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\§ Very Important Paper
Icosahedral Clusters [In@Tr,,]'*": Synthesis, Characterization,

and Electronic Structure Investigations of Na,AgTr;3

(A=Rb, Cs; Tr=1In, Tl)

Melissa Janesch, Antti J. Karttunen, and Stefanie Gartner*

While thallium forms several clusters in alkali metal thallides,
indium clusters in related alkali metal indides are very rare.
Here the mixing of the heavy trielides indium and thallium to
approximate icosahedral entities present in Na,AsTrs (A=K,
Rb, Cs; Tr=1In, Tl) is reported. Experimental results prove that
at least up to 76% indium can be introduced in this structure type.

1. Introduction

The coordination number of 12 is well-known for element struc-
tures built by atoms of the same size, where (anti-)cubeoctahedra
are present in cubic and hexagonal closed packed structures,
respectively.”! As soon as differently sized atoms are provided,
the icosahedral arrangement becomes more efficient, as the cav-
ity atom in the icosahedron is only =90% of the size of the con-
stituents of the latter polyhedron.” In this context, icosahedra in
general represent very important polyhedra for all aspects of
chemistry, as packing requirements are optimized. Even though
an icosahedron is the most densely packed arrangement for coor-
dination number 12, the undistorted perfect icosahedral symme-
try cannot fill a 3D space with translational symmetry.® Thus, it is
well-known to be the building unit of quasicrystals.”! Nowadays,
plenty of stable icosahedral quasicrystals are known mostly in dif-
ferent kinds of alloys.” Especially for group 13, icosahedral
arrangements are of fundamental importance, as these triangu-
lated polyhedra also optimize three-center bonding. While empty
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From the moment indium is provided, the central atom of the
icosahedral unit changes from thallium to indium, while the ver-
tices of the cluster are mixed occupied by both, thallium and
indium. The bonding and energetics of the compounds are inves-
tigated with quantum chemical methods.

icosahedra are known for, e.g., elemental boron, metallic bor-
ides,”” aluminides,”® gallides® " as well as indides,"*" larger
icosahedra for thallium result in endohedrally filled entities.!'*="
Recently, it was demonstrated that the size of the Tl,, icosahedra
influences the occupation of the endohedral position.?® All these
examples have in common that the icosahedra are intercon-
nected to form a 3D network, well-known for classical solid-state
compounds.

In contrast, the occurrence of “isolated” icosahedra is com-
monly assigned to molecular chemistry, especially in [Bi,H;5]*
and its derivatives®'"’ and also examples for centered transition
metal clusters are known.”? The solid state and the molecular
world are combined in Zintl phases,>® as they allow a salt(-like)
description for intermetallic phases. The exploration of group
13 elements with alkali metals revealed a remarkable richness
of diverse anionic substructures.”¥ Especially for thallium, a vast
variety of isolated clusters is known, which usually show very
high charges.”” In this context, two icosahedral entities
[Th5]'® and [Tl5]""" are reported,'®'926-3% \which can be
described as a centered icosahedron. The observation of
this structural unit is surprising, as one would expect (anti-)
cubeoctahedra for atoms of the same type in this context, the
presence of differently sized alkali metals seems to be obligatory.
While the closed shell [Tl;5]'"" is present in the rhombohedrally
distorted Na;sKgTl;5 compound (SG no. 166; R3m), the open shell
species [Tl;5]'" is observed for the cubic Na,AgTl 5 (A =K, Rb, Cs)
structure type.l'”

