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The title compound was made by fusion of stoichiometric mixture of the pure elements. The structure (triclinic,
P1, Z = 4, a = 10.1851(4) Ab = 10.2318(7) A,c = 27.617(2) A,o. = 94.457(7y, B = 91.462(6), y =
90.214(6)) is based on In-centered tetrahedra of bismuth sharing edges to form folded chains. The latter are
linked via In—In bonds in a rather complicated three-dimensional network. The structure can be explained as
being carved out from the layered PbO-type structure of the parent grotig dbmpound of InBi. Cdn,Big is

a wide band-gap semiconductor according to EHMO calculations and magnetic measurements.

Introduction compound InBi by reduction of the latter. It is a remarkable
example of how upon such reduction a structure is rearranged
and tailored effortlessly to a new one that can accommodate
the additional cations (and charges) without excessive “cutting
and pasting”.

The elements of group IV and the isoelectronic binaries of
groups II-V and [I-VI attract much interest due to their
semiconducting properties. They provide a variety of band gaps
and properties that can be modified by extrinsic doping,
temperature, pressure, etc. Thus, at higher pressures silicorExperimental Section
adopts the metal-like structure Bftin while the metallic InBi All manipulations were performed in a glovebox filled with purified
becomes superconductihdilternatively the properties can be Nz (moisture content less than 0.1 ppm). Mixture of the elements (all
modified by changing the atomic charges, of course, and of from Alfa-Aesar, 299.9% pure) with stoichiometry @ssBis was
particular interest to us has been the chemistry of the negatively?ealed ina p_iobium contain'er by arc-welding, the latter was jgcketed
charged early post-transition elements. Such oxidation states ard" @ fused silica ampule which was then sealed after evacuation. The
obtained in compounds with the most electropositive elements‘t"‘ssem'ty Wast heatted ?;@9:%): ;ﬁr 1 d?y Iand tcpﬂ?d t(: room
in the periodic table, the alkali metals. Compounds such,&s A emperature at a rate o - 1Tis particutar stoichiometry was

A = alkali tal E— el 0. | tai chosen in an attempt to make a deltahedral clusteB[iif~ that is
(A = alkali metal, E= group IV element), for example, contain  igqglectronic and isostructural with the knowg*E(E = group 14

tetrahedral E“molecules” with a formal charge of-4.2 More element) The product contained traces of CsBind unreacted Bi.
recently, nine-atom deltahedral clusters of Si, Ge, Sn, and Pbafter the structure and stoichiometry were determined, a reaction loaded
with charge of 4 have been characterized in neat solids, i.e., as CsInsBis produced the compound in high yield and very good
solids made by direct synthesis from the elemémth .of these crystallinity when heated at 55C for longer time (2 weeks) and cooled
compounds are semiconductors with a variety of band gaps. with a rate of 10°C/h. The reaction product was contaminated with
Our attention has been also drawn toward mixtures of traces of unidentified amorphous phase which was easily separated
elements, not just one element, that are similarly modified by Under microscope in the glovebox. . .
alkali metals. Such compounds, for example, are the recentlylo Single crystals of the compound were obtained from the reaction

. . . aded as G#nsBis. They were mounted in glass capillaries (subse-
synthesized G&esZn with dimers of Getetrahedra connected quently flame-sealed at both ends in order to protect the crystals from

through faces by Zn, hCd with oligomers of four Pb oxygen and moisture) and checked for singularity. Data from one of

tetrahedra joined through faces by cadmium, angP@sig with them (gray-metallic, irregular shape, 0:3 0.2 x 0.2 mm) were
dimers of Phtetrahedra connected through edges by Higre collected on an Enraf-Nonius CAD4 single-crystal diffractometer with
we report on the synthesis and structure ofl@sis which monochromated Mo ¥ radiation at 2°°C (w—260 scans, Bmax= 50°,
can be considered as derived from the group-Vl parent a hemisphere). The 10 041 reflections were corrected for Lorentz and
polarization effects, and for absorption with the aid of the average of
* E-mail: ssevov@nd.edu. threey scans (and later Xabs). The structure was solved by direct
(1) (a) Tissen, V. G.; Degtyareva, V. F.; Nefedova, M. V.; Ponyatovski, methods inP1, and was refined off 2 with the aid of the SHELXTL
E. G.; Holzapfel, W. BJ. Phys., Condens. Mattei998 10, 7303. V5.0 package. The final residual indices are somewhat on the high
(b) Degtyareva, V. F.; Winzenick, M.; Holzapfel, W. Bhys. Re. B side mainly due to problems stemming from strong and anisotropic

1998 57, 4975.

