J. Am. Chem. S0d.998,120, 7349-7350 7349

CaslngSns: Interplay of Structural and Electronic The title compound was synthesized through high-temperature
Factors between Intermetallic and Zintl Phases reactions of stoichiometric amounts of the pure elements (distilled
Zhihong Xu and Arnold M. Guloy* Ca metal from APL Engineering Labs; In shots, 99.9999%; Sn
Department of Chemistry and chunksf, 99.9999%) in w_elded Ta tublng within an evacuated

Texas Center for Supercondudty quartz jacket. To obtain single crystals suitable for X-ray structure

University of Houston, Houston, Texas 77204-5641 analysis, a temperature of 1050 was held for 5 days followed
Receied February 4, 1998 by slow co_oling to about_SOOC. These shiny silver cryst_a_ls
. ' with gem-like morphologies were found to be air sensitive.
Intermetallic phases formed between elements of groups 13 Hence, all syntheses manipulations were done only in argon

and 14 with one or more of the electropositive alkali or alkaline atmosphere, and single crystals were sealed within thin-walled
earth metals show a rich variety of very often complex structtres. glass capilla{ries.

More importantly, the smooth transition of electronic properties = Accyrate lattice constants were refined from the indexed X-ray

from semiconducting Zintl phases to normal intermetallic com- itfraction pattern measurements on a single phase sample by
pounds along the Zintl border provides a fertile area to search e |east-squares method with NBS Si as an internal standard.
for materials with novel electronic properties and offers unique chemical compositions of a number of single crystals were

opportunities in investigating relationships between crystal struc- gna)y7ed by WDS (wavelength dispersive spectrometer). Results
ture, c_hemlcal bonding, _and physical properties. In this context, spowed uniform composition corresponding ta8sSns, and this
the Zintl concept provides an effective and useful way 10 gigichiometry was used in the starting model of the single-crystal
rationalize chemical bonding and electronic properties of materials ¢t \cture refinemerié
in the border between metals and nonmetatSur most recent CaslneSny crystallizes in a hexagonal structure in space group
results using the concept in rationalizing the synthesis and P6/mmewith a = 6.7091(5) A and: = 26.9485(9) A, as shown
discovery of ternary and quaternary compounds successfully ledin Figyre 1. The structure can be derived from the intermetallic
to the syntheGS|s and description of SplbaGe, which contains ¢ hic AuCy and hexagonal N8n structure types. The relation-
[In=In—GeJ™ chains, analoggus and isoelectronic with the allyl - ghins petween these structure types are based on their differences
anion chain [CH=CH—CH]... ) in the stacking order of closed packed layers of @{1xnetal
Ele;qtron deﬂmenc_y in compounds of group 13 (trelide) POSt-  atomsi4 The AuCu-type is cubic closed packedd) with “abc’-
transition elements is usually demonstrated by the formation of stacking and NiSn is hexagonal closed packettf) with “ab’-
3-center 2-electron bonds that leads to the formation of cluster stacking. The structure of @a.Sn is made up of twdcpand
units. The tendency of polar intermetallic trelides to form borane- eight ccp layers of Ca(In/Sn) stacked along the-axis with
like clusters is illustrated by the extensive studies on a wide variety « g cpachabtas the repeat stacking unit. The twioplayers in
of novel trelide cluster compounds which can be rationalized in o nit cell contain only In and Ca atoms while trep (AuCus-
terms of Wade's rules as in the borari€sOther reports on polar type) layers consist of Ca, In, and Sn atoms. Within fiop
intermetallic trelides have resulted in intriguing questions con- |avers indium atoms In(1) are displaced from ideal closed packed
cerning t7he ability of indium to accommodate high negative qsitions resulting in the formation of In trimers with-n
charges: . . o . _distances of 3.045(3) A, a normal-+in bonding distance. The
One challenge in inorganic chemistry is the synthesis of main yistances between trimers within this closed packed layer are
group compounds, other than carbon, that exhibit unsaturation ,,,ch longer at 3.665(5) A. In thecp Ca(In,Sn) layers, the
and/or aromaticity.** Recently, it has been reported thatSn  gigtortions leading to In/Sn trimer formation are not observed.
cyclopropemu_m-llk_e trimers, were formulated to exist in the The distances among metalloid in tbep layers (3.36-3.36 A)
superconducting Zintl phase BashisSn structure typef. Our are relatively longer than the bonding distances observed in the
exp_Ioratory syntht_ases on electron—deflc_:lent Zintl phases among .|ster compounds and Zintl phases containing In and Sn
trelides and tetrelides have led to the discovery of a novel phase, ;iomst-6.18 and are consistent with those found in (non-Zintl)
CaslngSry, with an unprecedented intergrowth structure featuring !

