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Trigonal Bipyramidal Clusters [Tls]”~: Synthesis and
Characterization of the Zint/ Phase K;_,A,Tl; (A =Rb, Cs;

0 <x<2.35)

Vanessa F. Schwinghammer,® P! Tomas Kovatik, !9 Ilya G. Shenderovich,! Jan Minar,[

and Stefanie Gartner* P!

In alkali metal thallides, a huge variety of thallium clusters can
be realized, which are surrounded only by alkali metals. In most
cases, different cluster types are present in the crystal structures
at the same time. One example is the [Tls]’~ trigonal bipyra-
mid, which has only been observed beside [Tlo]°~, [Tl418~, [T,
[TI°, or [TIgCds;]°~. In the new ternary alkali metal thallide
phase K;_,A,Tls (A = Rb, Cs; 0 < x < 2.35), exclusively [Tls]~
clusters are present, and the compound can be described as
a salt-like Zintl-phase, where the electron count is balanced in
terms of the anionic moiety and counter cations. This phase crys-

1. Introduction

Trigonal bipyramidal entities represent an important structural
feature known from the chemistry of distinct molecular com-
pounds as well as from solid-state materials. Concerning iso-
lated, homoatomic main group element clusters of group 14,
their expected charge can be calculated by applying Wade-
Mingos rules,"?! as a 5-atom closo cluster affords a total number
of (4n + 2) = 22 electrons (n = 5), equivalent to (n + 1)
skeletal electron pairs.BIThis in turn yields a twofold negative
charge for the expected polyanion [Tts]*~ (Tt = Si—Pb) ((5 x 4
e”) + 2e7). One can think of realizing this electron count by
applying the Zintl-Klemm-Busmann concept!*'®" which is well-
known in the world of intermetallic solid-state compounds.
There, the less electronegative metal donates its valence elec-
trons to the more electronegative partner, and a polyanionic
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tallizes in the orthorhombic noncentrosymmetric space group
Ama2. Different temperature programs applied during synthesis
suggested metastability, which was subsequently proven by DSC
measurements. DFT calculations reveal a minimum in the DOS
at Er and support the salt-like description. Dissolution experi-
ments in the style of well-known group 14 and group 15 solution
chemistry in liquid ammonia were performed and showed oxida-
tion of the alkali metal thallide. Initial 2°TI NMR studies in liquid
ammonia allow for the detection of the first signal of a dissolved
thallium species emerging from a thallide Zintl phase.

salt is obtained.[""! This, for example, works well for P, isoelec-
tronic, tetrahedral [Tt;]*~ anions, which are present in A,Tt; Zintl
phases (A = Na—Cs, Tt = Si—Pb).[®7®! |n contrast, a hypotheti-
cal, simple A,Tts Zintl phase is not known yet. To produce these
trigonal bipyramidal anions, one has to use a solvent route!”®!
by dissolving a higher reduced Zintl phase A,Tt, or ATt !9
in solvents like liquid ammonia, ethylene diamine, or tetrahy-
drofuran (THF). The highly reduced [Tt,]*~ cluster units are then
oxidized by the solvent to form [Tt;]".1* The use of [2.2.2]-
cryptand molecules as a sequestering agent for the alkali metal
cations facilitates crystallization of a densely packed crystalline
material with the composition of [Tt;]*~: [A@cryptand] of 1:2.122%")
The crystal structures of the latter are related to the Caln, struc-
ture type.”?l For isoelectronic five-atom clusters of group 15
elements, the expected charge has to be reduced by five, and
this, therefore, is equivalent to a cationic cluster unit. Indeed,
[BisI** cations are reported by the use of an ionic liquid.”?5?*
In analogy, one would expect a fivefold higher negative charge
for homoatomic five-atom clusters of group 13 elements. These
[Trs]~ clusters (Tr = group 13 element) have also been reported
in alkali metal thallide structures.3°32 Again, a straightforward
binary A;Trs Zintl phase of the desired alkali metal proportion
of 7/12 = 0.583 has not yet been reported. In the binary sys-
tems, only one compound Kz Tl; (10/177 = 0.588) is known, but
this compound includes the larger [TI;]~ clusters.®3! Additional
three electrons are responsible for the metallic character of the
latter compound. The absence of a hypothetical A,Tts Zintl phase
is somehow comprehensible, as an efficient packing of the salt
might be prevented by the unfavorable ratio of large [Tts]*~
clusters and only two counter cations. In contrast, the availabil-
ity of sufficient alkali metal atoms to allow a dense packing
makes the absence of electron precise A;Trs according to Wade's
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Figure 1. Measured powder diffraction patterns of the samples with the nominal compositions KgRb,Tl; a), KsRbTls (b: temperature program 2 (quenching
and annealing):black; temperature program 3 (quenching): blue), K4Rbs3Tls ¢), and K4Cs3Tls d). The refinement was carried out with the LeBail algorithm (a,
¢, d) in Jana2006. The calculated reflection positions are shown by the vertical bars (green) underneath the powder pattern, and the calculated intensities