(2) Schider, H. Annu. Re. Mater. Sci.1985 15, 1 and references therein. absorpti.on. After all the compound is.made of very heavy elements

(3) (a) Queneau, V.; Sevov, S. Bngew Chem., Int. Ed. EnglL997, 36, only (B_l, Cs, and_ In are with atomlc_ numbers 83, 55, gnd 49,
1754. (b) Queneau, V.; Sevov, S. Borg. Chem.1998 37, 1358. respectively). Details of the data collection and structure refinements
(c) Todorov, E.; Sevov, S. Cnorg. Chem.1998 37, 3889. (d) are given in Table 1, while positional and equivalent isotropic
Queneau, V.; Todorov, E.; Sevov, S.LLAm. Chem. Sod99§ 120, displacement parameters and important distances are listed in Tables

3263. (e) von Schnering, H.-G.; Baitinger, M.; Bolle, U.; Carillo- ; ot ; :
Cabrera, W.: Curda, J.: Grin, Y - Heinmann, F.: Llanos, L. Peters, 2 and 3, respectively. Qualitative microprobe analysis performed on

K.; Schmeding, A.; Somer, MZ. Anorg. Allg. Cherml997 623 1037. the same smglg cr_ystal confirmed the presence of Cs, In, and Bi only.

(4) (a) Queneau, V.; Sevov, S. G. Am. Chem. Sod.997 119, 8109. The magnetization of 14 mg of compound (only crystals carefully
(b) Todorov, E.; Sevov, S. GAngew. Chemin press. (c) Todorov, picked under microscope) was measured on a Quantum Desigh MPMS-
E.; Sevov, S. C., unpublished results. SQUID magnetometer at a field 8 T in thetemperature range 30
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Table 1. Selected Data Collection and Refinement Parameters for  Table 3. Important Distances (A) in GB,Big
Cs/IngBig

In 1-Bil 3.052(3) Bi +-In1 3.052(3)

empirical formula CdnBig Bi2 3.003(3) In5 3.063(3)

fw 2643.53 Bi2 2.993(3) In8 3.025(3)

space groupZ P1(No. 2), 4 Bi5 2.970(3) Bi 2-In1 3.003(3)

unit cell params a=10.1851(4) A In 2—Bi4 2.918(3) In1 2.993(3)

b=10.2318(7) A Bi6 3.060(3) ~In5 3.085(3)

c=27.617(2) A Bi7 2.944(3) Bi 3-In3 3.105(3)

o= 94.457(7y Bi9 3.036(3) In6 3.015(3)

B =91.462(6) In 3—Bi3 3.105(3) In8 2.952(3)

y = 90.214(6) & Bi5 3.052(3) Bi 4-1n2 2.918(3)

V = 2868.3(3) Bil0 3.057(3) In6 2.956(3)

radiation,A Mo Ka, 0.710 73 A Bil1 2.896(3) Bi 5-Inl1 2.970(3)

abe coe 855 cri "He  Soas) ns 290009
abs coe 5¢ i . n .

density (calcd) 6.122 g/cin Bi12 3.002(3) Bi 6-1n2 3.060(3)

Rindices ( > 20/)2 R1=7.48%, wR2=19.17% Bi12 3.002(3) In4 2.989(3)
Rindices (all data R* 9.82%, wR2= 36.06% n 5—Bi . n .

indi Id 9.82 2=36.06 In 5-Bil 3.063(3) ~_ In6 3.018(3)

"RL= 5[Fo| ~ IRV Fo: wR2= [STW(F ~ FYSTEAT e 300008 B S

W = 1/[0’ Fo + (01406)) + 30667133], P= (Fo + 2FC )/3 |n5 3004(5) Bi 8-In5 2996(3)

