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The structural chemistry of alkali metal thallides shows a broad
range of type structures. At an alkali metal : thallium proportion
A:Tl 1:2 the perceived dependency on the alkali metal involved
is conspicuous. Two main structure types are reported with
AisTl; (A=K, Rb, Cs) and K,oTl;4e. The compound K,oK;,s with a
3-dimensional Tl-substructure has been known since 1993 from
Cordier and Miller but so far only with potassium. We here
present single crystal X-Ray structure analyses of the com-

Introduction

Alkali metal thallides are known since the investigative works of
E. Zintl and W. Dullenkopf when they first described the
synthesis and characterization of NaTl in 1932."” Combining an
electropositive metal with thallium allows one to gain deeper
insights into the structure formation of this heavy main group
element® This is especially interesting, as this element is
located left to the Zintl border, but the electron counting rules
for Zintl phases still are applicable for some of the reported
materials. Part of them contains isolated clusters,” dependent
on the amount of alkali metal involved, also two- and three-
dimensional networks are observed.”! In some compounds, a
complete electron transfer from the more electropositive to the
electronegative element is assumed to result in a modified
valence electron concentration (VEC,,) per p-block element.*®
The crystal structure can then be described by the (8-N)- rule
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pounds Kug Rb,Tlige, and Ky Cs,Tlige (y < 10) belonging to the
KyoTlos type structure. Additionally, structures of RbyTl g7
Cs335Rb4565Tloe71 @and Cs; 40RD4; 51 Tlige76 are introduced, which
prove the possibility of Tl incorporation in the Tl,, icosahedra in
Ky Tlhos type structures. The effects of the change in alkali metals
on the thallium substructure are discussed as well as the
preferred Wyckoff sites of the different alkali metals.

and the Zintl-Klemm-formalism.” This principle works well for

the elements right to the Zintl border.®’ But also part of alkali
metal thallides follow this model, even thallium is placed left of
this imaginary border. In contrast to the elements right to the
Zintl border, here a dependency on the alkali metal involved is
observed and the calculated valence electron concentration
(VEC) does not automatically suggest a thallium substructure.
The mixing of trielides provides interesting insights in terms of
structural chemistry.”’ The focus of our investigations is set on
the different alkali metals, as they do not only serve as
counterions for charge balancing reasons but play an essential
role in the formation and stabilization of the thallium
substructure.”*'” One discrepancy becomes evident for the ratio
of A:Tl 1:2. These materials are known to be metallic and a
complete electron transfer from the electropositive to the
electronegative element is virtually not true. There are two
main type structures described for the ratio A:Tl 1:2. The larger
alkali metals rubidium and cesium form A,;sTl,;, which includes
thallium substructures explainable by the counting rules after
Zintl™ Here, Tl,,;"~ clusters and two-dimensional Tl,*~ layers
are present. We recently could show, that even more thallium
can be included in this type structure, which is equivalent to a
broader range of possible VEC for A;sTl,, type materials.
Additionally, it was shown, that potassium can be realized in
mixed alkali metal compounds A;sTl,; when a larger alkali metal
is present. In contrast, the lighter alkali metal potassium forms
an intermetallic phase K Tl With a three-dimensional thallium
substructure, which cannot be explained straightforwardly by
the counting rules."®'? This makes the discrepancy between
KyoTlos @and A,sTly; very interesting, as it represents a borderline
case between metallic and salt-like compounds. In packing-
dominated intermetallic compounds, Frank Kasper polyhedra
represent important building blocks.” According to this, these
polyhedral subunits are also a common feature in many alkali

Z. Anorg. Allg. Chem. 2022, 648, €202200117 (1 of 7)

© 2022 The Authors. Zeitschrift fir anorganische und allgemeine Chemie published by Wiley-VCH GmbH.

RESEARCH ARTICLE


http://orcid.org/0000-0002-3631-1535
http://orcid.org/0000-0002-1382-344X
https://doi.org/10.1002/zaac.202200117

Journal of Inorganic and General Chemistry

/AAC

RESEARCH ARTICLE

Zeitschrift fir anorganische und allgemeine Chemie

metal thallides, while icosahedra (CN 12) are also typically
observed as filled entities M@Tl,, (M=TL,"" Na,™ Mg, Cd, Hg,
Zn"). In KyTls a three-dimensional thallium substructure is
formed by hexagonal antiprisms, which according to Cordier
and Miiller are interconnected by Tl, chains and so form tubes
in all three dimensions without intersecting.'® The generated
voids between the tubes are filled with empty Tl,, icosahedra."®

A related structure was observed for the lighter homologue
indium in the compound A;Nayln,s (A=K, Rb, Cs)."”" Hexagonal
antiprisms form a three-dimensional network and empty In,,
icosahedra are located in the interstices. In contrast to K,Tl;os
there are no In, chains present.