as a red curve. The curve at the bottom (blue) represents the difference plot
(d) GOF = 0.87, R, = 2.51, Ryp = 3.31. x-axis: 2Theta in °, y-axis: intensity.

rules less intuitive. In general, trigonal bipyramidal units are a
very frequent structural motif in intermetallic compounds, as
topologically close-packed phases are dependent on tetrahedra
being present, and the trigonal bipyramidal unit is the central
assembly unit in double tetrahedral stars. These double tetrahe-
dral stars are also known for alkali metal trielides.**! In the AgTr
structure, these entities are present'®=>°! and due to very simi-
lar TI-TI and Na-Tl distances,!“*4! a similar arrangement according
to “NagTls" for a Tls cluster is observed in the above-mentioned
mixed alkali metal compounds.*°32 We recently showed that
mixed alkali metal approaches, including the heavier alkali met-
als, allow the formation of several new electron-precise phases of
the trielides.[*>*1 These salt-like materials offer investigations in
terms of solution chemistry, which is well-known for the higher
group Zintl phases, but is missing for trielides. In general, the first
step is the preparation of a salt-like material including isolated
cluster units. Subsequently, dissolution studies can be carried
out.

In the following, the successful mixed alkali metal approach
for preparing the first electron-precise, metastable A;Tls Zintl
phase is reported on. Temperature program adjustments, DSC
measurements, and DFT calculations of the new ternary alkali
metal thallide phase K;_,A,Tls (A = Rb, Cs; 0 < x < 2.35) con-
taining [Tls]”~ trigonal bipyramids as the exclusive thallium unit
are presented. Liquid ammonia is known to be the best solvent
for the congruent dissolution of highly reduced Zintl phases.[?"!
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. (@) GOF = 077, R, =210, Ryp = 273; () GOF = 0.99, R, = 158, Ryp = 2.17;

Therefore, subsequent experiments, including first 2°TI NMR
spectroscopic investigations, have been performed to elucidate
the reactivity of the new Zintl phase according to the well-
established group 14 and group 15 Zintl anion chemistry. In this
context, the first 2°TI NMR signal derived by dissolution of a
thallide in liquid ammonia could be detected.

2. Results and Discussion
2.1. Synthesis and Crystal Structure Determination

The first approaches to this class of material were prepared in
a 10:7 atomic ratio of alkali metal to thallium. The original pur-
pose was to substitute rubidium or cesium in the K;oTl; structure
type.l®! Instead, the powder diffraction pattern and screening
of single crystals of the sample with the nominal composition
Rb,KsTl; showed reflections of a new phase with the alkali metal
to thallium atomic ratio 7:5. For this reason, the elements in
this specific ratio K;_,ATls (A = Rb, Cs; x = 0-7) were prepared
in tantalum ampoules and heated in the furnace at different
temperature programs.

