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ABSTRACT

Cs;4K46[Au][Tl;] has been prepared from the elements (Pnma, a=39.6898(12) A, b=12.0407(4) A, c=10.9334(3)
A, V=5225.0(3) A®, Z=38, R,/WR, = 0.0556/0.0935). Band structure calculations reveal a small bandgap at Er (0.10139 eV).

1 | Introduction

The majority of the elements are categorized as metals. In this
context, it is not surprising that a combination of two or more
metals results in a great variety of materials. Most of those inter-
metallic compounds and phases can be described as solid solu-
tions, Frank Kasper, Laves, Hume-Rothery, or Zintl phases [1].
The last type was first introduced by Eduard Zintl himself in the
1930s [2, 3]. The resulting concept, which Klemm and Busmann
later modified, describes a formal electron transfer from the less
electronegative to the more electronegative element under the
formation of (poly)anions [4]. The first and still classical example
of a Zintl phase is NaTl, although it lies left of the so-called Zintl
border [2, 5, 6].

The field of alkali metal thallides again attracted attention
between the early 1990s and the 2010s [7, 8]. In general, the
respective compounds can be described as materials at the fron-
tier between a salt-like and metallic nature, which depends on
the valence electron concentration [8, 9]. While up to a compo-
sition of A;5Tl,; (A =K-Cs) [10, 11], two- or three-dimensional
thallium networks are formed, isolated clusters can be found
at higher atomic alkali metal proportions [8]. Most of the com-
pounds have been described as electron precise with one to four

different cluster types. Examples for exceptions are AgTl;
(A=XK-Cs) and K;oTl; [12-15]. The latter compound contains
[Tl,]”" pentagonal bipyramids as an exclusive thallium substruc-
ture and an excess of potassium atoms [15]. In 2024, the electron-
precise, salt-like Cs; 45K3 55Tl; has been reported and represents
only the second alkali metal thallide with [Tl,]”" cluster as the
exclusive cluster type [16].

If transition metals are added to the alkali metal triel mixtures,
further compounds and sometimes even new cluster types can be
obtained, which contain the transition metal as an endohedral
atom like in KgTr,oM (Tr=Tl M=Zn [17], Ga [18]; Tr=1In,
M=Zn [19]) or A;oTrioM (A=K, Tr=1In, M =Ni, Pd, Pt [20];
A=Na, Tr=Ga, M=Ni [21]). AgTr; (A=K-Cs) is also known
for indium in the case of potassium and rubidium [12, 22]. By
substituting one indium by mercury in this system, the
[Iny,]”" cluster changes to [In;Hg]®” with mixed-occupied posi-
tions and the compound becomes electron precise in terms of a
salt-like description, according to the Zintl-Klemm-Busma
concept [23].

Concerning thallides, an alternative option according to the
already mentioned KgIn,oHg is represented by the examples
NagK;¢Tl13Cds, or KjgTlpAus [23-25] where the transition
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metal atoms together with thallium atoms form the cluster.
Despite the options to have a transition element endohedral
in a cluster or as part of a cluster, K;3Tl,oAu; represents an exam-
ple of the third possibility, which occurs as a special feature for
the element gold in alkali metal thallides. A special role can be
expected for this element, as due to its highest electron affinity
among the metals, it is capable of forming gold anions, so-called
aurides [26]. In general, the formation of double salts has already
been proven as a powerful tool to realize electron-precise Zintl
phases for alkali metal tetrelides [ Tt,]* [27-31]. Within the alkali
metal thallium system, [Tl¢]®" clusters have been realized in dou-
ble salt structures [32-34]. The combination with auride was
already proven for K;3TlyoAus or Na,,KzsTlsAu, [24, 35], while
only the latter one is reported as electron precise, including
[T1,]”~ and/or [Tle]°~ clusters.

In this article, we present single-crystal X-ray structure
analysis and DFT calculations of the electron-precise double salt
Cs3.4K4 6[Au][Tl,], including [T1,]”” and [Au]™ anionic moieties.