Table 2. Atomic Coordinates and Equivalent Isotropic In 672:3 ggéggg Bi g_anzs 3269336?(33))

Displacement Parameters for CgBis Bi6 3:018(3) In4 3'.047(3)

atom X y z Ueq) Bil0 2.970(3) _ In7 3.079(3)

Bil 0.3119(1) 0.7808(1) 0.47190(4)  0.0163(3) In 7_2:; 22%8;138; Bi 1&I|r1r]36 32'09577(5(332)
Bi2 —0.1379(1) 0.6457(1) 0.46633(5)  0.0175(3) ; ' ; ¢

. Bi2 3.067(3) Bi 1+1In3 2.896(3)
Bi3 0.4801(1) 0.7101(1) 0.30927(5)  0.0163(3) ;

. In7 2.976(4) Bi 12-In4 3.002(3)
Bi4 0.7791(2) 0.5378(1) 0.19013(5)  0.0182(3) In 8—Bil 3.025(3) In4 3.002(3)
Bi5 0.1666(1) 0.4485(1) 0.35104(5)  0.0168(3) Bi3 2.952(3) In7 3.067(3)
Bi6 0.4888(1) 0.8374(1) 0.14584(5)  0.0180(3) Bi5 2'990(3) '

Bi7 0.9631(1) 0.9754(1) 0.14206(5)  0.0198(3) Big 2'936(3)
Bi8 0.0254(1) 0.9240(1) 0.35536(5)  0.0199(3) '
Bi9 0.7868(1) 0.6838(1) 0.01992(5)  0.0175(3)

Bi10 0.3015(1) 0.3878(1) 0.18974(5) 0.0204(3) (inside the glovebox), the other piece of rod is inserted, and the second
Bil1l 0.6116(1) 0.2266(1) 0.32283(5) 0.0223(3)  endis sealed as well. The raw data were corrected for the susceptibility
Bil2 —0.6559(1) —0.1332(1) 0.96267(5)  0.0187(3) of the container and the ion-core diamagnetism of 77@$n*", and

Inl 0.1349(2) 0.5393(2) 0.45484(8)  0.0175(5)  6Bi®". The resulting temperature independent magnetic susceptibility

In2 0.7737(2) 0.7566(2) 0.12837(8) 0.0169(5) is negative and within the range-8.34 to—3.40) x 104 emu/mol.

In3 0.4172(2) 0.4125(2) 0.29331(9)  0.0186(5)

In4 0.5514(2) 0.8598(2) 0.04164(9)  0.0185(5) Results and Discussion

In5 0.0348(2) 0.8927(2) 0.46235(8)  0.0167(5) L . .

In6 0.4996(2) 0.6017(2) 0.20505(9)  0.0190(5) Thg structure of Qm4B|§ is fairly (lzompllqatedl, egpeC|aIIy

In7 0.9030(2) 0.9626(2) 0.03594(8)  0.0171(5) at afirst look (Figure 1). Six of the eight unique indium atoms

In8 0.2371(2) 0.7331(2) 0.36525(8)  0.0161(5)  (inner indium— In;) are tetrahedrally coordinated by the twelve

CC:S% _%1701%?%(22) %2950%91(22) 0 %g‘égj%(B) 0%-;)223%(4) unique bismuth atoms (Figure 2). The latter are one-, two-, and
s : 2 ) 2 : ) ) ©) three-bonded to indium with average distances of 2.896, 2.968,

Cs3 0.7479(2) 0.9073(2) 0.25662(8)  0.0224(5) 1 , . ) :

Cs4 0.5159(2) 0.4733(2) 0.07423(8) 0.0258(5) and 3.029 A, respectively (Table 3). No-B8i bonding exists

Cs5  —0.3467(2) 0.9316(2) 0.41545(9)  0.0313(5)  but, quite surprisingly, there are in bonds involving two

Cs6 0.8181(2) 0.5718(2) 0.32934(8)  0.0289(5) indium atoms (outer indium, by despite the fact that the