The binary samples with the nominal composition A;Tls
(A = K, Rb, or Cs) showed a mixture of KTI*®! and Ki,Tl;**! and
in the case of rubidium and cesium, a sticky habitus with single

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIIEs.D) 8|qedt|dde ayy Aq pausencb ake sepie VO ‘88N Jo ss|nl 1oy Ariqi]8UlUO 8|1 UO (SUOTHPUOD-PUR-SLLIB)/LI0O" A3 | 1M AReIq 1[I |UO//SANLY) SUORIPUOD PUe SWe 1 8y} &8s *[5202/TT/20] uo AriqiTauliuo /|1 ‘Bingsusbey eeiseAluN Aq 2£8205202 WRYD/Z00T OT/I0p/Woo" A3 M Akeidjuljuo adoune-Ansiweyd//sdny wouy pepeojumofll ‘0 ‘G9/ETZST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202502837

European Chemical
Societies Publishing

ChemEur]

Table 1. Crystallographic data of K;_xAcTls (A = Rb, Cs; 0 < x < 2.35) from single crystals.

Crystal size /mm?
Radiation, £ /A

Ri, WRy [I > 20°()]
Ry, wR; [all data]
Aprmaxmin /eA3
Flack

0.09 x 0.044 x 0.04
Ag Ka, 056087

0.0378, 0.0581
0.0490, 0.0622
3.54/-2.51
—0.029(13)

0.053 x 0.03 x 0.026
Mo Ke, 0.71073

0.0275, 0.0618
0.0330, 0.0634
1.97/-0.87
0.103(10)

Composition Ke.33Rbo67Tls K4.65Rb235Tls Ke.03Cs097Tls Ks58Cs1.43Tls

CSD number 2 464 820 2 464 825 2 464 819 2 464 818

Molar mass /(g/mol) 1326.50 1404.52 1386.78 1429.23

Temperature /K 123

Crystal system Orthorhombic

Space group Amaz2

Cell parameter /A a = 1.0222(6) a = 11.1147(6) a = 11.1459(6) a = 11.2018(7)
b = 22.3132(12) b = 22.5275(14) b = 22.3628(11) b = 22.5084(15)
c = 83757(4) c = 8.4248(5) c = 8.3677(4) ¢ = 8.3550(6)

Volume /A3 2059.92(19) 2109.5(2) 2085.68(18) 2106.6(2)

z 4

Pealc /(g/cm?) 4277 4.422 4.416 4.506

w /(mm™) 22.559 44337 22.291 22428

F(000) 2200.0 2321.0 2292.0 2357.0

0.092 x 0.073 x 0.064
Ag Ka, 0.56087

20 range /° 5.032-61.312 5.148-60.984 5.014-55.726 5.008-55.728

Index ranges -20<h<19 -15<h<15 —-18<h<15 —-18<h<17
—40 < k< 40 31 <k<3 —37<k<37 31 <k=<37
-4 <I<15 -12</<mn -B<I<13 -B<I<1n2

Reflections collected/independent 19 331/6530 22 459/3335 16 647/4829 11 360/4836

data/restraints/parameter 6530/1/65 3335/1/67 4829/1/65 4836/1/65

GooF 1.005 1.022 1.061 1.045

Rint 0.0507 0.0641 0.0386 0.0351

0.0277, 0.0654
0.0301, 0.0671
2.19/-154
—0.010(11)

0.08 x 0.061 x 0.047
Ag Ka, 0.56087

0.0507, 0.1060
0.0582, 0.1097
2.49/-2.38
—0.02(2)

crystals of RbgTl;;13%%°! or CsTLI*! Ternary approaches revealed
that both potassium and a small proportion of rubidium or
cesium are necessary for the formation of this phase. It was
noticed that an increased proportion of rubidium or cesium rel-
ative to potassium results in a more ductile product. Figure 1
shows the powder diffractograms of the nominal preparations
KgRb,Tl; (a) and KsRbTls (b), whereby in the latter preparation,
two different temperature programs, TP2 (black) and TP3 (blue),
were compared with each other. The biggest difference between
them is that in the diffractogram shown in black, in addition
to the K;_,Rb,Tl5 reflections, KTl can also be identified, which
could have been caused by the tempering following the quench-
ing during the synthesis. According to the powder diffractogram,
the approaches with the nominal composition K;A3Tls (A = Rb,
Cs) no longer contain the desired phase. In the case of rubid-
ium, K;_Rb,Tl is formed in addition to a soft mass, whereas in
the nominal approach, K;Cs;Tls, the compound Cs;90Ks7Ths is
formed together with a soft mass.[#>4]

