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Two new ternary trielides Na,KTr, (Tr=In, TI) have been
prepared by classical solid-state reaction from the elements in
tantalum ampoules. Both are isostructural to Na,RbTI, and
therefore crystallize in the orthorhombic space group Pbam,
Pearson symbol 0P96 (a=b=16.3283(2)/16.2860(6), c=
11.3094(17)/11.2771(4), V=3015.25(8)/2991.07(18), Z=8, R,
wR,=0.0249, 0.0386/0.0447, 0.0608). The trielide subunit is built
by two crystallographically independent [Tr,]*~ tetrahedra. 2Na-
MAS-Nuclear Magnetic Resonance (NMR) as well as EPR

Introduction

Since the discovery of NaTl in 1932 by Eduard Zintl himself,""
alkali metal Zint/ phases are still matter of current research as
they provide the opportunity of discovering new
(semi—)metallic materials of main group elements.*® Zint/
phases are electronically classified as intermetallic phases,
assuming that an electron transfer from the less electronegative
to the more electronegative elements takes place.’®'" Hence,
most of them are described as valence compounds and exhibit
ionic as well as covalent bonding.'>"® Concerning the combina-
tion of alkali metals and group 14 and 15 elements, a variety of
isolated clusters can be found,"*' which can be described
using the (8-N) rule'*'® According to the pseudo element
concept," tetrahedral [Tt,]*” clusters are reported in binary
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spectroscopy was employed to characterize the compounds
further. DOS calculations showed a (pseudo) band gap at E; for
both compounds. Dissolution experiments in liquid ammonia
were carried out for the two alkali metal indides Na,KIn, and
Na,In according to the chemistry of group 14 and 15 Zintl
anions. After evaporating the solvent, the remaining material
was analyzed by powder X-ray diffraction and proved the
formation of Naln and NaNH,.

materials A,,Tt;; and A,Tt, (A=Na—Cs, Tt=Si—Pb).2*? The
combination of different alkali metals allowed for the observa-
tion of new structure types, e.g. Rb,Na(Ge,),®? Cs,Na,Ge,*”
and Li,sNa,Ge,,.’> While these materials show that ordering can
be observed, the solid solution of K, Na,Si, proves that mixed
alkali metal sites are also possible.”®

While the elements right to the Zint/ border have been
intensely studied concerning their structural chemistry, alkali
metal trielides still provide a large scope of research.**
Initially, they were not considered as very promising candidates
to build deltahedral clusters like group 14 and 15 elements do
as they are located left to the Zintl border in the periodic
table."” However, further investigations revealed a vast variety
of different clusters with delocalized bonding.”® Due to its inert
6s electron pair thallium exhibits a large and diverse richness of
isolated clusters.”” Typically, these naked thallium clusters
exhibit high negative charges as is observed e.g. for [TI,]*",
[T, [T, [T, [T, [T~ or [T1,,177.B%*! The lighter
homologue gallium, in contrast, forms intercluster bondings to
compensate these high charges.***¥ Indium is located at the
borderline between thallium and the lighter group 13
elements.”®*¥ |nvestigations on the incorporation of different,
closed shell complex anions into the alkali metal - triel system
allowed for the observation of isolated hypoelectronic [Trs]*~ or
[Tr;,J’~ indium and also thallium clusters.”**? Besides that,
isolated indium [Ins] clusters are reported in (BagN)[Ins]®® and in
the more complex (BasN;g)[Insl,[Ingl,*” where next to the [Ing]
clusters also [Ing] clusters are present. Further, tetrahedral [In,]
subunits are observed in Tm,lrin, Lu,Ptln, GdsRhin,©7
(AoN)[In,l, (A=Sr, Ca)*®® and Na,In.*” While tetrahedral clusters
of thallium are present in different alkali metal thallides like
NayKeTls5"® or Na,TLB¥ isostructural Na,ln is the exclusive
representative including [In,]*~ within the alkali metal - indium
system. Here, the Zintl-Klemm concept">”"”? works well, as the
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Table 1. Crystallographic data and structure refinement parameters for Na,KTr, (Tr=In, Tl).