Results and Discussion
X-Ray Structure Analysis from Single Crystals

We here report on the x-ray structure analysis of seven binary
and ternary compounds RbyoTligs67 CS351KagasThosr CSo33K30.67T 1108
Rb157K47.43Th0ss Rbs 93Ka0.07 Tl 108r Cs3.35R045,65Thoo 71 and
Cs;40Rb4y 51 Tlge76. Additionally, we prepared literature-known
K4oTlog and collected data at 123 K, in order to allow the
comparison of obtained distances. All binary and ternary
materials crystallize in K,Tl,os type related structures (cubic,
space group Pm3). Selected data of the x-ray structure analyses
of the characterized crystals are given in Table 1 and Table 2,

Kagas CS251Tlos and Kig67CS33Tl g

Table 1. Selected single crystal data collection and structure refinement parameters for the four compounds K,; 4sRb; 5;Tl s, Ka.07RDg03Tl 08,

Empirical formula

K47.43Rb1 ,57T| 108

K40.07 Rb8.93TI 108

Ku6.49CS251 Thiog

K3067CS033Th0s

CSD number 2157454 2157533 2157504 2157731

Formula weight 24061.12 24403.99 24225.37 24863.11

Temperature/K 123 123 123 123

Crystal system cubic cubic cubic cubic

Space group Pm3 Pm3 Pm3 Pm3

a/A 17.1677(2) 17.19580(10) 17.2337(2) 17.2846(2)

Volume/A® 5059.83(18) 5084.72(9) 5118.42(18) 5163.90(18)

Z 1 1 1 1

Peac(g/cm?) 7.9 8.0 7.9 8.0

Radiation A/A AgKa 0.56087 AgKa 0.56087 AgKa 0.56087 MoKa 0.71073

wmm™' 47.0 47.6 46.5 86.3

Independent reflections 4417 8341 4483 2107

Goodness-of-fit on F? 1.103 1.111 1.084 1.214

Rint 0.0602 0.0435 0.0501 0.0674

Final R indexes [I > =20 (1)] R,=0.0224, R,=0.0266, R,=0.0240, R,=0.0450,
wR,=0.0462 wR,=0.0569 wR,=0.0494 wR,=0.0652

Final R indexes [all data] R,=0.0282, R,=0.0366, R,=0.0336, R,=0.0633,
wR,=0.0478 wR,=0.0598 wR,=0.0524 wR,=0.0703

Largest diff. peak/hole/e A~ 3.41/-1.79 7.70/—-4.87 2.73/-3.53 7.96/—2.42

Table 2. Selected single crystal data collection and structure refinement parameters for the four compounds K,oTl;¢g, Rb4oTl10067

Cs335Rb4s5.65Tlioe 71 aNd Cs749RD41 51 Tl109 76-

Empirical formula KaoThios RbysTligs7 C5335Rb4s5 65 Tloo 71 C57.49Rb41.51Thoo 76

CSD number 2157706 2157529 2157732 2157743

Formula weight 23989.90 26668.73 26768.38 26975.01

Temperature/K 123 123 123 123

Crystal system cubic cubic cubic cubic

Space group Pm3 Pm3 Pm3 Pm3

a/A 17.17550(10) 17.5761(3) 17.6125(3) 17.6360(5)

Volume/A® 5066.73(9) 5429.6(3) 5463.4(3) 5485.3(5)

Z 1 1 1 1

Peacl(g/cm?) 7.9 8.2 8.1 8.2

Radiation A/A MoKa 0.71073 AgKa 0.56087 AgKa 0.56087 AgKa 0.56087

wmm™' 86.5 49.8 49.3 50.0

Goodness-of-fit on F? 1.114 1.132 1.166 0.984

Unique reflections 3756 4749 4768 3238

Rint 0.0547 0.0417 0.0681 0.0622

Final R indexes [all data] R,;=0.0395, R;=0.0223 R,=0.0461, R,=0.0279,
wR,=0.0847 wR,=0.0380 WR, = 0.0492 wR,=0.0331