Assuming an electron transfer from the less electronegative
alkali metal atoms to the more electronegative thallium
atoms, which would be in accordance with the Zintl-Klemm-
Busmann-concept,®' ¥ NayATl;; (A=K, Rb, Cs) exhibits a
valence electron count (VEC) of 49, which can be considered
as hypoelectronic following the Wade-Mingos rules.**=>¢ For
an optimal icosahedral [Tl;,]'"* cluster the Wade-Mingos
rules.P*3% would predict 26 (2n+2) skeletal electrons. This
would then be isoelectronic to the closo-[Pb;,]*>, which is only
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known in the gas phase.®”! Centering of this big anionic entity
enhances the stability and therefore a vast variety of
[M@Pb,,I* clusters are known.F® Thereby, the central atom
can change the electron count depending on the charge of
the central atom. The same is true for group 13 elements.
While no empty [Tl;,]'"* clusters are reported until now,
thallium-centered thallium icosahedra are well-known. For
[Tl,5]'"" no change in the number of electrons is assumed as a
formal TI* is added in the center of the icosahedron. But going
to the [Tl,5]', which is lacking one electron, an open shell con-
figuration is expected. This is also reflected in the more metallic
behavior of the [Tl;5]'* cluster compared to the higher charged
[Tl,5]""". Here, the ideal number of 50 valence electrons for the
centered [Tl;5]""" icosahedron is observed.

The same is true for Na,4KsTl;sM (M = Mg, Zn, Hg, Cd)" and
the closely related Na;sK¢Tl;sH,"® which contain M- or Na-
centered icosahedra next to additional octahedral cluster anions.
These examples prove, that a change of the central atom allows
for the electron count to be adapted. Another possibility to
change the electron count comes along with a (partial) structural
change as it is observed e.g., in the ternary compound
Ks(NaCd),Tl;,Cd, where one sodium position gets mixed occu-
pied with cadmium atoms to raise the VEC. This leads to a certain
degree of intercluster bonding and makes the resulting anionic
substructure more favorable as the electron count is approxi-
mated to the ideal number of 50 valence electrons.k*

This is in contrast to the lighter trielides indium and especially
gallium, which rather form 2D or 3D anionic substructures to
reduce the high charges.''>4*4 This results from electronic
reasons, as for the lighter trielides, it is generally thought that
the s electron pair is able to take part in the bonding, as the
s—p separation between the orbitals decreases, while for thallium,
the inertness of the 6s electron pair prevents this.*! For anionic
thallium clusters, spin-orbit coupling (SOC) and Jahn-Teller (JT)
effect induce closed shell electronic configurations.™®!

Interestingly, isolated centered thallium icosahedra could
only be observed when alkali metals are mixed, meaning no
binary alkali metal thallide, including Tl;5 is known, as well as
no isolated In;3 cluster has been reported. This raises the follow-
ing two questions: 1) What is the impact of the different triel ele-
ments thallium and indium, respectively? 2) Does the choice of
the alkali metal influence the observed substructures?

In the past, mixing of the triels In/TI was shown to be very
fruitful for elucidating the A,Trs (A =K-Cs; Tr = Ga-Tl) structure
types.[404274447 Ag e are interested in mixed alkali metal systems
and the influence of the latter on the anionic substructure, we
investigated the mixture of the heavier trielides thallium and
indium in NasAeTl;3 (A=Rb, Cs). This is also quite interesting
as there is only one additional ternary structure type known-
AsNayelngg (A =Rb, Cs)'"*'—for this combination of sodium with
the heavier alkali metals rubidium and cesium in the alkali metal
indium system. Further, solvation experiments in liquid ammonia
were carried out to get an idea about the reactivity of the latter
materials toward this solvent. Quantum chemical calculations
were performed to investigate the electronic structure, chemical
bonding situation, and ground state energy of the compounds.
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2. Results and Discussion

Compounds of Na,CseTr3 (Tr = In, TI) were first observed in sam-
ples of mixing and annealing the binary phases Na,In and CsTl in
different ratios. The powder diffraction pattern showed mainly
the diffraction peaks of the starting phases due to incomplete
conversion. Hence, the desired compounds were synthesized sys-
tematically from the elements in tantalum ampoules, which
raised the crystal quality and thus allowed to collect data by sin-
gle crystal X-ray diffraction (SCXRD). At higher thallium content,
the resulting phases were received phase pure, but with increas-
ing indium content, some side phases could be identified
(see Supporting Information).