8S; 8-222‘7‘% 8%3;‘718; 8-‘2%51’3(21()9) 8'83%((2)) compound is bismuth-rich. Many pnictide-rich compounds in

G0 0.5220(2) 0.4869(2) 0.42693(8)  0.0268(5) the general system of alkali or alkaline-earth metal combined

Cs10 0.9583(2) 0.3418(3) 0.0886(1) 0.0363(6) with group Il an_d V elements shoyv rath_er_ pniqtiekmictide
Csll 0.1684(2) 0.6940(3) 0.0720(1) 0.0415(7) bonding® Cs/In4Bis seems to be the first pnictide-rich compound
Csl12 0.3193(2) 0.0321(3) 0.2608(1) 0.0381(6) (atomic ratio of pnictide to group Il element larger than 1) with
Cs13 0.6275(2) 0.1942(2) 0.17790(9)  0.0280(5)  bonds between group Il atoms without the presence of bonds
Csl4  0.9809(3)  0.2536(3)  0.2506(1)  0.0370(6)  petween the pnictide atoms. The only other similar example is
. ) _ found in NaGa;Sh; with Ga—Ga bonds and no SkSb bonds,
300 K. For the measurements the sample was contained in a special,  clearly this compound is not pnictide-rich. The structure of

holder designed for air-sensitive compounds. This holder is made of 3 . : : : 3
x 5 x 160 mm (IDx OD x length) tubing and two half-length pieces Cs7insBie can be described as built of chains of-tentered

of tightly fitting rods, all made of fused silica. One of the rods is inserted tetrahedra _Of b_'smUt_h that share two of the _S'X El_va”able edges.
all the way into the tubing and the ends of tubing and rod are sealed T.he compllca'tlons in the structure are primarily due _to thg
together. The sample is then loaded from the other end of the tube different sharing modes of the tetrahedra, trans and cis. This
alone causes the chains to twist and turn throughout space, and

(5) (a) Cordier, G.; ScHar, H.; Stelter, MZ. Anorg. Allg. Chem1986 results in the fairly longs axis, 27.617(2) A. The symmetry is
534,137. (b) Alemany, P.; Alvarez, S.; Hoffman, Rorg. Chem. also very low triclinic, and this is quite unusual for extended

%ggqﬁ% 923)7 2ig?)(golfgjse_r('f)%éé?c(g)minon_' (g—;ég%t(‘?)”ggg_iggi structures. Most of the reported compounds in these systems,
197, 293; (k) 297; (I) 281 (m) 283; (n) 285; (0) 287; (p) 289: (q) alkali-metal-group 13-group 15, are orthorhombic or mono-
291. (r) Gourdon, O.; Boucher, F.; Gareh, J.; Evain, M.; O’'Connor,
C.; Seung, J.-JActa Crystallogr. C1996 52, 2963. (s) Blase, W.; (6) Cordier, G.; Ochmann, H.; Sctes, H. Mater. Res. Bull1986 21,
Cordier, G.; Somer, MZ. Kristallogr. 1993 203, 146. 331.
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(b)

Figure 1. Two polyhedral views of the triclinic structure of @3,

Bis: (a) approximately alond; (b) approximately along. Shown are
the Bi, tetrahedra centered by In (inner indium) and the Ir-In bonds
(outer indium, Ig) connecting the chains. The empty circles represent
the cesium countercations that fill the openings between the chains.

Figure 3. (a) Shown is how the chains in @s,Bis can be carved out
from a layer of InBi. The layer is made of In-centered tetrahedra of Bi
that share four of the six edges. Also shown are theltnbonds
between the outer indium atoms {Jthat connect the chains. (b) Other
alkali or alkaline-earth metaltriel (Tr)—pnictide (Pn) structures can
be derived from a layer of “InBi”. Shown are the structuresAoK -
NalnSh; B, KoNa(In or Ga)(As or P) KsInP,, NasAlAsy; C, Cas(Al

or Ga)As, CaAlShs, SiInP;, SsGaSh; D, KslnzAss.