Empirical Formula Na,Kln, Na,KTl,
CSD number 2257763 2262417
Formula weight 659.31 1018.63
Temperature/K 123.00(10) 123.01(10)
Crystal System orthorhombic

Space group Pbam

a=b/A 16.3283(2) 16.2860(6)
/A 11.3094(17) 11.2771(4)
Volume/A® 3015.25(8) 2991.07(18)
V4 8

Peacl(glcm?) 2.905 4519
u/mm™! 34 235
F(000) 2336.0 3364.0

Crystal size/mm?
Radiation A/A

20 range for data collection/® 49to0 65.8 49 to 51.1

Index ranges —-30<h<30 —-25<h<25
—31<k<31 —25<k<24
-21<1<21 -17<1<17

Collected/Independent Reflections 99831/11316 43625/5943

Data/restraints/parameters 11316/0/126 5943/0/126

Goodness-of-fit on F? 1.054 1.191

Rint 0.0334 0.0543

Final R indexes R,=0.0191, wR,=0.0363 R,=0.0383, wR,=0.0595

[l > 20()]

Final R indexes R,=10.0249, wR,=0.0386 R,=0.0447, wR,=0.0608

[all data]

Largest diff. peak/hole/e A= 2.24/-1.31 3.52/-2.70

Flack parameter 0.6142(4) 0.5355(8)

0.118 x 0.078 x 0.056

0.047 x 0.022 x 0.011
AgKa (0.56087)

less electronegative sodium atom transfers its 3s electron to the
more electronegative group 13 element, which formally results
in (Na™),7r*~ (Tr=In, Tl). Thus, the Tr*~ anion is isoelectronic to a
group 15 element and forms tetrahedral [Tr,]*~ clusters, which
are valence-isoelectronic to P, or As, units in white phospho-
rous and yellow arsenic”® which is in accordance to the pseudo
element concept."” In general, it has been shown for thallides,
that the alkali metal employed plays a major role for the
structural chemistry of the observed materials.”¥ We now
extended this concept for the lighter element indium.

Here we report on the preparation and characterization by
single crystal X-ray structure analysis and Na-NMR spectro-
scopy of Na,KTr, (Tr=In, TI). Na,Kln, is the first ternary
compound and only the second alkali metal indide beside Na,In
with isolated [In,]*" tetrahedra. Additionally, preliminary dis-
solution studies in liquid ammonia were carried out for the
alkali metal indides Na,KIn, and Na,In.

Results and Discussion

Preparation and structure description

The two ternary compounds Na;KTr, (Tr=In, Tl) were charac-
terized by single crystal X-ray structure analysis (Table 1) and

are isostructural to Na,RbTl,”® (see Sl for the atomic coordinates
and displacement parameters). Therefore, the structures were

compared with the Bilbao Crystallographic Server (BCS) using
the program COMPSTRU.7*® Table 2 gives the lattice and
atomic position criteria of the evaluation of the structure
similarity. The degree of lattice distortion (S) is the spontaneous
strain, the maximum distance (d,,,.) gives the maximal displace-
ment between the atomic positions of the paired atoms and d,,
is the arithmetic mean of the distance. The function of the
differences in atomic positions (weighted by the multiplicities
of the sites) and the ratios of the corresponding lattice
parameters of the structure is the measure of similarity (A). The
measure of similarity is 0.006 for Na,KIn, or 0.003 for Na,KTI,
respectively (see Table 2) and proves that these two structures
are highly similar to Na,RbTl,. Compared to other S- or A-values
found in the literature®=? they are very small indicating a high
similarity of these three ternary compounds, which is expected
for compounds of the same structure type.

Concerning preparation of these materials, it turned out
that the temperature program plays a crucial role for the
outcoming product. While Na,RbTl, and Na,KIn, were cooled

Table 2. Lattice and atomic position criteria of the BCS evaluation
of the structure similarity.

Compound S dis (A) d,, (&) A
Na,Kin, 0.0012 0.0914 0.0558 0.006
Na,KTl, 0.0027 0.0795 0.0288 0.003
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down slowly with 5 K/h to room temperature, Na;KTl, was only Table 4. Tr-Tr distances in binary and ternary compounds show-
obtained after quenching with water. A slow cooling rate ing [Tr,] building units. For the GdRhlIn, structure type not all
resulted in a mixture of Na,Tl, Na;,KsTl;s and supposably Na,KTl, compounds are listed here but they are known for RE=Gd—Er.

in very small amounts (see SlI). Refinement of the lattice Compound  Space Group  d(Tr-Tr) [A] Reference
obtained by the optimized experimental procedure resulted in