2.1. General Structure Description

The structure type NaAqTl 5 (A=K, Rb, Cs)"'” was the first com-
pound reported with that big size of isolated cluster anions
among alkali metal trielide systems. It comprises centered
[Tl,5]'° icosahedra as an exclusive thallium substructure, which
are generated by only two crystallographically distinct positions
in the cubic space group Im3. TI1 atoms on Wyckoff site 2a rep-
resent the center of the icosahedron, while the icosahedron is
formed by symmetry operation m. of atom TI2 on Wyckoff posi-
tion 24g. Even though this anionic [Tl;5]'®" cluster is referred to as
hypoelectronic according to the Wade-Mingos rules®*3¢ it is
reported to be stable due to packing limitations.'”

The icosahedron is surrounded by 32 alkali metal atoms in
total, eight sodium atoms (all Wyckoff position 8c) and 24 rubid-
ium or cesium atoms (all Wyckoff position 12e), respectively
(see Figure 1). All cations bridge between cluster faces or vertices.
The 32 heavier alkali metal atoms form a slightly distorted, trun-
cated octahedron around the anionic entities. The eight sodium
atoms show a cube-like arrangement around the [Tl;5]'® clusters
(see Figure 2).

In general, icosahedral symmetry cannot be retained in the
230 space groups due to the fact that fivefold symmetry cannot
be depicted in a 3D, periodic crystal. Therefore, in cubic Na,AsTl;3
(A=K, Rb, Cs) they are slightly distorted to T,, symmetry. Also, the
TI-Tl distances in Na,AsTl;5 (A =K, Rb, Cs) change with the size of
the alkali metal but still are in the range of expected TI-TI
distances.

2.2. Mixing of the Trielides Indium and Thallium

Indium can be inserted in the cubic structure type Na,AsTl3
(A=Rb, Cs) up to a certain extent forming a solid solution with-
out observing a substantial change in the crystal structures.
Against expectation, but as some examples in literature
show, 294849 with increasing indium content the cell parameters
increase (see Chapter 3, Supporting Information), while the Tr-Tr
distances decrease (see Table 1 and 2).

In the lighter Na,RbsTr;3, the Na—Tr distances are around 3.15
and 3.17 A, whereas the Rb1-Tr2 distances range between 3.97
and 4.25A. Thus, these are comparable to literature known
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Figure 1. Alkali metal surrounding of the [Tl;5]'® clusters. There are eight sodium atoms (Wyckoff position 8¢) building a cube-like coordination of the ico-
sahedron, while exhibiting a . coordination of the faces. The 24 heavier alkali metals potassium, rubidium or cesium (Wyckoff position 12e) respectively
form a truncated octahedron. They coordinate either in a 1 fashion or show an end on coordination.
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Figure 2. 3D arrangement of the alkali metal atoms in the structure type NaAsTl3 (A =K-Cs). The [Tl;5]'" clusters show an AB stacking sequence. Together
with the cube-like arrangement of the sodium atoms around them, it reminds of a checkerboard pattern. The heavier alkali metal atom then fills up the voids.

Table 1. Atomic distances and side occupancy factor (s.o.f.) of the icosahedra in the ternary and quaternary phases Na,RbeTrys (Tr=In, TI).

d(Tr2-Tr2) [A] d(Tr1-Tr2) [A] s.0.f.(TI2) s.0.f(In2)
Na4RbeTl;5 3.2801(5)-3.4161(3) 3.2225(3) 1 -
NasRbgTl1097IN2.03 3.2309(4)-3.3645(2) 3.1739(2) 0.914(8) 0.086(8)
NasRbesTlo 04lN3.06 3.2249(3)-3.35618(18) 3.16639(15) 0.749(5) 0.251(5)
NasRbeTl; 50INs 71 3.2189(4)-3.3524(2) 3.1624(2) 0.609(5) 0.391(5)
Na4RbsTle oslNe 02 3.2162(3)-3.35022(19) 3.16015(16) 0.581(5) 0.419(5)
NasRbeTls 0alN706 3.2077(2)-3.35022(19) 3.14900(12) 0.420(3) 0.580(3)

structures (see Table 3), e.g., in Na,RbTr,,"® which show isolated  the alkali metal trielide distances are somewhat longer than
[Trs® clusters or in the ternary NasRbogln,g,*® where a 3D anionic ~ with rubidium but also comparable to literature known data
network is formed. In the heavier solid solution Na,Cs¢Tr,;,  (see Table 3).
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Table 2. Atomic distances and side occupancy factor (s.o.f.) of the icosahedra in the ternary and quaternary phases Na,CssTrq5 (Tr=In, TI).