Figure 2. Polyhedral (a) and ORTEP views (b) of the repeating unit fr_om_the corresponding J,nthe tetrahedra swivel aroun_d the
in CslIn4Bis (thermal ellipsoids at the 93% level) along a direction pivoting common edge. This leads to much S_maller dihedral
similar to that in Figure 1b. The indium and bismuth atoms are angles between the tetrahedral faces than the ideal L0th&
numbered in a and b, respectively. Important dihedral angles betweenfoldings are clearly visible in the polyhedral view of the basic
tetrahedral faces: 115.86(3), 66.94(3), 112.92(3), 67.68(3), and 73.80-repeating unit of the chains shown in Figure 2a. The sequence
(3)° for the pairs of tetrahedra centered by indium atoms 6-2, 2-4, 3-8, of folded and “straight” tetrahedra as well #ans- and cis-
8-1, and 3-6, respectively. The broken vertical line separates the tWo g jge sharing gives the chains their unusual shape. The repeating
Eﬂitil\(/sa(leeenié%t crystallographically different) fragments of the repeating unit can be written (TCITCTCCTITCC), where T and C
' representrans andcis-tetrahedra, respectively, anthdicates

clinic regardless of the bonding between the tetrahedra, i.e.,an inversion center. It is interesting to note that the two
regardless of whether edges or corners are shared. fragments of the repeating unit (left and right in Figure 2) are

Further complications in GBBis come from the way the with virtually identical connectivity but are twisted at abouf 90
chains are connected to each other. This is done via two sets oith respect to each other. This semi-orthogonality of the
Ino—In, bonds, 3.004(5) and 2.976(4) A, that are nearly fragments as well as the corresponding two sets gf-Im,
perpendicular to the chains as well as to each other (Figure 2).bonds makes the structure three-dimensional.
Each In is also bonded to three bismuth atoms of two Perhaps the most interesting feature in this compound is its
neighboring tetrahedra sharing an edge. As a result of this andrelation to the structure of the parent group-W compound
in order for the bismuth atoms to be approximately equidistant of InBi. The latter is of the layered type with layers built of
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tetrahedra sharing four of the six eddeBhis is the PbO-type look quite understandable. For five other compounds with the
structure (also known as LiOH-type), and InBi is the only group same stoichiometry, ArPr, (Tr = triel and Pn= pnictide are

Il =V compound that belongs to this structural type (the others group Il and V atoms, respectively), vacant are alternating
are with the zinc blende structuré) Recently it has been shown  chains of tetrahedraB(in Figure 3b)t° The structure of the
that under high pressure the layers of InBi get much closer and alkaline-earth-11l =V compounds of stoichiometry (Ag)rPrs

the compound becomes superconductirigterestingly, the is relatively simple to describe without this approach as chains
structure of the new compound iyBig can be derived from of corner-sharing tetrahedtaNevertheless, the same approach
the same layers of InBi. First, the chains are carved out of the of a carved out layer is applicable as well {n Figure 3b).
layers as shown in Figure 3a. In essence, this is done byThe structure of KIn,As; looks quite tangled when viewed
removing half of the indium atoms from the bismuth tetrahedra. alone!? Nonetheless, it is easily explained as a layer of “InAs”
This leads to an In:Bi molar ratio of 1:2 and to a charge where every third pair of tetrahedra is empByi( Figure 3b).
imbalance of 3- per removed indium atom, i.e., InBf or In addition to these extended structures the more molecular
IngBi12'®". The chains resulting from this “process” are flat since  structure of (AE)TrPrs containing dimers of edge-sharing
they are confined within the two-dimensional layers. Next, the tetrahedra can be also cut out of such layémerhaps there
two outer indium atoms are added and the formula becomesare other known as well as “yet to be discovered” structures
IngBi1o*2~. These atoms bond to some of the neighboring that could be explained in the same systematic manner thus
tetrahedra and form connections between the chains. Since eackelating seemingly complicated and unrelated structtf@his

of the interchain Ir-In bonds requires two additional electrons, general approach is of course nothing new in the structural solid-
the final formula of the anionic part of the structure can be state chemistry. It is very reminiscent to the way octahedral
written as IBiio'". This essentially defines the formula of  structures such as rutile, PhCand a large variety of shear
the compound, GsingBi1, or CsInsBie. The local folding of structures of Mo, V, and Nb oxides are derived from the NaCl
the tetrahedra due to the bonding to outer indium causes theor ReQ structures. The approach has been heavily used in
chains to coil and roll, and sculptures them into the final three- describing complicated structures since it makes them indeed
dimensional product. After discovering this relatively simple ynderstandable. Here we have pointed at the parent structure

way to represent the structure, we found that the same approacfbf yet another class of structures that seemed to be totally
works also very well for other compounds of groupHW with unrelated before.