ionic indi i — i - (13) Single-crystal X-ray analysis was carried out with an Enraf-Nonius
anionic indium trimer fragments, [‘m  analogous and isoelec four circle CAD4 diffractometer on a crystal with dimensions ca. 0:08.05

tronic with cyclopropenium, ¢Hs". This compound exemplifies 0.1 mm. Monochromated Mo iradiation was used and the intensities of
the combination of a normal intermetallic compound and a Zintl monitored standard reflections showed no significant changes. Lorentz and

phase and addresses important issues concerning the bonding arnjplarization corrections and absorption corrections based op-sbans were
applied. The phase problem was solved by direct methods. Full-matrix least-

properties of compounds containing post-transition metals along sqares refinement was carried out with anisotropic thermal parameters,

the Zintl border. secondary extinction coefficient, and atomic occupancies refined. All calcula-
tions were made with NRCVAX crystallographic software. Microprobe
(1) (a) von Schnering, H. GAngew. Chem., Int. Ed. Engl981, 20, 33. analyses on several single crystals resulted in a uniform chemical composition
(b) Schier, H. Annu. Re. Mater. Sci.1985 15, 1. of Cas,o(l)lng,m%Srt,gg@)and were used in the structural refinement. Although
(2) (a) Miller, G. InChemistry, Structure and Bonding of Zintl Phases and  distinguishing between Sn and In by X-ray diffraction is difficult, complete
lons Kauzlarich, S., Ed.; VCH Publishers: New York, 1996; pp5b. (b) disorder of Sn and In, with a 2:3 ratio, over all metalloid sites resulted in
Nesper, RAngew. Chem., Int. Ed. Endl991, 30, 789. unsatisfactory refinement result® & 0.062; R, = 0.078). Constrained
(3) Xu, Z.; Guloy, A. M.J. Am. Chem. S0d.997, 119, 10541. refinement of the metalloid site occupancies resulted with In only irhtge

(4) Corbett, J. D. IrChemistry, Structure and Bonding of Zintl Phases and slab and a random 1:1 distribution of In and Sn in¢bpslabs. This resulted
lons Kauzlarich, S., Ed.; VCH Publishers: New York, 1996; and references in the best reliability factorsR = 0.042 andR, = 0.039, and the resulting

therein. stoichiometry Celns(IneSry) is consistent with the results of chemical analysis.
(5) Belin, C.; Tillard-CharbonneProg. Solid State Chen1993 22, 59 A final Fourier difference map was essentially featureless.
and references therein. (14) Villars, P.; Calvert, L. DPearson’s Handbook of Crystallographic
(6) Guloy, A. M.; Corbett, J. DInorg. Chem.1996 35, 2616. Data for Intermetallic Phases2nd ed.; American Society for Metals
(7) Zhao, J. T.; Corbett, J. Dnorg. Chem.1995 34, 378. International: Metals Park, OH, 1991.
(8) Jemmis, E. D.; Srivinas, G. N.; Leszczynski, J.; Kapp, J.; Korkin, A. (15) Downs, A. J. InChemistry of Aluminium, Gallium, Indium and
A.; Schleyer, P. v. RJ. Am. Chem. S0d.995 117, 11361. Thalliunmy Downs, A. J., Ed.; Blackie Academic and Professional: London,
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Figure 2. COOP and DOS curves for €agSrs: (a) DOS curves, the
dotted line is the total DOS and the solid line represents the states asso-
ciated with the 1g (hcp) layer; (b) projected DOS of iaderived orbitals,
the dotted line is the total krcontribution to the DOS, the solid lines are
the p—y contributions and the shaded areas, aregmtributions. (c) A
plot of the COOP (crystal orbital overlap population) of the-In inter-
actions within the Ig(hcp) layer. (d) Molecular orbital diagram of [§{F~.

