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KeTl,Shs, A Zintl Phase with a Novel Heteroatomic[TlsShs!2"] Chain?
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The title compound with heteratomic anionic cha}ii§l sShs12-] has been discovered in the-KT1—Sb system.

The phase is obtained from a range of compositions ng@lS, s following reaction first at 756850 °C and

then at 550°C for one week or more. It crystallizes in the monoclinic system in space d28lp Z = 8, a =
9.951(1) A,b = 17.137(3) A,c = 19.640(6) A, angt = 104.26(3). Swing-like (TLShs)'2~ units consisting of
alternating Sb and Tl atoms in four- and eight-membered rings are linked througf Bbnds to form infinite
one-dimensional chains alof@g EHTB calculations and resistivity measurements show that the compound is a
semiconductor.

Introduction containing example, whereas no thallium members of any type
h have been reported. This circumstance may have to do with
the particular difficulties in handling compounds containing Tl
e(ﬁnd Bi in negative oxidation states without adventitious oxida-
tion, or it may mean that stable examples containing these two
| are simply rare. We report here the first example of-al—-V

(or active metatthallium—pnictide) compound, one that also
exhibits THTI bonding. Our explorations suggest that alkali
metak-TI—Pn ternary compounds are very limited in number.

In the past decade, a variety of ternary compounds wit
heteroatomic anions from—lll =V (1—13—15) main-group
systems have been discovered and characterized. These are oft
built of variously condensed tetrahedral [TeRntrigonal
[TrPrg], or both structural units to generate versatile structural
motifs (Tr= Al, Ga, In, Tl; Pn= P, As, Sb, Bi¥ Among these
structures, the nature of the anionic framework is collectively
related to number, size, and charge of the cations and, in turn, . ; L
to the atom proportions in the HV anion and its valence Even quaternary examplei‘Wlth thallium seem to be limited to
electron count. Thus, the less reduced general anionic composi-'A"5-|—‘5‘-|—|2'A‘S‘1 for A =K, Rb.
tions [TrPr]3~ exhibit one-, two-, or three-dimensional anionic  Experimental Section
framewlorks., d.ependlrjg. on the counterqatlons. Fpr exgmple, Synthesis. The general synthesis techniques were as previously
the sodium-indide—pnictide phases contain three-dimensional gescribed>1” The metals were all obtained from Alfa-Aesar: K,
3[InPn3-] units (Pn= P, As, Sh) with shared corners and 99.95%; T, 5-9s; Sb, 6-9s in metal contents. Because the reactants
edges, such that the pnictogen atoms about tetrahedral indiunand products are sensitive to air and moisture, these were handled in

are all two-bonded With fewer cations, the anionic framework
of Ca[AlAs;]»* is two-dimensional, and in ginP,],5 the
dimensionality of the anionic framework is further reduced to
one in a construction related to that reported here.

Common anionic families include the (Trp#r, TrPn%- 578
TrPng~,%1%and TgPr,2~ 11 stoichiometries. However, examples
that include T+Tr bonds are rare and include only XGs;-
Sh?and CslngBig.1 The last is evidently also the sole bismuth-
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N-filled gloveboxes in which moisture levels were below 0.1 ppm
(vol). Before being weighed, the surfaces of K and Tl metals were
cleaned with a scalpel. An exploratory synthesis proceeded with a
~200-mg mixture of K, Tl, and Sb in molar proportions of 3:1:2 that
was welded inside a tantalum tube and then jacketed in a silica tube
sealed under high vacuum-10° Torr). The mixture was heated to
750 °C in a tubular furnace for 24 h, cooled to 58Q at 10°C/h,
equilibrated at this temperature for 2 weeks, and then cooled to room
temperature at 10C/h. The product consists of many well-shaped,
black crystals, several of which were selected for single-crystal
diffraction studies. An accurate compound composition was established
by single-crystal X-ray diffraction analysis. A later reaction to gain
the stoichiometric product was run at 850 for 10 h, cooled to 550

°C at 50°C/h, and then equilibrated at this temperature for 1 month.
The result was single-phase $5%) according to the Guinier powder
pattern. NIST silicon was always added to the powder pattern samples
as an internal standard, so as to gain more accurate lattice dimensions.
Ten parallel reactions that explored composition space in thgélk