Several crystals from the various samples were analyzed
using single crystal X-ray diffraction (SCXRD) for Kg33Rbge/Tls,
Ks65Rb235Tls, Kg03Cs0.07Tls, and KssgCsy4,Tls. The phase with vari-
able rubidium or cesium content crystallizes in the orthorhombic

Chem. Eur. J. 2025, 0, €02837 (3 of 9)

space group Ama2. The crystallographic data are given in Table 1
(for SEM/EDS see Supporting Information).

2.2. Structure Description

In the K;_ATls phase (A = Rb, Cs; 0 < x < 2.35), [Tls]~ trigonal
bipyramids are present as anionic moieties (see Figure 2). This is
built up by four crystallographically different thallium positions
TN-TI4 (TI: Wyckoff 8¢, TI2-Tl4: Wyckoff 4b).

The clusters are arranged in hexagonal layers with the stack-
ing sequence ABAB, which results in a distorted hexagonal close
packed structure (see Figure 3). The trigonal bipyramids are sep-
arated from each other by alkali metal atoms, which consist of
five crystallographically different positions. The first coordina-
tion sphere of the thallium units contains 19 alkali metal atoms
(d(A_TI) < 4.1 A). All triangular faces except those spanned by
TN, Th#, and TI2 or Tl4 are u® capped by one alkali metal
each. The equatorial-axial and TI1-TI1# edges are each u? coor-
dinated by one atom. In addition, at least one alkali metal
atom is present at each cluster corner, with two alkali metals at
TI2-TI4.
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Figure 2. Unit cell of the phase K;_xATls and the first coordination sphere of the [Tls] trigonal bipyramid. The atom marked with # is generate with (1/2_x,

Y, 2).

A1 (8¢)
CN=14

A2 (8¢)
CN=14

A3 (4b)
CN=15

A4 (4b)
CN=12

A5 (4a)
CN=10

Figure 4. The first coordination sphere of the five crystallographically different alkali metal positions in K;_xAcTls.

The alkali metals are divided into five crystallographically
different positions. The coordination numbers of the first coordi-
nation sphere of these alkali metal positions vary between 10, 12,
14, and 15 (see Figure 4). The environments can be distinguished
into coordination with three (A1-A3) and two (A4, A5) trigonal
bipyramids. At least two of the alkali metal positions are mixed
with potassium and rubidium or cesium, whereby in the compo-
sition Ky65Rby35Tls, four positions are mixed (A1-A4). The highest
rubidium or cesium content is found at alkali metal position
A3 (Wyckoff 4b) (see Table 2). This is consistent with the ear-
lier observations about the relationship between coordination
number and occupancy factor.>#! This results in the order A3
(Wyckoff 4b) > A2 (Wyckoff 8c) > A4 (Wyckoff 4b) > A1 (Wyckoff
8c) > A5 (Wyckoff 4a) for the positions with the highest rubid-
ium or cesium content to the lowest. The slight discrepancy in
the order of A1 and A4 can probably be explained by the slightly
different volumes of the coordination polyhedra (V(A1) = 21.3432
A%, V(A4) = 233766 A3).

Chem. Eur. J. 2025, 0, €02837 (4 of 9)

2.3. Temperature-Dependent Measurements

For DSC measurements, the sample with the nominal
composition Rb,KgTl; was examined. The applied cool-
ing protocol at a rate of 1 K/min corresponds to a slow
cooling regime, enabling verification of the metastability
of the phase K; ,ATls. The DSC trace exhibits three dis-
tinct thermal events: two endothermic transitions upon
heating and one exothermic transition during cooling (see
Figure 5).