d(Tr2-Tr2) [A] d(1r2-Tr2) [A] s.0.f(TI2) s.0f(In2)
Na,CseTli3 3.2849(3)-3.4014(2) 3.2123(4) 1 -
NasCseTl100IN1 .01 3.2339(2)-3.34423(14) 3.15915(12) 0.924(4) 0.076(4)
Na,CseTlo0alN3.06 3.2383(3)-3.34848(15) 3.16323(13) 0.753(5) 0.247(5)
Na,CseTl;56IN5.44 3.2331(3)-3.34355(17) 3.15850(11) 0.612(3) 0.388(3)
Na,CseTls 371763 3.2214(3)-3.33018(17) 3.14610(15) 0.453(3) 0.547(3)
NasCseTls.12INo 5 3.2145(3)-3.3181(2) 3.13562(19) 0.261(3) 0.739(3)

Table 3. Atomic distances in the here reported compounds of the quaternary phases Na,A¢Tr;5 (A = Rb, Cs; Tr = In, Tl) compared with distances reported in

literature.
d(Na-Tr) [A] di.(Na-T1) [A] d(A-Tr) [A] diie.(A-Tr) [A]
Na4RbeTr:3 3.15-3.17 3.17-3.51 (Na,RbTr,)"" 3.97-4.25 3.90-4.21 (Na,RbTr,)""
3.23-3.56 (Na3Rb,eln,g) %! 3.94-4.13 (Na3Rb,elngg) %
Na,CssTr3 3.21-3.24 3.23-3.56 (NasCsy6lngg)™*® 3.86-4.30 4.05-4.98 (NazRbyglIn )™

3.75-4.41 (CsT)E®

As one can see, the Na-Tr distances stay in a very close range
and do not change a lot as the role of sodium seems to be very
important for the formation of this structure type, whereas for the
heavier alkali metals, there is a greater leeway in the distances as
they can be exchanged.

Substitution of thallium by the lighter homologue indium
leads to a change of the endohedral cluster atom. The moment
when only a small amount of indium is present in this structure
type, [IN@Tr,1"® (Tr=In, Tl) clusters are observed, meaning the
endohedral atom has changed from a pure thallium to a pure
indium position. Something similar is reported for the closely
related compound Kg(NaCd),Tl;,Cd. As the atomic radius of cad-
mium is around 29% smaller than that of thallium,*" a cadmium
atom is implemented in the center of the thallium icosahedron
and the Cd-Tl distances decrease compared to the TI-Tl distances
in thallium-centered thallium icosahedra.®® The same is now true
for the here reported solid solution NasA¢Tr;3. When indium is
introduced, the Tr-Tr distances decrease, especially for the
Tr1-Tr2 distances this change is major (see Table 1 and 2). The
other way round, if we consider that Tr1 position is mixed, it
would not be very favorable occupied—from the packing effec-
tive side of view—if an indium icosahedron is centered by a thal-
lium atom, which could be supposedly possible if one considers a
statistical distribution of the trielide atoms.

What can be observed is the fact that in the solid solution
Na,CssTry3 with the heavier alkali metal cesium, a larger amount
of indium can be introduced than in the solid solution Na,RbgTr; 5.
This is considered to be a size effect as the cell parameters
increase with increasing indium content (see Chapter 1 and 2,
Supporting Information). Further, for the lighter rubidium, a slight
decrease of the cell parameters is detected close to a 50:50 ratio
of the two trielide atoms. It is assumed that here a slight structural
change happens as the former sodium position indicates mixed
occupancy with indium (see Chapter 3, Supporting Information).