Sb system over a range from about 7:1:3 to 1.5:7:3 revealed no other
ternary compounds. The same was true with As instead of Sb. There
is an unknown new compound in N&1—Sb, however.
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Table 1. Selected Crystal Data and Refinement Parameters for
KeTl2Shs

Chi and Corbett

Table 2. Atomic Coordinates (11 and Equivalent Isotropic
Displacement Parameters{A 10%) for K¢Tl,Shs

fw
space groupZ
lattice parard(A, deg, A3)

1008.59
C2/c (No. 15), 8

a 9.951(1)

b 17.137(3)

c 19.640(6)

B 104.26(3)

Y, 3245.8(9)
Peale, Mg/m? 4.140
u(Mo Ka), cmt 262.9
residualsR1, wR2 0.0415; 0.100

a Refined from Guinier data with Si as an internal standare;
1.540562 A, 23C.PR1= SIFol = [Fell/3|Fol; WR2=[YW(|Fo|? —
[Fe?)2 Y W(Fo?)] 2.

Resistivity. The electrical resistivities of the phase were measured
by the electrodeless “Q” methd8A powdered 120-mg sample of the
single-phase product was sieved to have a-1Z8Dum range of grain
sizes and diluted with chromatographic®%. The measurements were
made at 34 MHz in the range of 186@90 K. The room-temperature
resistivity obtained for KT1,Sh; is about 7.7x 1% uQ-cm. The data
show a small negative temperature dependepbeT of —0.3% K2,

Structure Determination. Several black, well-shaped crystals of
KeTl,Shs were picked up in a Nfilled glovebox and sealed in thin-

walled capillaries. Laue and Weissenberg photographs were employed

to check the singularity of crystals. A rectangular one with approximate
dimensions of 0.1x 0.15x 0.45 mm was chosen for data collection,
which was carried out at room temperature on a Rigaku AFCER
diffractometer with the aid of graphite-monochromated Max K
radiation. A least-squares refinement of the settings of 21 centered
reflections in the range of 23< 20 < 15° provided a centered
monoclinic cell with dimensions ad = 9.944(2) Ab = 17.033(3) A,

¢ = 19.695(4) A, ang3 = 104.05(33. A Laue check revealed ar@/
crystal class. Diffraction data were collected with-26 scans up to

55°.

The TEXSAN program packa$fewas used for data reduction. The
diffraction data were corrected empirically for Lorentz and polarization
effects and for absorption with the aid gfscans of three reflections
(u = 262.9 cntY). The intensity statistics? — 1= 1.068) and the
associated systematic absendes-(k = 2n for hkl; | = 2n for hOl) for
the 3952 reflections in one hemisphere measured te 85° suggested
the unique centrosymmetric monoclinic space gr@aic. The suc-
cessful refinement of the structure confirmed this assignment.

The SHELXTL?® program package was used for structure solution,
and this was refined by the full-matrix least-squares method?dorF
all data. Application of direct methods revealed five heavy atom
positions, two of which were assigned to Tl atoms and three to Sb
atoms on the basis of both bond distances and peak heights. A

subsequent difference Fourier synthesis revealed seven other indepen

dent peaks, which were all easily assigned to K atoms on consideration
of the distances from these peaks to Tl and Sb. The refinement of all
positions with isotropic thermal parameters proceeded smoothly to
R = 5.35% with the highest residual electron density peak of 6.28 e/A
After a second extinction correction was applied, the final anisotropic
refinement converged &1 = 4.15%,wR2 = 10.02%, and GOF=
1.029 for 102 variables and 1758 independent observed reflections
(I > 20(1)). The highest residual peaks in the final difference Fourier
map were 3.587 efA(1.00 A from TI1) and—2.037 e/&. The first as

well as all other notable positive residues were within 1.0 A of a Tl
atom.