The first endothermic peak (No.1) observed during the heat-
ing cycle (onset: 389.71 K) is attributed to a solid-solid transforma-
tion. The second endothermic event (onset: 490.40 K) suggests
congruent melting of the primary solid-state phase (Figure 5,
No.2), especially since above 521.60 K, no significant thermal
effect is visible. Upon subsequent cooling, a single exothermic
peak (No.3, onset: 531.30 K) is detected, indicating recrystalliza-
tion of the melt into the main phase corresponding to peak No.2.
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Table 2. Site occupancy factors (s.o.f) of the five crystallographically different alkali metal positions in K;_xATls (A = Rb, Cs; 0 < x < 2.35).
Composition s.0.f.(A1) s.0.f.(A2) s.0.f.(A3) s.0.f.(A4) s.0.f.(A5)
Ke.33Rbog/ Tls K 1 K 0.866(6) K 0.608(10) K 1 K 1
Rb 0 Rb 0.134(6) Rb 0.392(10) Rb 0 Rb 0
Ks.65Rb235Tls K 0.914(11) K 0.455(11) K 0.124(18) K 0.785(19) K 1
Rb 0.086(11) Rb 0.545(11) Rb 0.876(18) Rb 0.215(19) Rb 0
Ke.03CS0.97Tls K 1 K 0.883(5) K 0.261(7) K 1 K 1
Cs 0 Cs 0.117(5) Cs 0.739(7) Cs 0 Cs 0
Ks5Cs143Tls K 1 K 0.724(8) K 0.129(13) K 1 K 1
Cs 0 Cs 0.276(8) Cs 0.871(13) Cs 0 Cs 0
= Do
s
< 041
g
= 0.31
S
= 0.21
=
5 0.1]
= Heating 3
=" —
> 0.0
3 NS
LL -0 1 i -~
= : Cooling
5 1 2
T -023i— < . . . —
300 400 500 600 700 800
Exo Up | Temperature T (K)
Figure 5. DSC curve of the sample with the nominal composition Rb,KgTl; (Tzero hermetic aluminium pan, purge flow: N, 40 mL/min).
A summary of the peak effects of the thermal events is provided . 1
in the Supporting Information. } !
Additional temperature-dependent PXRD studies (see Sup-
porting Information) showed an irreversible phase change from 1 month ~ 5 months "
K7_xRb,Tls to K;_,Rb,TLI*>%] These results corroborate earlier 233 K 233 K

indications of the metastability of the phase K;_ ATls (A = Rb,
Cs) obtained during the synthesis with different temperature
programs and the DSC results.

2.4. Dissolution Experiments in Liquid Ammonia

Liquid ammonia is well-suited for congruently dissolving highly
negatively charged homoatomic polyanions. Previous studies on
the solubility of alkali metal thallides in liquid ammonia showed
an oxidation to elemental thallium and the formation of alkali
metal amide.!*!

Here, in all solubility tests, a dark blue colour of the solu-
tion has been observed (Figure 6), which indicates solvated
electrons.[*8] After approximately one month of storage at 233 K,
the liquid became colourless with sediment (Figure 6). The solu-
bility test with the approach with nominal composition K¢CsTls
was evaporated after two months of storage, and the residue
was analysed using PXRD. The reflection profile of elemen-

Chem. Eur. J. 2025, 0, €02837 (5 of 9)

Figure 6. Observations of the solubility tests in liquid ammonia. First blue
color after condensation, second after one months of storage at 233 K, and
last orange color and red solid at the glass vessel after additional five
months of storage at 233 K.

tal thallium is clearly visible in the powder diffraction pattern
(see Supporting Information, Figure S1). It has to be noted
that PXRD is not capable of detecting a potential amorphous
material.