Eur. J. Inorg. Chem. 2025, 00, e202500347 (4 of 8)

This would mean that the [In@Tr,,]'®" cluster units get intercon-
nected and as a consequence of indium involvement, the VEC
approximates the ideal VEC of 50 (see Chapter 3, Supporting
Information).”>**) The same structural feature is reported for
Ks(NaCd),Tl;,Cd, where the sodium position shows a mixed occu-
pancy with cadmium to raise the VEC up to 49.7.39

2.3. Dissolution Experiments in Liquid Ammonia

Liquid ammonia is known to be the best solvent for highly nega-
tively charged homoatomic species™ and is able to stabilize new
Zintl type clusters. Therefore, dissolution experiments of the two
quaternary compounds NasRbeTl;0lns7; and NayCsgTlooalnses
were carried out. Typically, Zintl anions of group 14 to 16 are
reported to be dissolved congruently in liquid ammonia,®
whereas group 13 elements mostly are oxidized to the elements
and alkali metal amide.””** Only recently, the reactivity of alkali
metal trielides in this solvent was proven.”**

When liquid ammonia was condensed on the two com-
pounds NasRbgTl; 50lns 7, and NasCsgTlgoslnses, @ colorless solu-
tion was observed as well as some black residue at the
bottom of the Schlenk flask. After one day, a slightly blue coloring
of the solution of Na,CsgTlgo4lnsgs could be observed, while
the lighter rubidium-containing compound stayed colorless.
After evaporation of the liquid ammonia after 10 weeks,
NasRbgTl;20Ins7; could be identified in the powder diffrac-
tion pattern of the residue (see Chapter 4.7, Supporting
Information). For the heavier NasCseTlyo4Ins 66 €lemental thallium
and indium, as well as some alkali metal amide, could be indexed
next to the unreacted compound (see Chapter 5.6, Supporting
Information). These observations indicate a very slow oxidation
in liquid ammonia. Further investigations concerning kinetics
are in progress.
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2.4. Electronic Structure Calculations

Different ternary and quaternary compositions of the solid solu-
tions Na,AsTri3 (A =RDb, Cs, and Tr = In, Tl) were investigated with
the Perdew-Burke-Ernzerhof (PBE) density functional method
(DFT-PBE). The compositions were determined by the symmetry
of the crystal structure. As there are only two crystallographically
independent trielide positions, there are four possibilities for their
occupation: 1) all atomic positions can be occupied by thallium
(NasAsTly3), 2) all atomic positions can be occupied by indium
(NasAeln;3), 3) the center position can be thallium and the outer
one by indium (NajA¢In,,Tl), or 4) the other way round
(NaAgTl;2In). Two further compositions were also examined by
reducing the symmetry from cubic to rhombohedral to get more
than one trielide position generating the icosahedron. Thus, the
compositions NasCsgln,Tls and Na,Cs ¢IngTl; could also be inves-
tigated. The optimized cell parameters were compared to the
experimental ones as far as possible. The deviation between
the optimized and experimental cell parameters is around 2%,
corresponding to good agreement between theory and experi-
ment. Harmonic frequency calculations did not show any imagi-
nary frequencies, proving the optimized structures to be true
local minima (see Supporting Information for the comparison
of the lattice parameters).

To get a better insight into the bonding situation of the
Na,AsTri3 compounds, a Mulliken population analysis was carried
out. All tables with the obtained Mulliken populations and
the partial charges of each atomic position can be found in
the Supporting Information. According to the Zintl-Klemm-
Busmann concept®'~33 the alkali metals transfer electron density
to the more electronegative trielide atoms, which can be seen in
their positive partial charges (from +0.73 up to +0.82 e). No dif-
ference between sodium or the heavier alkali metal can be
detected. Hence, the more electronegative trielide atoms exhibit
slightly negative charges as they receive electron density from
the alkali metals. Among the trielide atoms, different partial
charges are observed depending on the atomic position of the
trielide. The atom on Wyckoff position 24g, which generates
the icosahedron, always carries a higher negative charge (from
—0.63 up to —0.66¢e) than the central atom. Further, for the