Final R indexes [I > =20 (I)] R,=0.0538, R,=0.0316 R, =0.0650, R,=0.0461,
wR, =0.0894 WR, = 0.0402 wR,=0.0520 wR,=0.0356

Largest diff. peak/hole/e A~ 5.13/-7.68 2.54/—-1.75 2.14/-3.26 2.35/-2.15
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for more detailed information see supporting information.
These compounds naturally feature large absorption coeffi-
cients for x-rays, therefore small single crystals were selected
and Ag Ka radiation was used depending on availability. The
still remaining absorption effects could be reduced by carefully
applying absorption correction by the diffractometer software
(CrysAlisPro).'®

During our research on the mixed AsTl,, phases, we
observed the first ternary compounds in the KTl type
structure as a byproduct."” With an alkali metal proportion of
approximately 33% (A:Tl~1:2) its valence electron concentra-
tion is very similar to the one from ATl,, (VEC~2.33) and
therefore both phases are observed in the powder diffraction
pattern (see SI).

In K,Tlgs two main entities concerning the thallium
substructure are present. The three-dimensional thallium net-
work is built by hexagonal antiprisms, which together with a Tl,
chain build interconnected tubes in all spatial directions (see
Figure 1). In the generated interstices two Tl,, icosahedra can
be found, which are generated by one symmetry inequivalent
Tl position (Wyckoff positions 12j and 12k). These icosahedra
are located at the corners and in the center of the unit cell. The
alkali metals reside in six different Wyckoff positions. In the
following, the thallium substructure, as well as the involved
alkali metals are discussed more in detail. In general, the cell
volume increases with the proportion of potassium substituted
by larger alkali metals, taking into account the different sizes of
Rb and Cs, respectively.

Occupation Trends of the Alkali Metal Positions

In the type structure K,oTl,ss there exist six symmetry-inequiva-
lent alkali metal positions. These have different environments,
resulting in different occupation tendencies when mixing the
alkali metals. Having a closer look at the near surroundings of

A -
e

TI

A1l (12k)
A2 (12f)
A3 (6g)
A4 (8)
AS (8/)
A6 (3c)

\
SN

00000e0e

Figure 1. Unit cell of the K,,Tl,og type structure with the six
symmetry-inequivalent alkali metal positions.

Figure 2. Surroundings of the six symmetry-inequivalent alkali
metal positions in ATl gg.

the six alkali metal positions reveals, that the coordination
sphere varies from 15 to 16 to 20 neighboring atoms (Figure 2).
While the coordination numbers of 15 and 16 are according to
the number found in Frank-Kasper polyhedra,”"? the number of
20 for alkali metal position A6 is conspicuous.

While alkali metal positions A1 to A5 coordinate to four
different Tl substructural building blocks (hexagonal antiprism
or icosahedra), A6 on Wyckoff position 3c is located between
two centered hexagonal antiprisms and as a consequence a
number of 14 coordinating Tl atoms are present. The coordina-
tion sphere is completed by six alkali metals (A2 and A3). The
distances to the 20 neighboring atoms are longer compared to
the remaining alkali metals and as a consequence, this results in
more space for alkali metals residing at the A6 position.”) The
compounds Cs, 51Kg40Tl10s and Rb; 5;K,7 43Tl 05 confirm that A6 is
preferably substituted by heavier alkali metals. In general, the
occupational trend of the position of the larger alkali metal
follows the sequence A6>A5>A4>A2>A3>A1 (Table 3). In
the compounds K,qo/Rbgo3Tlos and Cs;35R0,4565Tl0e7, ON alkali
metal position A1 (and A2 and A3) no mixed occupation K/Rb or
Cs/Rb is described. Mixed occupancy cannot be ruled out, as
the s.o.f. (=site occupancy factor) of rubidium was not
significant when applying split positions.