Na,KTl, (see Sl). First DSC measurements of all three compounds NaIn €222, 3.0612(1)-3.1493(1)  [69]

show a first endot.hermic peal.< during heating, followed by a m:illm gﬁjﬁ; ;ég;gg;::;gi;g; Ezz]orted here
second endothermic peak at higher temperature (see SI). Upon Na,KTI, Pbam 3.1309(6)-3.4609(9) reported here
cooling, several effects are observed. As nothing is known Na,RbTl, Pbam 3.1366(3)-3.4408(4) [75]

about the ternary Na-A-Tr phase diagram yet, no phase and/or Tm,lrin F43m 3.175 [67]
transition can be unambiguously assigned to the additional Lu,Ptin F43m 3.184 [67]

peaks. These observations mean a clear demand on further GdRhin, Fa3m 3471 [66]

detailed investigfations. . Acc9rding to the s.tructure type (Gc(i‘:l::\lrﬁl"éj]z Il:::‘%n; :1?22;; {2;}
Na,RbTl,, Na,KTr, is described in the orthorhombic space group (SroNo)lInl,  Fm3m 3.097(3) [68]

Pbam and contains six crystallographically independent Tr Na,KoTliss  P6/mmc 3.271(3)-3.281(2) [70]

positions (Tr=1In, Tl) as well as 12 crystallographically independ-
ent alkali metal positions. The two symmetry inequivalent
[Tr,® tetrahedra are each built from three Tr atoms: Tr1, Tr5,
Tr6 (tetrahedron 1) and Tr2, Tr3, Tr4 (tetrahedron 2). Every Tr
tetrahedron is coordinated by 16 sodium atoms and five
potassium atoms. In analogy to Na,RbTl, Na,KTr, also show
pseudo-merohedral twinning.””

Distortion of the [Tr,J° tetrahedra

Comparing the crystal structures of Na,Kln, and Na,KTl,, the
[In,®~ tetrahedra show less distortion from the ideal tetrahe-
dron geometry (tetrahedron 1: 4.5°, tetrahedron 2: 2°) regarding
the observed angels as well as the Tr-Tr distances. These
distances are for Na,KIn, in closer range (3.0227(2) A to
3.1724(3) A) than for the heavier homologue (3.1306(6) A to
3.4606(9) A), where each tetrahedron always exhibits one short
and one long edge (see Table 3). Therefore, the In—In distances
are shorter than the TI-TI lengths in Na,RbTl, (3.1366(3) A to
3.4408(4) A)" but comparable to similar distances e.g. in Na,ln,
where the intracluster distances range from 3.0617(2) A to
3.1493(1) A® The reasons for the different values of the
distortion might be due to packing effects and also being
biased by the intrinsic pseudo-merohedral twinning, detailed
theoretical investigations for a deeper understanding of the
intracluster interactions are currently in progress.

Table 4 gives an overview of the interatomic Tr-Tr distances
of the here reported and of the literature compounds which
exhibit [Tr,] tetrahedra (Tr=In, TI).

RESEARCH ARTICLE

Alkali metal coordination

Since the two compounds Na,KTr, (Tr=In, Tl) are isostructural
to Na,RbTl,, they exhibit two symmetry inequivalent potassium
atoms as well as ten symmetry inequivalent sodium atoms.
While for potassium the number of neighbouring atoms
calculates to a value of 18, for the sodium atoms 11, 12, or 14
neighbouring atoms are found.

The K—In distances in Na,KIn, range from 3.8 to 4.1 A and
hence are in the range of observed distances in other ternary
alkali metal indides, e.g. in K;Nayln,g (d(K—In)=3.5 to 4.2 A)*¥
or KNasln, (d(K—In)=3.9 to 4.1 A).*”! The Na—In distances range
from 3.1 to 3.5 A and are again comparable with the ternary
alkali metal indides K;Naxln,s or KNasln,, in which the Na—In
distances range from 3.2 to 3.7 A respectively from 3.2 to
3.7 A58 The same is true for the Na—K distances, which are
between 3.6 and 4.4 A. In K;Nayln,s d(Na—K) are around 3.8 A%
and in KNa,ln, d(Na—K) are about 4.0 A5 K—TI distances in the
heavier homologue Na,KTl, range from 3.7 to 40A and
therefore they are comparable with K-TI distances in the
ternary compounds NayKTls; (d(K-T)=3.9 to 4.7 A" or
NagKiTlys 55 (d(K—TI)=3.7 to 4.3 A).®¥ The same can be observed
for the Na—TI distances which are between 3.1 to 3.5 A. Again,
they are in the range of distances in the ternary alkali metal
thallides Na,sKoTliss (d(Na—Tl)=3.2 to 3.5 A)7 or NagK;sTlys s
(d(Na—Tl)=3.3 to 3.3 A).®) Na—K distances in Na,KTl, reach from
3.7 to 42 A and are again similar to the ternary compounds
Nay:KsTls s (d(Na—Tl)=3.9 to 4.1 )7 or NagKTl,s,s (d(Na—Tl)=
3.7 to 4.0 A).®