After another four to five months of storage, orange-brown
streaks emanating from the residue and the first brown solid on
the vessel wall could be observed (Figure 6). Initial X-ray diffrac-
tion experiments on the orange-brown solid from the glass wall
showed no reflections. Despite a very long crystallization time,
continuous crystallization studies are in progress.
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A,Tl, (A=K+Rb/Cs)
(T (5-x) [A'TI], + (2+x) A
(2)

Asolv A+ te

2e +2NH,—B)_S2NH, +H,

Figure 7. Alkali metal thallide K;_,AxTls possibly is either oxidized to form
elemental TIO (1a) or a less reduced thallide species (1b). In both cases, the
remaining alkali metal (2) formally reduces H* from ammonia, yielding (3)
amide NH,~ and elemental hydrogen H,,

solv

2.5. NMR Studies

For a better understanding of the dissolution behavior of alkali
metal thallides in liquid ammonia, 'H and 2%°TI NMR measure-
ments were carried out. Due to the sensitivity of the compound,
the sample was prepared in analogy to the well-established NMR
investigations on alkali metal silicides.**=" In addition to the
dominant NH; resonance, the 'TH NMR spectra recorded between
203 and 233 K display two singlets (see Figure 8, left), assignable
to the amide NH, ™ anion (—2.44 ppm) and to dissolved elemen-
tal hydrogen (4.57 ppm). This is in accordance with the oxidation
of K;_,ATls to elemental thallium (Figure 7, (1a)), which was also
observed in the powder diffraction pattern of the residue (see
Supporting Information, Figure S1). Dissolved alkali metal A,
yields solvated electrons in liquid ammonia solution (Figure 7,
(2)), which form elemental hydrogen and amide with ammonia
(Figure 7, (3)). In general, the observation of both the prod-
ucts hydrogen and amide in a fresh sample can mean both:
formation of an oxidized thallium species in solution and/or
formation of elemental thallium in solid-state (Figure 7). The
205T] NMR spectra of the solution exhibit, in the temperature
range 203-233 K, a broad signal whose chemical shift changes
reversibly from about —960 ppm at 203 K, to —1230 ppm at
218 K, and to —1480 ppm at 233 K (see Figure 8, right). This
severe temperature dependence is also known for TINOs in liquid
ammonia, where the TI* assigned signal is shifted from +1790
to 41935 ppm.’4 For TINOs, also strong effects of the concen-
tration of the salt are observed. At higher temperatures, neither
the minor singlets in the 'TH NMR spectra nor the signal in the

205T| NMR spectra are detectable, presumably due to exchange
processes. No changes in these spectra were observed after two
months of storage at 233 K. In order to gain further insights
concerning the assignment of the signal, additional NMR experi-
ments are needed, which address TI* in liquid ammonia solution,
in dependence on different counter anions, especially weakly
coordinating anions.

2.6. DFT Calculations

The compositions A;Tls (A = K, Rb), K¢ATls (A = Rb, Cs), and
K4RbsTls without mixed-occupied positions were used to calcu-
late the electronic structures. The aim here was to find out to
what extent the heavier homologues rubidium and cesium influ-
ence the electronic situation. The program FPLO2113-%] was used
for the calculation. The DOS plots of the various compositions in
the range from —2 to 2 eV show only minimal differences and all
exhibit a pseudo band gap at the Fermi level (see Figure 9).

A closer look at the band structure and DOS using the exam-
ple KsRbTls reveals localized states in the range from —9 to
—4 eV, which are predominantly assigned to the thallium 6 s
states (see Figure 10). These can be divided into the apical (TI2,
Tl4: approx. —6 and —4 eV) and equatorial thallium positions
(T, TI3: —=5.5 to —5 eV) of the [Tls]’~ cluster. This is a common
characteristic of substances made up of components with little
interplay.””? The thallium 6p and alkali metal states dominate
around the Fermi level.

DFT calculations showed an area with localized bands, which
can be assigned to the different thallium atoms, and an area with
large dispersion around the Fermi level. Due to the pseudo band
gap, the material is a classical semi metal.