2 | Results and Discussion
2.1 | X-Ray Structure Analysis

The new quaternary compound Cs; K,e[Au][Tl;] was first
observed in a sample targeting the nominal composition
CsoKoTl0Au,. Subsequently, stoichiometric samples have been
prepared with the nominal compositions Cs;K¢Tl;4Au, and
Cse.87K9.13T114Au,. The bulk material was characterized by pow-
der diffraction analysis and always showed the presence of the side
phases Ks_(Cs,Tl;; and/or Kig_«CsTlhoAus y (see Figure 1)
[12, 13, 14, 24].

The compound Cs; 4K, ¢AuTl; crystallizes in a new structure
type in the orthorhombic space group Pnma. The crystallo-
graphic data are shown in Table 1, and the atomic coordinates
and anisotropic displacement parameters are given in
Supporting Information (Tables S1 and S2, Supporting
Information).
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FIGURE 1 | Measured powder diffraction pattern of the approach
with the nominal composition CsoKoTlyAu, (black). The refinement
was carried out with the LeBail algorithm in Jana2006. The calculated
reflection positions are shown by the vertical bars (green) underneath
the powder pattern. The curve at the bottom (blue) represents the differ-
ence plot. GOF =0.73, R, = 2.25, Ry, = 3.44.

TABLE 1 | Crystallographic data of Cs; 4K, ¢[Au][Tl,].

Empirical Formula Cs;.4K,6AuTl,
CSD Number 2472350
Formula Weight 4524.95
Temperature/K 123
Crystal System orthorhombic
Space Group Pnma
a/A 39.6898(12)
b/A 12.0407(4)
c/A 10.9334(3)
Volume/A? 5225.0(3)
Z 8
P aie/(g/cm®) 5.752
p/mm™* 54.022
F(000) 7373.0
Crystal Size/mm? 0.05 X 0.037 x 0.034
Radiation, 2/A Mo-Ka, 0.71073
26 range for data/° 4.254-59.148
Index ranges —-55<h<55
-16<k<16
-15<1<15
Collected/Independent Reflections 50338/7650
Data/Restraints/Parameters 7650/0/174
Goodness-of-fit on F* 1.371
Rin 0.0544

R1,WR; [1>26(1)]
R,, wR, [all data]
Largest diff. peak/hole/e A™>

0.0477, 0.0915
0.0556, 0.0935
3.49/-3.42

2.2 | Structure Description
2.2.1 | Anionic Substructures

The asymmetric unit of Cs; 4K4[Au][Tl;] contains twelve thal-
lium atoms, eleven alkali metal atoms, and one gold atom, which
reside on general as well as special Wyckoff positions of space
group Pnma, and the unit cell content is completed by symmetry
operations of the respective space group (see Figure 2). The thal-
lium atoms form two crystallographically different pentagonal
bipyramidal clusters, which consist of six symmetry-independent
thallium positions each. According to a Z = 4, the empirical for-
mula calculates to Csgg,Kg13T]114AU,, Which can be reduced by

FIGURE 2 | Unit cell of Cs;4K46[Au][Tl].
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two to the given composition. The shape of the clusters is accord-
ing to those present in K;Tl;, NagK;6Tl 5525, Na;oKsgTlisAu,,
Cs7.,9Ks71Tlis, and Cs;45K35sTl; (see Table S4, Supporting
Information).['>16-3%3¢]

The [Tl,]” clusters are arranged in distorted hexagonal layers,
resulting in an ABAB stacking sequence perpendicular to the
crystallographic b-axis, which corresponds to a distorted hexag-
onal close packing. The gold atoms are located in the octahedral
voids of the hcp arrangement of the pentagonal bipyramids, so
that a NiAs structure is obtained, whereby the [Tl,]"~ clusters cor-
respond to the arsenic atoms and the gold atoms to the nickel
atoms (see Figure 3) [37].

The [Tl,]”" clusters are surrounded by 24 and 21 alkali metal
atoms, respectively (Figure 4). In both cases, the triangular faces
between the equatorial and apical thallium atoms are
ps-coordinated by one alkali metal each.