Table 3. Distortion of the two crystallographically inequivalent Tetrahedra 1 and 2 in Na,KTr, (Tr=In, TI).
Tetrahedron Max. deviation d(Tr-Tr) [A]
of ideal 60° angle
Na,Kin, 1 (In1, In5, In6) 4,5° 3.0227(2)-3.1691(3)
2 (In2,In3, In4) 2.0° 3.0319(2)-3.1724(3)
Na,KTl, 1 (TI1, TI5, Tl6) 6.2° 3.1306(6)-3.4606(9)
2 (TI2, TI3, Tl4) 3.1° 3.1406(6)-3.2881(8)
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The structure description of the structure type Na,RbTI,
focused on the large entities within the unit cell (Rb* cations
and [TI,]*~ anions). There, a distorted cubic closest packing of
the tetrahedra was reported.”™ The rubidium atoms reside in
the octahedral voids of this packing. This of course still is true
for the isostructural compounds Na,KTr, we report on in the
present case. Additionally, we want to elucidate the role of the
sodium atoms within the three-dimensional arrangement. In
the close-packed case, it is useful to subdivide the network
according to the present symmetry and consecutively, four

Structural subunit B with center
at Wyckoff Position 2b

Structural subunit A with center
at Wyckoff Position 2a

Structural subunit D with center
at Wyckoff Position 2d

In5
Structural subunit C with center
at Wyckoff Position 2¢

Figure 1. The four different structural subunits built by the alkali
metals with their centers at the corresponding Wyckoff positions.

Figure 2. a) Structural subunit A (green) and C (orange) are
interconnected in a-direction by tetrahedron 1 and Na8, which
coordinates via one vertex to structural subunit A and via one edge
to structural subunit C. The same can be observed for the structural
subunits B and D. They are interconnected in b-direction by
tetrahedron 2 and Na6, which coordinates via one vertex to
structural subunit D and via one edge to structural subunit B. b)
Packing of the four structural subunits in the unit cell.

RESEARCH ARTICLE

different alkali metal subunits can be described. Their centers
are located on Wyckoff position 2a (structural subunit A), 2b
(structural subunit B), 2c (structural subunit C) and 2d (structural
subunit D) (see Figure 1). They are all interconnected either by
the [Tr,]* tetrahedra or by Na6 and Na8 atoms. In the
crystallographic c-direction they interpenetrate (see Figure 2).

All four structural subunits are built by two symmetry
inequivalent sodium atoms, which form a distorted cuboid. The
two opposite rectangular faces are capped by a sodium atom
(Na9 or Na10) or potassium atom (K1 or K2). Na2 and Na3 form
the cuboid with the center on Wyckoff position 2a and K2 caps
two opposite faces. To the remaining pair of rectangular faces is
coordinated by one vertex of [Tr,]*" tetrahedron 1. The cuboid
with the center on Wyckoff position 2b is also built by Na2 and
Na3. Here, tetrahedron 2 coordinates via one edge to the one
pair of opposite faces and the other two faces are capped by
Na10 atoms. Hence the alkali metal subunits A and B are
interpenetrating in the crystallographic c-direction since the
two Na10 atoms are located inside polyhedron A.

In the remaining structural subunits with the center on
Wyckoff position 2c and 2d, the cuboid body is formed by Na1l
and Na4. In structural subunit C, the two rectangular faces are
capped by Na9 and tetrahedron 1 coordinates with an edge. In
structural subunit D, K1 caps the faces and tetrahedron 2 is
coordinated via one vertex to the other pair of faces. These two
structural subunits also interpenetrate in the crystallographic c-
direction because Na9 caps the rectangular faces of structural
subunit C and at the same time it is located in the cavity of
structural subunit D.