Some details of the crystallographic and refinement parameters are
given in Table 1, the atomic positional and isotropic equivalent
displacement parameters are listed in Table 2, and the important
interatomic distances in the anion are given in Table 3. More detailed
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X y z Ued®

Tl 6453(1) 856(1) 7278(1) 26(1)
TI2 7897(1) 850(1) 5707(1) 26(1)
Shl 6582(2) 2280(1) 6358(1) 22(1)
Sh2 8775(1) 890(1) 8684(1) 22(1)
Sh3 6668(2) —603(1) 6388(1) 23(1)
K1 0 238(4) 2500 30(2)
K2 0 7995(4) 2500 31(2)
K3 314(5) 934(3) 4461(2) 38(1)
K4 3281(5) —844(3) 6768(2) 35(1)
K5 3327(5) 2558(3) 6777(2) 31(1)
K6 9439(5) 2729(3) 5533(2) 32(1)
K7 4095(5) 746(3) 5541(2) 33(1)

aUeq is defined as one-third of the trace of the orthogonalizgd
tensor.

Table 3. Nearest-Neighbors Distances (A) in theStf~ Anion
Unit

TI1—Sb1 3.049(2) SbaTIl 3.049(2)
TI1—Sb2 3.147(2) SbiTI2 3.179(2)
TI1—Sb3 3.078(2) Sb2TI1 3.147(2)
TIL-TI 3.217(2) Sh2TI2 3.236(2)
TI2—Sb1 3.179(2) Sb3TI1 3.078(2)
TI2—Sb2 3.236(2) Sh3TI2 3.195(2)
TI2—Sb3 3.195(2)

crystallographic and refinement data and all of the distances around
the cations are contained in the Supporting Information. This as well
as theF/F listings are also available from J.D.C.

EHTB Calculations. All the calculations were carried out using
the CAESAR program package developed by Whangbo &t Ethe
following atomic orbital energies and exponents therefore were
employed for the calculationgd{ = orbital energy, eV = Slater
exponent). Tl (6s:—11.6, 2.3; 6p:—5.8, 1.6); Sb (5s:—18.8, 2.323;
5p: —11.7, 1.999). As is customary, the potassium atoms were not
included in the calculation because of the lack of good orbital
parameters for them.

Results and Discussion

Structure. The compound KT1,Sh; contains the first ex-
ample of a T+Tl bond in a polyanion in a-+lll =V system. It
can be considered to contain format kons with their valence
electrons, in effect, completely transferred to covalently bonded
anionic1[T1,Shs!2"] chains. The cell is shown in Figure 1. A
second chain displaced By, 1/, 0 (that is, C-centered) is shown
behind the darker one. The heteratomic repeat unisE|12-
is displayed in Figure 2. Four-membered F8b1-TI2—Sb3
fings that are slightly folded at Sb5b3 are interlinked by two
Sh2-bridging atoms to generate the swing-like repeat unit, and
these are interlinked by trans HII1 bonds into infinite one-
dimensional}[TI,Shs'2"] chains. All the constituent elements
of the anion are in general positions, and the chains contain
only 2-fold symmetry elements that are normal to the centers
of both the large rings (0y, Y4, etc., Figure 1) and the TH
TI1 bonds. All Sb atoms are 2-bonded, TI1 is 4-bonded, and
TI2 is 3-bonded. The cations reside between the chains and are
in general positions except that K1 and K2 lie along the 2-fold
axes. Each antimony has seven or eight near-neighbor cations,
TI1 has five, and TI2 has six.

The TI1-TI1 bond would be expected to be a normal
2-electron-2-center bond (below), and at 3.217(2) A, itis quite
close to the 3.236 A value for the diamond sublattice of Tl in

(21) Ren, J.; Liang, W.; Whangbo, M.-lEAESAR for Window$rime-
Color Software, Inc., North Carolina State University: Raleigh, NC,
1998.
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Figure 1. Perspective~[010] view of the structure of monoclinic -16.0H 1 | R
KeTl,Shs with its [T1,Shs*2-] anionic chains (70% probability ther- 0 20 40 60
mal ellipsoids). Thallium is represented by black, antimony is repre- D . f Stat
sented by white, and potassium is represented by gray-shaded ellipsoids. ensity of States
The overlapping chains are related by C-centerifigffe,0) with darker Figure 3. Total DOS (solid) and the projection of the total antimony
bonds in the closer chain. components (dashed) calculated for the infirfjf€l,Shs12B] chains
in KeTl,She.

quite different. The anionic structure of the former contains
comparable [G&sg] units, but these are connected to four
others by arsenic bridges to produce a{&g)Ass, = GaA
stoichiometry in a two-dimensional framework. In the indium
analogue, similar units are linked through shared pairs of indium
atoms into one-dimensional chains. The 2-bonded antimony
atoms in the present compound have an oxidation statelof
and their further condensation via some neutral three-bonded
SH atoms may be possible with a reduced number of cation
Figure 2. Side view of the [TIShs'2] repeat unit in KTI,Shs with charges and, perhaps, altered sizes.