In the case of the pentagonal bipyramid 1, which consists of the
thallium atoms TI11 (Wyckoff 8d), T13, Tl4, TI5, Tl6, and TI11
(Wyckoff 4c), the equatorial edges T13-Tl11, TI11-Tl4, and Tl4-
Tl6 are each p,-coordinated by one alkali metal atom. In addi-
tion, the remaining eleven alkali metal atoms are coordinated
terminally to the thallium atoms, with two alkali metals each
at TI11 and TI4.

The equatorial edges TI18-T110 and TI9-T112 of the pentagonal
bipyramid 2 are p,-capped, and eight alkali metal atoms coordi-
nate to the thallium vertices, with none coordinating to TI8 and
three coordinating to TI10.

In addition to the anionic thallium clusters, an [Au]™ is also pres-
ent. The gold position (Wyckoff 8d) is surrounded by four potas-
sium atoms and two or four mixed-occupied alkali metal atoms
in a distorted trigonal prism or square antiprism (see Figure 5).
The distances are d(Au-K) = 3.270(3)-3.664(3) A and d(Au-Cs/
K) = 3.4424(8)—3.9613(14) A. Two alkali metals of the coordina-
tion spheres of the gold atoms share the K8-K9 edge, so a dinu-
clear unit is formed, which again connects via Cs4/K6 to another

®

°
®

°

FIGURE 3 | Hexagonal layers of the [Tl,]”~ clusters in an ABAB
stacking order (black and blue) and the gold atoms in the octahedral voids
of the distorted hcp.

pentagonal bipyramid 2

FIGURE 4 | The two crystallographically different [TI,]”~ clusters
together with their first coordination sphere.
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FIGURE 5 | First coordination sphere of the gold atom, which forms a
dinuclear unit and with that even a chain. Additionally, the chains are
depicted in the unit cell along the crystallographic c-axis (left) and b-axis

(right).

dinuclear unit. Those chains lie along the crystallographic b-axis.
This structural motif is not yet known from the literature.

Gold and thallium are indistinguishable by X-ray diffraction. For
this reason, the distances to the alkali metals and the first coor-
dination sphere need to be carefully examined. The surroundings
of the gold atom (extended trigonal prism) show the typical
arrangement known from literature, departing from alkali
metal-gold-thallium compounds [24, 35]. The gold position
shows a typical surrounding of aurides (CN =6 or 8), which is
not known for thallium. In the case of the cluster-forming thal-
lium atoms T11-T112, a distorted icosahedral (CN = 12) or twice-
capped square antiprismatic surrounding (CN =10) is obtained
(see Figure S1 in Supporting Information).
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The similarity in the surroundings of the here-reported auride (see
Figure 5) and the simplest alkali metal auride CsAu also supports
the correct assignment in this case. For CsAu, a cubic coordination
is present with distances d(Au-Cs) = 3.69 A [38, 39]. In the related
ammoniate CsAu-NH3, the gold atom is surrounded trigonal pris-
matically by six cesium atoms (d(Au-Cs)=3.59(2)—3.717(8) A)
and two additional gold atoms [40]. In case of the potassium
aurides K,Au, mainly layers or three-dimensional networks of
gold and potassium in the voids are known, for example, in KAu,
and K,Aus; [41, 42]. This increases the CN to a total of ten or twelve
with distances of d(Au-K) = 3.301(2)—3.890(6) A [41, 42].

In alkali metal thallides Na;,K3gTlsgAu, [35], KigTlypAus [24],
gold is surrounded by nine or ten atoms, which are arranged
in a three or four-times-capped trigonal prism. Altogether, the
trigonal prismatic surrounding of gold atoms is a common fea-
ture in these structures. In contrast, trigonal prismatic thallium
coordination is uncommon and suspicious. This careful analysis
allows the unquestionable assignment, despite the missing addi-
tional analytics due to extremely sensitive crystals and the lack of
phase purity of the bulk material.

2.2.2 | Alkali Metal Coordination

The eleven crystallographically different alkali metal positions
can be divided into five potassium positions, one cesium position,
and five mixed-occupied positions of potassium and cesium.
Furthermore, the alkali metals can be subdivided based on the
coordination number of their first coordination sphere and the
number of surrounding thallium clusters (see Figure 6).