Structural subunit A and C are interconnected in the
crystallographic ag-direction by tetrahedron 1 as well as by Na8.
Tetrahedron 2 and the Na6 atom connects structural subunit B
with structural subunit D in the crystallographic b-direction (see
Figure 2 a)). Altogether, a dense network of the polyhedral
subunits described above is observed in the unit cell of Na,ATr,,
in which the [Tr,]*” tetrahedra are embedded. This regular
arrangement of sodium atoms is in strong contrast to the one
observed for Na,Tr. In this binary case, a more irregular sodium
network is present (see SI, Figure 1).

Magnetic resonance studies: >Na-NMR and EPR
Spectroscopy

In order to retrieve information about the para — or diamagnetic
situation of Na,ATr, and Na,Tr materials, EPR measurements
were carried out (see SI, Figure 2). As no signal was detected,
further investigations using NMR were possible. Figure 3 shows
the static ?Na-NMR spectrum of Na,KIn,. This spectrum is a
superposition of signals from ten crystallographically distinct
sites: four sodium atoms at the Wyckoff position 8i (Na1-Na4),
two sodium atoms at the positions 4h (Na5, Na6) and 4g (Na7,
Na8) each, and one sodium atom at the positions 4f (Na9) and
4e (Na10) each (see Figure 3). The definite determination of the
spectroscopic parameters of these sites is not possible as
overlapping signals are expected due to similar but not
identical surroundings of the respective sites. It is only possible
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experiment NazKin,

simulation

400 200 0 -200 6(23Na) ppm
1 s ~— ) // / i - : A r'
Py W <\ N B\ oy
Ea; (?g Na2 (8i) Na5 (4h ..m) Na; (;hﬂ-m) i . A / A
0Z= Koz=12 Koz=14 0zZ=
2 : : {4 L P

; T W . M Nao@r2) || Natoe.2)
N Nor N o 10 (de .
JA ;),74'[,';'77 A N\ V- b Koz=12 Koz=12
A
N 5,5~32 ppm Boa=50 ppm

Na7 (4g ..m) Na8 (4g ..m) -

Cq<0.2 MH:
Koz=11 Koz=12 Koz=14 Kozt o z Co<1.2 MHz
50,~110 ppm
Cq~3.7 MHz
8 1 1

Figure 3. The experimental and simulated 2Na NMR spectra of
Na;KIn,. In the upper picture the experimental as well as the
simulated signal is depicted. Below, the coordination spheres
around the ten crystallographically different sodium atoms are
illustrated. Na1-Na8 show a more asymmetric environment and are
responsible for the broad signal at d,,, ~110 ppm. Na9 and Na10
exhibit a more symmetric coordination sphere and therefore are
responsible for the two sharp signals at d,,,~50 ppm and at

0i,o~32 ppm respectively.

to roughly decompose this experimentally detected signal into
three components with relative intensities of 8:1:1. The
estimated spectroscopic parameters of the main signal are
00110 ppm, Cy~3.7 MHz, n=~0, of the second signal:
01550 ppm, Co~1.2MHz, n =1, and of the third signal:
045032 ppm, Cy < 0.2 MHz. The simulation of the decomposed
experimentally detected signal is shown in Figure 3. The first
signal at 110 ppm can be tentatively assigned to the eight
sodium atoms on Wyckoff sites 8i, 4h, and 4g. The sharp signals
from Na9 and Na10 can be attributed to the positions 4f and 4e
or vice versa. The small linewidth of these signals is a result of
the symmetric surrounding of these alkali metal positions. Na9
and Nal0 are almost tetrahedrally surrounded by four [In,®
clusters. The remaining eight sodium positions exhibit a more
asymmetric coordination sphere including only two [In,®
subunits.

The #Na NMR spectrum of Na,KIn, deviates strongly from
the ?Na NMR spectra of Na,RbTl, Na,Tl, and Na,In (see S|,
Figure 3). The latter do not have narrow components and their
intensity maxima are at 250 ppm, 300 ppm, and 150 ppm,
respectively. It is assumed, that the broad signal in Na,In can be
derived from the more asymmetric packing of the sodium
atoms.