3. Conclusion

We here report on the synthesis and characterization of the
ternary phase K;_AcTls (A = Rb, Cs; 0 < x < 2.35). Single crystal
X-ray analysis reveals the presence of [Tls]’~ trigonal bipyramids
as the exclusive cluster type. This is special, because until now
this cluster type was only known together with other anionic

205T| NMR
233K
1H NMR 218K
203K
| . 203 K
e
I T T T T T T T T r T T T T
-500 -1000 -1500 -2000 ppm

ppm

Figure 8. 'H-NMR (left) of the sample KgRb,Tl; in liquid ammonia at 203 K and 2%*TI-NMR (right) at 203 K, 218 K, and 233 K.
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Figure 10. Band structure and DOS (black) with the pDOS of the alkali metals (blue), thallium 6 s (purple), and 6p orbitals (green) of KsRbTls in the area of

—9to2eVand —2to2eV.

moieties. In K;_,AcTls the clusters are arranged in an ABAB
stacking sequence, which corresponds to a hcp. Different tem-
perature programs indicated metastability of this phase, which
was also proven by DSC and temperature-dependent PXRD mea-
surements. Density functional theory calculations have been
performed for the hypothetical compounds without mixed-
occupied alkali metal positions, which showed a pseudo band
gap at Er and suggest classical semi-metallic character of the
phase. Solvation tests in liquid ammonia showed an oxidation of
the alkali metal thallide to elemental thallium after two months.
First 2°TI-NMR spectroscopy in liquid ammonia solution allowed
for the detection of the first NMR signal emerging from a trielide
Zintl phase. Future investigations on the dissolution of salt-like
Zintl phases of group 13 in liquid ammonia will show similarities
and/or discrepancies compared to the well-established solution
chemistry of group 14 and 15 Zintl phases.

4. Experimental Section

Preparation: Potassium (Sigma-Aldrich, purity 98%, under mineral
oil) was segregated for purification. Rubidium and cesium were
obtained by the reduction of RbCl or CsCl with elemental calcium[®®!
and were afterward purified through distillation twice. Thallium
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drops (ABCR, purity 99.999%) were used without further purification
and stored under an inert gas atmosphere.

The high-temperature solid-state syntheses were carried out
in sealed tantalum ampoules (WHS Sondermetalle GmbH & Co.
KG, Germany) using the elements under an argon atmosphere.
The sealed ampoules were placed in quartz glass tubes (QSIL
GmbH, llmenau, Germany) and sealed under an argon atmosphere.
Different temperature programs (TP) were used.

TP1 (based on Ky Tl,)3!: heating to 773.15 K, holding for 48 hours,
quenching in water, annealing at 393.15 K for 2 weeks, subsequently
at 373.15 K for one week, and then cooling to room temperature with
5 K per hour.

TP2: heating to 773.15 K, holding for 48 hours, and quenching in
water.

TP3: heating to 773.15 K, holding for 24 hours, cooling to 573.15 K,
holding again for 10 hours, and quenching in water.

Compositions of prepared samples and the temperature pro-
grams used: K9RbT|7 (TP1), KgszTl7 (TP1), K6RbTI5 (TP]), K6RbTI5
(TPZ), KeCSTIs (TP1), K6CST|5 (TPZ), K68Rb02T|5 (TPZ), K6‘8CSO‘2T|5 (TPZ),
K4Rb3T|5 (TP3), K4CS3T|5 (TP3), KszsTIs (TP]), K2C55T|5 (TP1), K7T|5
(TP1), Rb;Tls (TP1), and Cs;Tls (TP1).

Single-crystal x-ray diffraction (SCXRD): A small number of crys-
tals were transferred into dried mineral oil. From these, a suitable
crystal was selected and mounted on a Rigaku SuperNova diffrac-
tometer (X-ray: Mo/Ag microfocus, AtlasS2 detector) or a Rigaku
XtaLAB Synergy R DW system diffractometer (X-ray: Cu/Mo rotating
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anode, HyPix-Arc 150 detector) (Rigaku Polska Sp. z. 0. o. Ul, Wroclaw,
Poland) using MiTeGen loops. All data were collected at 123 K.