2-bonded Sb, 3-bonded TI2, and 4-bonded TI1. Electronics. As seen, I§TI,Sh; contains three nonequivalent
Sb atoms and two nonequivalent Tl atoms. If, as is customary,
a complete transfer of the valence electrons from potassium to
the post-transition elements is assumed for the purpose of
oxidation-state counting, the anion is seen to attain octet states
for all atoms and with only 2-electrer2-center bonding. Thus,
the TI1, TI2, and Sb atoms possess 0, 1, and 2 lone pairs,
respectively, according to the conventional scheme for a classic
Zintl phase. A slightly different expression of this in a style
often attributed to von Schneritgs [(4b-TI17)(3b-TI272)(2b-
Sb)s] = TI,Skf. With only s and p valence orbitals on the
atoms, the repeat unit [73ks]'2~ has (4x 4) + (6 x 4) = 40
orbitals. These occur as 13 bonds (Figure 2), 6622 = 14
filed nonbonding orbitals (electron pairs) and 13 empty
antibonding orbitals, the first two containing 54 valence
electrons. The compound is thus closed-shell and is expected
to exhibit a band gap below a higher-lying potassium-based
conduction band. This is in agreement with its measured
90 = 770uQ-cm and the negative temperature coefficient of
sistivity (Experimental Section).

To better understand the energetic distribution of the bonding
and nonbonding pairs, an electronic band calculation was carried
out on the one-dimensional [;Bh;'2] chain. Figure 3 gives

NaTl.2223 It also lies within the fairly wide range of HTI
distances, about 3.38.40 A, found in a diverse collection of
electron-deficient clusters with delocalized bond#hglthough
some as short as 3.07 A have been found in netw®rkiere
thus seems to be no bond lengthening from nonbonding pair
repulsions across the bond. The FILI2 separation, 3.714(1)
A, is well outside of a reasonable bonding distance. The average
bond distances for THSb and TI2-Sb are 3.091 and 3.203
A, respectively. That for the former set, which pertain to
4-bonded TI1, is in good agreement with the sum of covalent
radii, 3.04 A, derived from the FTI distance in NaTl and the
separation between 2-bonded Sb in KSh842(2) A28 Any
effect of nonbonding pair repulsion between atoms bonded to
TI1 would again seen to be marginal. On the other hand, the
average TI2Sb distance about the 3-bonded atom that is
formally TI2~ is 0.11 A larger. The angles around TI1 and TI2
average 109.%5and 106.0, respectively, also appropriate to the
expectation that the more-reduced TI2 is more or less surroundeofe2
by three Sb atoms and a lone pair.

The structural unit [TASks]?~ is similar to those in Ga
[GaAs)], and Cag[InAs;],,*® but the condensation modes are
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compound are largely localized. As judged from COOP curves
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(not shown), bands below19 eV (out of the energy window)  number of shorter Tt Sb bonds. It should be noted that Figure
are largely derived from Sb 5s and some Tl 6s. Of the six clear 3 does not show a plausible band gap because the cations, which
bands betweer14.4 and—11.5 eV, the lowest three all reflect  should make substantial contributions to the conduction band,
TI(s)—Sb bonding, with somewhat more TI1 contributions in were not included in the calculation.
the bottommost one. The fourth and fifth are mainly TH&b,
while the largest band at11.7 eV & H; for Sb p) is principally Acknowledgment. We thank D.-K. Seo for helpful discus-
Sb lone pairs. sions.

The band at-9.2 eV represents the TTI1 bond but with
an appreciable antibonding FBb component according to the Supp_orting Infprmation Available: Tables of additi(_)ngl crystal-
COORP data. In parallel, the peak just bel&woriginates with Iog_raphlc apd refmemer_u parameters and_a complete listing of nearest-
only antibonding TI2-Sb interactions, presumably between the neighbor distances. This material is available free of charge via the
lone pairs on each. The longer H3b bonds have appropriately Intermet at hitp:\\pubs.acs.org.
lower overlap populations, about 25% less than for the same IC0014134