Discussion of the Tl,-Chain

Cordier and Muiller described the structure of K,Tl,,3 containing
tubes generated by hexagonal antiprisms, which are connected
by Tl, chains (TI8-TI7-TI7-TI8) to form dumbbells (see Fig-
ure 3).' This is justified by the very similar d(TI7-TI7) and
d(TI7-TI8) distances. In our series we obtained increasing
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Table 3. Site occupancy factors (s.o.f.) of the symmetry-inequivalent alkali metal positions of the mixed alkali metal thallides of the
KsoTlhos type structure.
Compound A1 (12k) A2 (12k) A3 A4 A5 A6
(69 (8i) (8i) (3d)
KaoTl108 K1 K1 K1 K1 K1 K1
RD, ;K47 43Tl0 K1 K1 K1 K1 K1 K 0.475(14)
Rb 0.525(14)
Rbg o5Ka0.07Tl0s K1 K 0.809(5) K 0.912(8) K 0.808(6) K 0.752(7) K 0.135(12)
Rb 0.191(5) Rb 0.088(8) Rb 0.192(6) Rb 0.248(7) Rb 0.865(12)
C5y 51Kag45Tho K1 K1 K1 K1 K1 K 0.162(8)
Cs 0.838(8)
CS035K3067Tlh0 K1 K 0.815(11) K1 K 0.790(13) K 0.696(13) Cs1
Cs 0.185(11) Cs 0.210(13) Cs 0.304(13)
Rb,o Tl 0067 Rb 1 Rb 1 Rb 1 Rb 1 Rb 1 Rb 1
C5335RD4s 65 Tl100 71 Rb 1 Rb 1 Rb 1 Rb 0.892(11) Rb 0.844(11) Rb 0.586(19)
Cs 0.108(11) Cs 0.155(11) Cs 0.414(19)
€57 40RD41 51 Thoo 76 Rb 1 Rb 0.849(9) Rb 1 Rb 0.762(11) Rb 0.723(11) Rb 0.478(19)
Cs 0.151(9) Cs 0.238(11) Cs 0.277(11) Cs 0.522(19)

A8

Figure 3. Two pairs of apices-connected, thallium centered mono-
capped hexagonal antiprisms. The hexagonal face capping A6(3c)
connects two of these thallium substructures.

Table 4. Selected distances in the hexagonal antiprismatic chain
substructure of the eight compounds KuTl;gg (1), Ku743Rb; 57Tl (2),
K4O.O7Rb8.93T|108 (3)1 K46.49C52451T|108 (4)1 K39467C59.33T|108 (5)1 Rb49T|109.67
(6), Cs335RP4s 65 Tloa 71 (7) and Cs; 49RD41 51 Tlge76 (8).

d(m7-Ti7/A  d(TI7-TI8)/A  Difference/A  d(TI8-A6)/A
1 3.1635(16) 3.1680(12) 0.0045 3.8380(9)
2 3.1691(7) 3.1581(5) 0.011 3.8413(3)
3 3.1740(6) 3.1549(4) 0.0191 3.8560(3)
4 3.1612(8) 3.1482(6) 0.013 3.8881(3)
5 3.181(3) 3.151(2) 0.03 3.9003(14)
6  3.2281(7) 3.1871(5) 0.041 3.9851(4)
7 3.2345(12) 3.1856(8) 0.0489 4.0033(5)
8  3.2391(11) 3.1870(8) 0.0521 4.0115(5)

differences for these distances when larger alkali metals were
present (Table 4). In mixed K/Rb or K/Cs compounds with
cesium or rubidium on A6, the TI7-TI8 distance is slightly
smaller compared to the binary K,Tl,os, Whereas the TI7-TI7
distance correlates directly with the dimensions of the unit cell
edge. Therefore, we would prefer to describe this structural
entity as thallium centered, mono-capped hexagonal antiprisms
rather than a Tl, chain, as this consideration would allow the
changes according to the unit cell edge.

