in the region between

metals and nonmetals.
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Scheme 1

m-interactions, represented by the InyBmd some of the In-
Ge z*-states (Ge-4y), lie just below the In-5pstates ranging
from —9.0 to—5.2 eV. The In-In z* antibondingz-states lie
just above Ewith a small calculated band gap of0.4 eV.
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