alkali or alkaline-earth metals. Figure 3b shows how other
known structural types can be carved out from the same PbO-g;
type layer by using “cookie-cutters” with different shapes. Thus
in (KoNa)InSk,® for example, every other pair of tetrahedra in
an imaginary “InSb” layer is emptyA( in Figure 3b). Such
representation makes the otherwise complex-looking structure

Extended Huakel calculations of the anionic part of -
6 show a relatively large band gap of more than 5 eV. This
is not surprising since the compound is electronically balanced,
i.e., the numbers of bonding and provided electrons are equal,
and involves elements with quite different electronegativities.
On the basis of the simple octet rule considerations, the electrons
(7) Pearson’s Handbook of Crystallographic Data for Intermetallic can be counted as follows. Of .the 12 unique Bi atoms one is
PhasesVillars, P., Calvers, L. D., Eds.; ASM International: Materials ~One-bonded and therefore carries a formal charge jffour
Park, OH, 1991. are two-bonded and the charge isl per atom, and the
(8) Wells, A. F. Structural Inorganic ChemistrySth ed.; Clarendon  remajining atoms are three-bonded with a zero negative charge.

Press: Oxford, 1984. . S
©) Clz‘ﬁfo—cgb?éra W.: Caroca-Canales, N.: von Schnering, HzG.  All eight indium atoms are four-bonded and therefore carry a

Anorg. Allg. Chem1993 619, 1717. _ charge of-1 each. This gives total of 14 negative charges, and
(10) ‘(1%)301?108267, L(B)Sggﬁrﬁgr'\/l'\-ﬂ; Bllaaestee} SMK ?%‘i‘g&fﬁgﬁ%ﬁﬂ Szg}n%ﬁg they are balanced by the fourteen Cs cations. The temperature-
Allg. Chem.1992 613 19. (c) Somer, M.; Peters, K. Peters, E.-M.; independent and negative magnetic susceptibility of the com-
von Schnering, H.-GZ. Kristallogr. 1991, 195, 97. pound is consistent with its “salt-like” nature.
(11) (a) Cordier, G.; Sctier, H. Angew. Chem., Int. Ed. Engl981, 20,
466. (b) Cordier, él;_.; Sctier, Hmar Stelter, l\/ll.Z. Naturforschf.1984:] Acknowledgment. We thank the donors of the Petroleum
ig§7843233 (f%G%?r fer, G.; Scher, H.; Stelter, M.Z. Naturforsch. Research Fund, administered by the ACS, for support of this
(12) Cordier, G.; Ochmann, H. Kristallogr. 1991, 197, 295. research, the NSF for an equipment grant (DMR-9703732) for
(13) (a) Cordier, G.; Stelter, M.; Scfea, H. J. Less-Comm. Metl984 the SQUID magnetometer, and Tim Hughbanks for a very useful

98, 285. (b) Cordier, G.; Schier, H.; Savelsberg, &. Naturforsch.
1982 37B, 975. (c) Cordier, G.; Sclfier, H.; Stelter, MZ. Naturforsch.
1985 40B, 1100. (d) Somer, M.; Carillo-Cabrera, W.; Peters, K.; von . . . L
Schnering, H.-GZ. Kristallogr. 1996 211, 632. Supporting Information Available: An X-ray crystallographic file,
(14) Work is in progress on the structure of yet another compound in the in the CIF format, for the structure determination of/l@sBis is
system A-Tr—Pn which can be described as being “cut-out” of the  available free of charge via the Internet at http://pubs.acs.org.
InBi layer as well. It contains simple helical chains of edge-sharing
tetrahedra. IC990113N

discussion on relations between structures.