Centre Occupation of the TI3/Tl4 Icosahedra

The two crystallographically different icosahedral subunits in
ATl og are each built via one symmetry-inequivalent Tl site (TI3
and TI4) due to the high symmetry of space group Pm3. While
in K,oTl,0s empty icosahedra are present, we observed some low
residual electron density in the center of the TI3 icosahedra for
the ternary compound K,;4;Rb, 5;Tl,0s. Subsequent analyses of
the remaining ternaries including potassium showed similar
features. Altogether, in all ternary compounds including
potassium  (Csy51KagaoThoss  CSo33Kse67Thios  Rbys7Kaza3Thios
Rbg 93K4007Tl0s), residual electron density could be observed in
at least one of the centers of the two different icosahedra. This
led to the idea of additional thallium atoms might be realizable
in ATl type materials, which occupy the center of the
icosahedra ((TI9, Wyckoff position 1a, TI10 Wyckoff position 7b).
Of course, the very low residual electron density peaks in the
potassium including compounds did not prove this and a
refinement of thallium at these positions did not yield sites with
a significant s.o.f. According to the assumption, that larger
icosahedra might allow thallium being present within the
icosahedra, we prepared binary approaches with Rb or Cs and a
small excess of Tl compared to the A:TlI 49:108 stoichiometry .
While in the cesium approach only Cs,,s;Thg, was formed,"®
Rb,oTl;406; Was obtained when rubidium was provided, which
includes partially filled icosahedral subunits. Centered icosahe-
dra are known as subunits in different binary and ternary
thallides and in these cases the central atom is reported as
Na,™ Mg, Cd, Hg, Zn™ or TIL5" The large electron density
within the icosahedra in Rb,Tl; 006, ONly can be explained when
thallium is incorporated, as the free refinement of rubidium at
these positions yields s.o.f. > 2. X-Ray absorption effects can be
ruled out as different wavelengths have been applied (AgKa,
MoKa) which yielded the same s.o.f. for thallium, independent
from the wavelength employed. The distance from the central
atom to the edges of the icosahedra (~3.15A) would only
suggest sodium as alkali metal,"*” as according to literature,”
the remaining alkali metals A=K-Cs claim d(A-Tl) >3.5 A. The
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presence of additional elements different from rubidium and
thallium was excluded by SEM/EDS measurements (see SI).
Electronic reasons for the not fully occupied sites within the
icosahedra in Rb,,Tl;40¢; cannot be ruled out. In case of smaller
Ga, fully occupied thallium icosahedra have been reported
recently.”” Alkali metal mixing of Rb/Cs allowed the character-
ization of Cs335RD4s565Tl0071 @Nd  Cs740Rb41 51 Thoazs bY single
crystal x-ray structure analysis. The observed trend of the unit
cell parameters directly correlates with the s.o.f. as well as the
distances from the center of the icosahedra to the edges
(Table 5).

Single crystal x-ray structure analysis of RbyTl,q; allowed
the reasonable refinement of the thallium atoms residing in the
Tl;, cluster units (s.0.f.(TI9)=0.792(4), s.o.f.(TI10)=0.880(5)).
The ternary compound Cs;4Rb, 51 Tlg76 gave the highest
thallium content within the icosahedra (s.o.f. of 0.858(6) TI9
and 0.905(6) TI10). This trend is also reflected in the dimensions
of the respective icosahedron: The larger the alkali metal, the
longer the TI3-TI3 and TI4-TI4 distance and thus the more the
icosahedral dimensions increase (Table 5).

The size of the icosahedra of the potassium including
compounds (d(centre — edge) ~ 3.03 A is comparably small. In
contrast, the icosahedra of Rb,gTl;406, and both of the mixed Cs/
Rb ternaries show significantly larger sizes
(d(Tl(c — e) ~ 3.15 A. Apparently, this paves the way for a
higher thallium content in the center of the icosahedra.

In order to ensure the refinement of the not fully occupied
thallium positions at Wyckoff 1a and 1b, the residual density
was additionally analyzed by inspecting the fractal dimension
distribution,” which is implemented in NoSpherA2 (Olex2).?**"

These plots can be understood as a histogram of isosurface
intersections going through the unit cell at a given residual
density level. These plots were initially designed for the
assessment of charge density models but can be used to assess
the overall quality of any crystallographic model. A statistical
noise would result in a symmetrically bell-shaped curve around
the residual density value of 0, while the wide-ness of the curve
tells about the level of noise present in the data. Any one-sided
deviation from the bell-shaped curve might hint toward
unexplained features of the diffraction data. A strongly negative
deformation of the fractal dimension distribution hints toward
over-occupied positions, a strong positively sided deviation
toward under or misassigned atom positions. Other effects
visible in fractal dimensional plots include anharmonicity, scale
factor issues or residual bonding density, which are not as
relevant in this case. While our model results in a regular bell-
shaped curve, the fully occupied sites would give a very

®u  free refined Tl in the icosahedra
e fully occupied Tl in the icosahedra
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Figure 4. Fractal dimension distributions® for Rb,gTl ;g7
Cs335RD4565Tli0e71 @and Cs; 40Rb4, 51Tl 0976 SUppPOrt the model for
partially filled icosahedra.

irregular fractal dimension distribution plot. The same holds
true for the mixed Rb/Cs compounds. This supports our applied

Table 5. Selected distances and s.o.f. of the filled icosahedral subunits in Rb,gTl;067 (6), CS535R04565Tl10971 (7) and Cs; 4oRb4; 51 Tl1gg 76 (8)-

d(TI3-TI3)/A d(TI4-TI4)/A d(TI3-TI9)/A d(Tl4-T110)/A s.0.£.(T19) (1a) s.0.£.(TI10) (1b)