two existing compounds, NasRbgTl;z and Na,CseTlis, as
well as for the two compounds NasRbgTl;;In and Na,CseTly,In,
which are very near to the experimental compositions
(Na4RbgTl1p03ln207 and Na,CseTly100ln1 1), both trielide positions
exhibit negative partial charges, but the central atom on
Wyckoff position 2a shows a negligible negative partial charge
(—0.03 e). Going to the hypothetical compounds with more
indium, the central atom A exhibits a slightly positive partial
charge (from +0.11 up to +0.25¢).

Further, the formation energies, AE, of the compounds were
calculated. The total electronic energy of both pure elements and
the studied compounds was calculated with DFT-PBE (larger TZVP
basis sets were needed to describe the elemental alkali metals
properly). After optimization, the cell parameters of the elemental
alkali metals deviate less than 2% from the experimental ones
(see Supporting Information). Then a simple reaction equation
was formed according to the synthesis, which is also carried
out from the elements (see Scheme 1). After that, the formation
energy AE for each compound can be calculated by comparing
the total energy of the compound with the total energies of the
constituent elements.

In general, if the formation energy AE is negative, it means
that the reaction is energetically favorable. For all of our calcu-
lated compounds, AE was negative (see Table 4 and additional
data in Supporting Information). In Table 4, the reaction energies
for the four ternary compounds Na,AsTr:3 (A =Rb, Cs; Tr=n, Tl)
are given. The formation energies of the rubidium-containing
compounds are less favorable than for the cesium-containing
ones. So, it seems that the heavier cesium compounds could
be more likely to form than the rubidium ones.

In Figure 3 the electronic band structure and density of states
(DOS) of Na,CseTl,5 are shown. Further band structure and DOS
plots are included in the Supporting Information. The electronic
band structure is displayed along high-symmetry directions
within the Brillouin Zone (BZ), and the corresponding DOS is
decomposed into atomic contributions, yielding the projected
(partial) DOS. A metallic character can be assigned to that, as well
as to all the other compounds calculated, due to the Fermi level
crossing the valence bands. Thus, no bandgap is observed. This
metallic character is in line with previous experimental and

1.) 4Na + 6Cs + 13TI—>Na4C56TI13
2.) AE =E4,1(NagCsgTlq3) — [4 X Egpp(Na) + 6 x E4o4(Cs) + 13 x Eqoe(TD)]

Scheme 1. Reaction equation from the elements (1) and the equation for the calculation of the formation energy AE (2). For all studied compounds, AE is

negative meaning that the reaction is energetically favorable.

Table 4. Formation energies AE for the ternary compounds Na,AsTr 3 (A = Rb Cs; Tr = In, Tl) in kJ mol~". Calculations of the formation energies are based on the
reaction from the elements according to synthesis. They are all negative meaning that the reaction is energetically favorable.

Compound 4xEy, [a.u.] 6XEgp/cs [a.u.] 13xE [a.u.] Eiot elements [a.U.] Etot compoundss [a.u.] AE [kJ mol™"]
Na,RbeTl;3 —648.803045 —144.645531 —2243.933300 —3037.381876 —3037.381876 —287
Na,CseTli3 —648.803045 —121.029327 —2243.933300 —3013.765672 —3013.765672 -319
Na,RbgIn,3 —648.803045 —144.645531 —2472.635528 —3266.084104 —3266.084104 —-318
Na,Csglnq3 —648.803045 —121.029327 —2472.635528 —3242.467900 —3242.467900 —358
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Figure 3. Band structure (left) and density of States (DOS) (right) of the
compound Na,CseTly3. This compound can be synthesized and is already
literature reported. As the Fermi level (E=0) cuts through several bands, a
metallic character can be assigned to the compound. The DOS is com-
parted in the total DOS (tDOS) as well as the partial DOS (pDOS) of the
two alkali metals cesium and sodium and the pDOS of thallium. As
expected, the contribution of the trielide to the tDOS around the Fermi
level is much higher than the one for the alkali metals.

computational investigations of Corbett."” As shown in the intro-
duction, the rhomboherdally distorted [Tl;5]'"" cluster exhibits a
closed shell configuration and therefore a more salt-like character
can be assigned to it compared to the here discussed [Tl;5]'®"
cluster. Thus, this [Tl;5]'* cluster is lacking one electron from a
closed shell configuration and therefore, the Fermi level crossing
the valence bands is reasonable and expected.