The alkali metal positions K4, K5, and K8-K10 show coordina-
tion numbers between twelve and 15 and are each surrounded

Cs1/K1 (8d)
CN=16 CN=15

(]
i
L]
e
e
[
K5 (8d) Cs4/K6 (4c)
CN=15 CN=15

&

K8 (4c)
CN=14

cf‘e%@ E E :{&

K9 (4¢) K10 (4a)
CN=13 CN=12

by two [T1,]”~ clusters. The remaining alkali metal atoms com-
plete the coordination sphere derived from an icosahedron.
The next higher coordination numbers, 15 and 16, belong to
the mixed-occupied positions. In the surrounding of Cs1/K1
(Wyckoff 8d), Cs2/K2 (Wyckoff 8d). Cs3/K3 (Wyckoff 8d),
and Cs4/K6 (Wyckoff 4c), there are three thallium units each,
and five clusters coordinate to position Cs5/K7 (Wyckoff 4c).
The thallium clusters are arranged in a trigonal bipyramidal
arrangement around Cs5/K7. A similar coordination sphere
is also found at position Cs6 (Wyckoff 4c). Here, only the num-
ber of alkali metal atoms is increased by two, expanding the
coordination sphere and allowing complete occupation by
cesium. As in the previously reported compounds with
mixed-occupied alkali metal positions, the trend continues
[16, 43]: the higher the coordination number, the higher the
proportion of the heavier alkali metal. The site occupancy fac-
tors of the individual alkali metal positions are listed
in Table 2.

TABLE 2 | Site occupancy factors (s.o.f.) for the eleven
crystallographically different alkali metal positions in Cs; 4K4 ¢AuTl;.

s.o.f. K Cs s.o.f. K Cs

Cs1/K1 0.095(7) 0.905(7) Cs5/K7 0.044(10) 0.956(10)

Cs2/K2  0.454(7) 0.546(7)  Cs6 0 1
Cs3/K3  0.276(7) 0.724(7) K8 1 0
K4 1 0 K9 1 0
K5 1 0 K10 1 0

Cs4/K6 0.416(9) 0.584(9) - -

CN=16

Cs5/K7 (4c)
CN=16 CN=18

Cs6 (4c)

FIGURE 6 | First coordination sphere of the eleven crystallographically different alkali metal positions.
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FIGURE 7 | Band structure and DOS of Csgg7Ko 13Tl 14AU,.

2.3 | Calculations of the Electronic Structures

Band structure calculations were performed for the fully occu-
pied approximant Cs;KoTl;4Au, in which all mixed alkali metal
positions are occupied by the main component Cs or K. The band
structure shows a small bandgap of 0.10139 eV at the Fermi level.
The states below Er (<0 eV) are dominated by thallium 6p states.
Between -9 and -3 eV, localized states can be found that can be
assigned to gold (approx. -5 eV and between -4 and -3 eV) and
mainly to the thallium 6s states (see Figure 7). The result affirms
a description of the compound according to the Zintl-Klemm-
Busmann concept, the molecular formula can be written as
[Cs™ 54K ]a6[AuT] [T1777] .

3 | Conclusion

We here report on the synthesis and characterization of a
thallide-auride double salt [Cs*]54[K*]46[Tl," ][Au7]. Single
crystal X-ray structure analysis reveals the presence of [Tl,]”
pentagonal bipyramidal clusters, which are known from
NagK;6Tl 2525, NajoKagTligAu,, KioTl;, Csy20Ks71Tlhs, and
Cs3.45K3.55T1,. Together with the latter compound, the new dou-
ble salt is yet only the second electron-precise compound with
[T1,]” as an exclusive anionic cluster type. As a second anionic
entity, an auride is present. Both anionic moieties are arranged in
a distorted NiAs structure. Theoretical calculations reveal a small
bandgap for the approximant Cs;K¢Tlj4Au, at Er and are in
agreement with a salt-like description according to the
Zintl-Klemm-Busmann concept.