CrysAlisPro (version 171.43.105a) was used for data collection and
data reduction.!®! ShelXT was used for the structure solution, and
subsequent data refinement was carried out with ShelXL.[605"] Olex?
was used for visualization purposes,!®?! and the software Diamond4
was chosen for representing the crystal structure.l%3! All atoms are
depicted as ellipsoids with a 50% probability level.

Deposition  Numbers 2464818  (KssgCsi43Tls), 2464819
(Ke.03Cs0.97Tls5), 2464820 (Ks33RboerTls), and 2464825 (K4e5Rby35Tls)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge Crys-
tallographic Data Centre and Fachinformationszentrum Karlsruhe
http://www.ccdc.cam.ac.uk/structures.

Powder x-ray diffraction (PXRD): Due to the sensitivity to air
and moisture of all samples, they were prepared in sealed cap-
illaries (0.3 mm, WJM-Glas-Miller GmbH, Berlin, Germany). The
data collection was carried out on an STOE Stadi P diffractome-
ter (STOE, Darmstadt, Germany) (monochromatic Mo Ka1 radiation,
) = 070926 A) equipped with a Dectris Mythen 1 K detector. For
visualization and indexation, WinXPOW and Jana2006 software were
used.[6465]

DFT calculations: The program FPLO21 was used for DFT
calculations.>%! It is based on the full-potential nonorthogo-
nal local orbital minimum-basis within the generalized gradient
approximation (GGA) for the full relativistic mode. A full relativistic
approach is necessary due to the high spin orbit coupling of heavy
elements (Cs, Rb, Tl) in these compounds. The exchange correla-
tion was assumed in the form proposed by Perdew, Burke, and
Ernzerhof (PBE).[®! For the band structure calculation, 6 x 6 x 6
k-points were used. To visualize the band structure, the program
xfbp was used, and the DOS was plotted with Origin2022 (version
9.9.0.225).171

SEM/EDS measurements: The crystals for the SEM/EDS measure-
ments were prepared and selected in a glove box under inert gas
atmosphere. The measurements were performed on a Zeiss EVO
MAT15 (Carl Zeiss Microscopy Deutschland GmbH, Oberkochen) using
the software SmartSEM Version 6.05 with accelerating voltage of
20 kV.[8! For EDS measurements, a Bruker Quantax 200-Z3 Xflash630
(Bruker Corporation, Billerica, USA) was used as X-ray detector with
the software Bruker Esprit 2.1.2.

DSC measurements: Differential scanning calorimetry (DSC) mea-
surements were performed using a TA Instruments Q200 analyzer.
DSC analysis was carried out under a flow of nitrogen (sample
purge flow: N; 40 mL/min). The sample was sealed in a fume hood
using a TA Instruments Tzero hermetic aluminium pan, and one
heating/cooling cycles were performed from 293.15 K to 773 K at a
5 K/min heating and 1 K/min cooling rate.

Dissolution experiments in liquid ammonia: The experiments
were carried out in Schlenk flasks, which were flame-dried three
times before adding a small amount of the samples with nominal
compositions KgRbTls, KsCsTls, and KgRb,Tl;. After that, dry liquid
ammonia was condensed at about 195 K on the products using
Schlenk technique. After storing the vessel at 233 K for two months,
liquid ammonia was evaporated from the one with KsCsTls. The
residue was removed from the Schlenk in the glove box, and a small
amount was put in a glass capillary (0.3 mm) for powder diffraction
investigations.

Chem. Eur. J. 2025, 0, €02837 (8 of 9)

NMR measurements: Kg33Rbge;Tls (10 mg, 0.0052 mmol) was put
into a baked out heavy-wall precision NMR sample tube (Pyrex)
under argon atmosphere. Subsequently, anhydrous ammonia was
condensed on the solid-state material and the NMR tube was flame
sealed. The sample was stored at 233 K prior to NMR examination,
and spectra were recorded on a Bruker AVANCE Il HD 400 MHz
spectrometer.
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