RESEARCH ARTICLE

Calculation of the electronic structure

Theoretical calculations revealed a (pseudo) band gap for
Na,KTr, around the Fermi level, which is typical for Zintl phases
(see S| Figure 4-7).5*%% As Na,KIn, is built from [In,]°" tetrahe-
dra, which follow the (8-N) rule,®® each edge of the tetrahedra
corresponds to an electron precise two-center-two-electron
bond. This is according to the Zintl-Klemm concept, where a
complete electron transfer from the less electronegative alkali
metals to the more electronegative indium is supposed.'>”"”?
This in return leads to a closed shell configuration on the triel."
This is reflected in the total DOS of the compound (see SI).

Dissolution experiments in liquid ammonia

Liquid ammonia is well suited for dissolving high negatively
charged homoatomic polyanions.!”87"

Most of the Zintl anions of group 14 elements can be
dissolved in liquid ammonia.®? This is also true for most of the
[Tt,]*~ tetrahedra in combination with the alkali metals.*57%8
For trielid [Tr]* tetrahedra no such dissolution has been
observed so far. We recently reported on a blue solution for
Na,Tl and Na,RbTl,, what is a sign for solvated electrons.” The
residue after evaporation of liquid ammonia was elemental
thallium and sodium amide. This indicated a fast decomposition
of the compounds upon dissolution. Therefore, it is supposed
that the [TI,]*" tetrahedra and trielid clusters in general exhibit
a too high negative charge per atom to be transferred into
solution. To the best of our knowledge, the naked cluster anion
[Bi,]°with a negative charge of —1.5 per atom is the highest
negatively charged entity, which can be transferred into
solution yet.®

As the In—In bond strength is assumed to be stronger than
TI-TI bonds®®" dissolution experiments in liquid ammonia
were examined for the two alkali metal indides Na,KIn, and
Na,In. For the first one a blue solution was observed, which
turned into a clear and colorless solution after one month of

Ll

NaNH, [ | o LI U T O T T DTN TR TR
Naln 1 1 i (N [ (]

T U NI - |

50 100 150 200 250 300 S 400 450 2t

Figure 4. Powder diffraction pattern of the product of Na,Kin, after
evaporation the liquid ammonia. NaNH, and Naln were refined
using the LeBail algorithm with GOF=2.15, R,=5.08, wRp=6.91.
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storage at 233 K and a black residue could be observed. The
binary Na,In, however, showed a clear and colorless solution.

After one month of storage at 233 K, a yellow-greenish
solution with black residue was observed. After evaporation of
the liquid ammonia, the residue of both compounds was
characterized by X-ray powder diffraction experiments. For
Na,Kln,, alkali metal amide as well as Naln were obtained (see
Figure 4), whereas for Na,In alkali metal amide, Naln as well as
elemental indium were identified as products (see Sl). These
preliminary experiments show that a stepwise oxidation of the
[InJ® tetrahedra occurs in liquid ammonia solution. Detailed
solution studies are currently in progress in order to investigate
the reactivity of the [In,]®" tetrahedra in liquid ammonia.

Conclusions

We here report on the synthesis and characterization of the two
ternary compounds Na,KTr, (Tr=In, Tl), which are isostructural
to Na,RbTl,. These compounds were prepared by classical high
temperature solid state synthesis. Thereby it turned out, that
the temperature program plays a crucial role for the outcoming
product. Whereas Na,RbTl, and Na,KIin, were obtained after
slow cooling, the synthetic route for Na,KTl, is a different one
since it was quenched with water to room temperature.
Theoretical calculations using FPLO21 revealed a (pseudo) band
gap at E; for the two ternary compounds Na,KTr, (Tr=In, TI),
what indicates a semi-metallic character. Na,KIn, is the first
ternary alkali metal indide with isolated [In,]*~ tetrahedra.
Therefore, solvation tests in liquid ammonia were carried out
for this compound and the binary Na,In, which is built from the
same type of naked indium clusters. In contrast to the thallides,
which compose rapidly to elemental thallium and alkali metal
amide, the indides Na,In and Na,KIn, form binary Naln and
alkali metal amide upon dissolution in liquid ammonia. The
oxidation of a small [In,]*~ Zint/ anion precasted in solid state in
the compounds Na,In or Na,Kln, in liquid ammonia solution
can be interpreted as first evidence for a reactivity of trielides
according to the well-established chemistry of salt-like tetrelides
in this solvent.”*® Future experiments will show, if the
isolation of intermediates support this idea.