4 | Experimental Section
4.1 | Materials

Potassium (purity: 99%, under mineral oil, Merck/Sigma-Aldrich,
Darmstadt) was segregated for purification. Cesium was obtained
by reduction of CsCl with elemental calcium and purified by dis-
tillation twice [44]. Thallium drops (purity 99.999%, ABCR) and
gold wire (purity 99.999%, ABCR) were used without further puri-
fication and stored under an inert gas atmosphere.

4.2 | Preparation

For the nominal compositions of the approaches KqCsgTlpAu,
(m(T1) =0.692 g, m(K)=0.060 g, m(Cs)=0.202 g, m(Au) =0.067

750

1500 L
DOS [states eV cell']

2), KoCs;Tlj4Au, (m(T1) =0.680 g, m(K)=0.084 g, m(Cs)=0.221
g, m(Au)=0.09437 g), and Ko 13Cssg7Tl14AU, (M(T1)=0.677 g,
m(K)=0.084 g, m(Cs)=0.216 g, m(Au) =0.0932 g), the elements
were placed in tantalum ampoules and sealed under an argon
atmosphere. The sealed ampoules were placed in quartz glass tubes
(QSIL GmbH, Ilmenau, Germany) and sealed under an argon
atmosphere. The so-prepared ampoules were placed in an oven
with the following temperature program: after heating to 773.15
K and holding for 2 days, the ampoule was cooled back to room
temperature with 3 K per hour steps. The received products are
very sensitive to moisture and oxygen. Therefore, they were stored
in a glove box (Labmaster 130 G, Fa. M. Braun, Garching,
Germany).

4.3 | X-Ray Single Crystal Analysis

A small number of crystals were transferred into dried mineral
oil. A suitable crystal was selected and mounted on a Rigaku
XtaLAB Synergy R DW diffractometer (Rigaku Polska sp. Z. o.
o. UL, Wroclaw, Poland) (X-ray: rotating anode dual wavelength
Cu and Mo, HyPix Arc 150° detector) using MiTeGen loops. All
data were collected at 123 K.

CrysalisPro (Version 171.43.105a) was used for data collection
and data reduction [45]. ShelXT was used for the structure solu-
tion, and the subsequent data refinement was carried out with
ShelXL [46, 47]. Olex’ was taken for visualization purposes,
and the software Diamond4 was chosen for the representation
of the crystal structure [48-50]. All atoms are depicted as ellip-
soids with a 50% probability level.

Crystallographic data for the compound Cs;4K46T1;Au have
been deposited in the Cambridge Crystallographic Data
Center, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge under the
depository number CCDC-2472350 (Fay: +44-1223-336—033,
E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

4.4 | Powder Diffraction Studies

Powder diffraction samples were prepared in sealed capillaries
(© 0.3 mm, WIM-Glas-Miiller GmbH, Berlin, Germany). The
data collection was carried out on a STOE Stadi P diffractometer
(STOE, Darmstadt, Germany)(Monochromatic MoKal radiation,
1=0.70926 A) equipped with a Dectris Mythen 1 K detector. For
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visualization and indexation, the software WinXPOW and
Jana2006 were used [51, 52].

4.5 | Band Structure Calculations

Theoretical calculations were performed on the hypothetical
compound Cs;KgTl;4Au, with fully occupied alkali metal posi-
tions. The program FPLO21 was used, which is based on the
full-potential nonorthogonal local orbital minimum-basis within
the generalized gradient approximation for the full-relativistic
mode [53-56]. A full relativistic approach is necessary due to
the high spin-orbit coupling of heavy elements (Cs, Au, Tl) in
this compound. The exchange correlation was assumed in the
form proposed by Perdew, Burke, and Ernzerhof (PBE) [57].
For the calculation of the density of states (DOS) and the band
structure, a modular grid for the reciprocal space of 6 X6 X6
k-points was used. For the visualization of the DOS, the program
Origin2022 (version 9.9.0.225), and for the band structure, the in
FPLO21 implemented program xfbp was used [58].
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