Figure 1. (a) A [010] view of the crystal structure of @agSry; (b) a

[001] view of the Calg (hcp) layer which contains the §irimers. The
atoms are represented as follows: Ca, large light spheres; In/Sn, small
gray spheres; and In, small solid spheres.

intermetallic compounds such as Ca@nd Lalr.!4*> Careful
examination of the Fourier difference maps does not show any
significant electron density at the center of the In trimers nor at

any of the interstitial sites. intermetallic that is very conducting and Pauli-paramagriétic.

cormelate orytal Sruciure, stoohiomety, and physical propertes, N, SUperconducting transions were observed above 4 K.
band structure calculatioﬁs were perfor’med onl&&ns. Full ’ .The [Irs]>” trimers in CalneSry are |soelectron|q and analogous
three-dimensional band structures were calculated By using theW.'th. cyclopropenium, e, the simplest aromatic hydrocarbon.
extended-Hakel formalism?1617 Densities of states (DOS) and Similar organometallic cyclotrlgermenlum_ and the Zintl ionSn

: ! . analogues have been reported, and]finin CalneSns can be
overlap populations (COOP) were calculated on the basis of 60 X ; o e .
k-points and results are shown in Figure 2. The calculated densityconS'dered as the intermetallic indium analo@‘_beThe high
of states (DOS) shows that the compoun.d is essentially metallic formal ch_arge on [Ig°", indicated by the calculations, has been

reported in other In/Ge compounti¥.

with no observable band gap around the Fermi level, and that The phase GineSn; resides well at the Zintl border. Its crystal

Eahrg g%n;{l'blfrtf;ismm;ngnltn t&'g;ﬁ(r)sn te?bt(?lft Eﬂtealbgﬁgfr:tyvc\;iftﬁifiﬁse and electronic structures can be described as consisting of two
: P q 9 components, namely, the “normal intermetallic” slab and a

In trimer layer is analyzed by using orbital projected DOS and . i S -

COOP ploé which sgow thgt all t?onding sf)tatjes and fragment moletl:ular or Zm(;' layer. This picture agrees well W'thdthbe d
. : - 4 . crystal structure description, property measurements, and ban

molecular orbitals associated with the In trimer are occupied and structure calculations which indicate that the intermetatizpy

tSTSitCr:ir:;];?rrﬁésebl?ﬁgeﬁ)bgﬁégﬁsF;c:]r:jd;nn%btc?ndtir:]e Igezgr\é??he slabs dominate the electronic structure (DOS) as well as the
y 9 9 electronic properties of the compound. Submerged underneath

et e e e SIS S, th Sea of conduction (delocalize) electrons e o e nerme:

Ins unit and the results are shown in Figure 2d. The calculated f[alllc slabs lie the valence or localized states of thg]frntrlmers.

mglecular orbitals of the Btrimer correlate well With the orbital in the (hcp) layers. Hence, for compounds that lie on the Zind
border the interplay between the structural factors of delocalized

gg?]rzgt'%?] d?rrllalyrs(;'segtfeéhgobsagisd ?%%V\IID ?uervléeor][ntlh(l,eggli df_rsot;e(intermetallic) and localized (Zintl) constituents and the nature
calculz;)tions gT%eJresultin correlation shows that the “electron- of the interactions between them mainly determine their electronic
. 9 structures and properties.

filling” of the Ins-derived bands in GigSny results in a 14-
electron count for the In trimer wherein all bonding states are Acknowledgment. We thank the donors of the Petroleum Research

occupied. This leads to the unusual formulation of the In trimer Fynd and the Texas Center for Superconductivity at the University of
as [Ing]>~. This electronic scheme forjirimers is different from Houston for support of this work.

those found in the cluster network compoungdNea,Srs wherein

the In and Sn triangles are formally analogous with their arachno- ~ Supporting Information Available: Complete list of observed and
BsH, derivativest® The band structure calculations also indicate calculated structure factors, crystallographic data, atomic coordinates and
that the remaining occupied states in the DOS corresponding toanisotropic thermal parameters, and relevant bond distances and angles
[INeSre]5~ are the delocalized states within tbep intermetallic for CalneSrs (3 pages, print/PDF). See any current masthead page for
slabs. Physical property measurements on powder samples Ofr)rdermg information and Web access instructions.

CalngSns, between 4 and 300 K, show it to be a typical JA980398N

(18) Blase, W.; Cordier, G.; Vogt, TZ. Anorg. Allg. Chem1991, 606 (19) Physical property measurements were made with an Oxford Instru-
9.

7 ments Magla 9 T (VSM)/Resistivity Instrument.