Experimental Section

Materials: Sodium and potassium (purity 99%, under mineral oil,
Merck/Sigma-Aldrich, Darmstadt) were segregated for purification.
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 are
placed. Outside the glovebox all these instruments as well as the
tantalum ampoules are only touched with gloves.

Preparation: Due to the fact that the alkali metal indides and
thallides are very sensitive towards air and moisture, all operations
are performed under inert gas atmosphere in a glove box
(Labmaster 130G, Fa. M. Braun, Garching, Germany). For the
synthesis of Na,KTr, (Tr=In, Tl) the elements were placed in a

RESEARCH ARTICLE

tantalum ampoule, which was sealed in argon atmosphere. The
sealed ampoules were placed in quartz glass tubes (QSIL GmbH,
llmenau, Germany) and sealed again under argon atmosphere. The
following temperature program was used: heating from room
temperature to 773.15 K with a heating rate of 100 K/h, holding for
48 h then cooled with a cooling rate of 100 K/h to 473.15 K, which
were held for 48 h. After that it was cooled to room temperature
with a cooling rate of 5K/h. In case of Na,KTl, the ampoule was
quenched to room temperature after holding for 48 h.

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 195 K on the products using Schlenk technique. 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.

DSC measurements: The compounds Na,ATr, (A=K, Rb and Tr=In,
TI) were filled into an aluminium crucible, which was subsequently
clamped shut. The sample was heated in a continuous nitrogen
flow, from 298 K to 573 K and cooled back to 298 K with a heating
and cooling rate of 10 Kmin~'. All measurements were performed
on a METTLER TOLEDO DSC (METTLER TOLEDOO Gief3en, Germany).
With a DSC30 measuring cell, with the software METTLER TOLEDO
STAR® 5.1 used for evaluation purposes.

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
(Rigaku Polska sp. Z. o. o. Ul, Wroclaw, Poland) (X-ray: Ag
microfocus, AtlasS2 detector) using MiTeGen loops. All data were
collected at 123 K.

For data collection and data reduction CrysAlisPro (Version 41_
64.93a)® 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
structure. 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 CCDC-2257763 or CCDC-
2262417 http://www.ccdc.cam.ac.uk).

Powder Diffraction Studies: Powder diffraction samples were
prepared in sealed capillaries () 0.3 mm, WJM-Glas-Mdiller GmbH,
Berlin, Germany). The data collection was carried out on a STOE
Stadi P diffractometer (STOE, Darmstadt, Germany) (Monochromatic
MoKa1 radiation, A=0.70926 A for Na,KTl, and Na,In monochro-
matic CuK a1 radiation, 1=1.54056 A for the ternary alkali metal
indide) equipped with a Dectris Mythen 1K detector. For the
refinement with the leBail algorithm the software JANA2006 was
used.”

Magnetic resonance measurements: NMR measurements were
performed on an Infinity,,, spectrometer system (Agilent) operated
at 7 T, equipped with a Chemagnetics-Varian 6 mm pencil cross
polarization magic angle spinning (CPMAS) probe. Spectra were
recorded using a 90°pulse of 5.0us and a relaxation delay of 1 s.
The spectra were indirectly referenced to NaCl (1 M in H,0). The X
band EPR measurements were carried out with a MiniScope MS400
device with a frequency of 9.5 GHz and rectangular resonator
TE102 of the company Magnettech GmbH. The experimental NMR
spectrum of Na,KIn, was modeled using the WSolids1 software
package.l'™
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DFT Calculations: The program FPLO21"""" was used for the
theoretical calculations, which is based on the full-potential non-
orthogonal local orbital minimum-basis within the generalized
gradient approximation (GGA) for full-relativistic mode. Therefore, a
full-relativistic approach is necessary because a neglection of the
spin-orbit coupling (SOC) leads to different results than using the
full-relativistic approach."® The exchange correlation was assumed
in the form proposed by Perdew, Burke and Ernzerhof (PBE)."* For
the calculation of the density of states (DOS) two modular grids for
the reciprocal space were tried out one with 216 k-points and the
other one with 1000 k-points. It turned out, that 216 k-points are
sufficient. A change of the total energy (AE,,<107° Hartree) was
used as convergence criterion. For the visualisation of the band
structure the program xfbp®~? was used and the DOS was plotted
with Origin2020 (version 9.7.0.188).""”
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