3. Conclusion

Mixing of the heavier group 13 elements indium and thallium in
the cubic structure type Na,AsTli3 (A =RDb, Cs) succeeded in the
formation of mixed [Tr;5]'® clusters. One striking feature is
observed, as in the moment a slight amount of indium is intro-
duced within this system, the endohedral atom of the centered
icosahedra changes from a pure thallium to a pure indium posi-
tion to form [In@Tr,5]'"" clusters. The formation of the latter is
assigned to packing effects. At an indium content of 50%, irreg-
ularities in the trends of the unit cell parameters suggest addi-
tional effects attributed to a structural change, as detailed
investigations of the electron density support a model including
intercluster bonding and impressively demonstrate the filigree
interplay of packing effects and electronic requirements for
the stabilization of alkali metal trielide systems. In general, the
results prove that using the bigger alkali metal cesium allows
for a higher indium content in this structure type. The composi-
tions of the compounds were also proven by SEM/EDS measure-
ments. Formation energies and Mulliken population analysis from
quantum chemical calculations provide some indications, why
there is only a certain amount of indium possible in this structure
type. Dissolution experiments in liquid ammonia show an oxida-
tion of the trielides to the group 13 elements and alkali metal
amides. In summary, mixing of the triel elements in former
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thallide structures, where isolated clusters are present, represents
a powerful tool to approximate still unknown isolated indide clus-
ters in alkali metal compounds. Further investigations on the
rhombohedrally distorted NasKgTl3 structure type are ongoing
to answer the question, whether, in this case, also fully occupied,
endohedral indium can be realized and if the closed shell anionic
[Tr;5]'"" icosahedron might behave differently in dissolution
experiments in liquid ammonia.

4. Experimental Section
Materials

Sodium (purity 99%, under mineral oil, Merck/Sigma-Aldrich,
Darmstadt) was segregated for purification. Rubidium and cesium
were obtained by reduction of RbCl or CsCl respectivley with calcium
and afterward purified by two times destillation.”® Indium drops
(purity 99.99%, ABCR) and thallium drops (purity 99.999% ABCR) were
used without further purification and were stored under an inert gas
atmosphere. Due to the high toxicity of the element thallium, we
have a separate fume cupboard, where all instruments, which were
used for the work with thallium, were placed. Outside the glovebox,
all these instruments as well as the tantalum ampoules are only
touched with gloves. Appropriate safety clothing, like a lab coat
and goggles, are worn during the work in the laboratory.

Preparation

Due to the fact that the alkali metal indides and thallides are very sen-
sitive toward air and moisture, all operations are performed under an
inert gas atmosphere in a glove box (Labmaster 130 G, Fa. M. Braun,
Garching, Germany). For the synthesis of Na,AsTris (A=Rb, Cs,
Tr=1In, Tl) the elements were placed in a tantalum ampoule, which
was sealed in an argon atmosphere. The sealed ampoules were placed
in quartz glass tubes (QSIL GmbH, lImenau, Germany) and sealed again
under argon atmosphere. The following temperature program was
used: heating from room temperature to 823.15 K with a heating rate
of 100Kh~", holding for 48 h then cooled with a cooling rate of
100Kh™" to 573.15K, which were held for 72 h. After that, it was
cooled to room temperature with a cooling rate of 3Kh™".

Solvation Experiments in Liquid Ammonia

In the glove box the compounds were weighted into a Schlenk flask,
which was baked out three times before. After that, liquid ammonia
was condensed at 195K on the products using the Schlenk tech-
nigue. The Schlenk flasks containing the compound with the con-
densed liquid ammonia were stored at 195K for one day or
10 weeks, respectively. For evaporation, also Schlenk technique
was used again at 195 K. The residue was taken out in the glove
box and pestled in a mortar.

X-ray Single Crystal Analysis

A small number of crystals was transferred into vacuum-dried mineral
oil. A suitable crystal was selected and mounted on a Rigaku
SuperNova diffractometer for Na,CssTry3 (Rigaku Polska sp. Z. o. o.
Ul, Wroclaw, Poland) (X-ray: Ag microfocus, AtlasS2 detector) or on
a Rigaku XtraLAB Synergy R, DW diffractometer (Rigaku Polska sp.
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Z. 0. 0. Ul, Wroclaw, Poland) (rotating anode X-ray tube, Mo Ka radia-
tion, 2=0.71073 A; HyPix-Arc 150 detector) for Na,RbgTr;3 using
MiTeGen loops. All data were collected at 123 K.

For data collection and data reduction, CrysAlisPro (Version
44_32.144a) was used.”® The structure solution was carried out with
ShelXT*” and for the subsequent data refinement, ShelXL®® was
applied. For visualization purposes, Olex? was used and the software
Diamond4™® was chosen for the representation of the crystal struc-
ture. All atoms are depicted as ellipsoids with a 50% probability level.

Crystallographic data for the compounds 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 2454456, 2454457, 2454459,
2467245, 2467667, 2454460, 2454461, 2454462, 2454463, 2467216
and 2467260, respectively. (Fay: +44-1223-336-033, E-Mail:
deposit@ccdc.cam.ac.UK, http://www.ccdc.cam.ac.UK).

Powder Diffraction Studies

Powder diffraction samples were prepared in sealed capillaries (&
0.3 mm, WJM-Glas-Miiller GmbH, Berlin, Germany). The data collection
was carried out on a STOE Stadi P diffractometer (STOE, Darmstadt,
Germany) (Monochromatic MoKa1 radiation, 4 = 0.70926 A) equipped
with a Dectris Mythen 1K detector. For visualization and indexation,
the software WinXPOW™ as well as JANA2006"" was used.

Quantum Chemical Calculations

The computational studies were carried out using the CRYSTAL23
program package®® and density functional methods (DFT). The
PBE exchange-correlation functional (DFT-PBE)®® was used.
Localized, Gaussian-type triple-C-valence + polarization level basis
set was used for thallium and indium,’®” split valence polarization
level basis set was used for the alkali metals sodium, rubidium,
and cesium.® For calculations on relative energetics, larger triple-
C-valence + polarization level basis sets with more diffuse basis func-
tions were used for the alkali metals. The basis sets were derived from
the Karlsruhe basis sets'® (for further details see Supporting
Information). For evaluation of the Coulomb and exchange integrals
(TOLINTEG), tight tolerance factors of 8, 8, 8, 8, and 16 were used for all
calculations. The reciprocal space of all compounds was sampled
with 3 x 3 x 3 Monkhorst-Pack-type k-point grids."®” For the calcula-
tion of the elements, denser k-meshes were used (see Supporting
Information). Fermi smearing of 0.001-0.002 a.u. (315-630K) was
applied in the electronic structure calculations. The starting geome-
tries were taken either from experimental data or atom positions
from known experimental CIFs were modified to get the desired com-
position, respectively. The lattice parameters and atomic positions
were fully optimized within the constraints imposed by the space
group symmetry. The optimized structures are provided as
Supporting Information. To confirm that the optimized structures
were true local minima, harmonic frequency calculations at the
-point calculation were carried out to confirm that there are no
imaginary frequencies.®® The Brillouin Zone path M-H-N-T-P-H
|[P-N for all compounds of the solid solution Na,AsTri; (A=Rb,
Cs; Tr=1In, Tl) was provided from the web service SeeK-path.’*”

Supporting Information

The authors have cited additional references within the
Supporting Information.°3'37
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