6 3.2634(5) 3.1905(5) 3.1467(3) 3.1474(2) 0.792(4) 0.880(4)
3.3202(3) 3.3400(3)

7 3.2630(8) 3.1926(8) 3.1485(4) 3.1488(4) 0.823(6) 0.891(6)
3.3227(4) 3.3414(4)

8 3.2660(8) 3.1965(8) 3.1535(4) 3.1528(4) 0.858(6) 0.905(6)
3.3284(4) 3.3456(4)
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structural model for all three thallides with partially filled
icosahedra (Figure 4). In case of the mixed ternary potassium
compounds, the free refinement of the electron density in the
icosahedral units as thallium atoms did not result in significant
values of the s.o.f. The fractal dimension distribution plots
might suggest at least for Csq33Ks94,Tli0s an improvement of the
model (see SI).

Conclusions

Our investigations on the intermetallic phase A,Tligs,x (A=K,
Rb, Cs; x=0-1.76) gave new insight in the role of the alkali
metals in different binary and ternary compounds of mixed
alkali metals K/Rb, K/Cs and Rb/Cs in this type structure, which
has been known exclusively with potassium. In ternary
approaches including potassium, it could be shown that larger
alkali metals preferably substitute potassium on the special
Wyckoff position 3g, which consequently also affects part of the
thallium substructure. Additionally, we could demonstrate, that
larger alkali metals can be realized in this type structure without
potassium being present. In this case, a larger amount of
thallium is present. RbyeTliges;, and Cs,36Rbg,g0Tlge71 and
Cs;.45Rby; 51 Tl0976 are representatives for potassium-free thallides
related to the K,Tl,os type structure. The crystal structures of
the latter showed that an increasing size of the involved alkali
metal causes an enlargement of the unit cell. This allows an
incorporation of thallium in the center of both icosahedral
substructures of thallium, which are empty in the long known
binary compound K,Tl,,3 described by Cordier and Miiller in
1993.

Experimental Section

All compounds have been prepared by classical solid-state
techniques. The alkali metals cesium and rubidium were obtained
by reduction of the alkali metal chlorides with elemental calcium™!
and afterwards distilled twice for purification. Thallium drops
(ABCR, purity 99.99%) were used without further purification and
were stored under inert gas atmosphere.

Synthesis of the Ternary Compounds: Thallium is known to be
very toxic, therefore all manipulations need to minimize the risk of
any contamination. Due to the fact that thallides are very sensitive
towards air and moisture, all operations are performed under inert
gas atmosphere (glove box, inert gas techniques), which reduces
the direct contact with this poisonous element. The starting
materials were placed in tantalum ampoules and sealed in argon
atmosphere. The following stoichiometric proportions have been
employed: Cs;K,,Tl,;, CsKi,Tly;, RbK,Tl,;, RbsK,,Tl,;, Cs,Rb,5Tl,; and
Cs;Rb,,Tl,,. The sealed ampoules then were placed in quartz glass
tubes (QSIL GmbH, liImenau, Germany) and sealed again under
argon atmosphere. For all ternary compounds the same temper-
ature program was used: heating up from room temperature to
973.15K with a heating rate of 100 K/h, holding for 24 h and
cooling to room temperature with a rate of 3 K/h. Due to their high
sensitivity toward moisture and oxygen, they were stored in a glove
box. (Labmaster 130 G Fa. M. Braun, Garching, Germany).

Synthesis of Rb,Tl;006;: The synthesis of the binary compound
RbyTlig0s; Was carried out at a different temperature program:

heating up from room temperature to 723.15 K with a heating rate
of 50 K/h, holding for 24 h and cooling to room temperature with a
rate of 25 K/h. Due to their high sensitivity towards moisture and
oxygen, they were stored in a glove box. (Labmaster 130 G Fa. M.
Braun, Garching, Germany). Different stoichiometric proportions
according to RbygTli;0, RbygTlii, and RbyoTlyys all yielded RbygTligo6;
beside different amounts of Rb;sTl,,.

X-ray Diffraction Studies: To characterize the products using single
crystal X-ray diffraction, a small number of crystals were transferred
into dried mineral oil. Thereafter, a suitable crystal was selected and
mounted on a Rigaku SuperNova diffractometer (Rigaku Polska Sp.
Z o. o. Ul, Wroclaw, Poland) (X-ray: Mo & Ag microfocus, Eos
detector in case of Mo, AtlasS2 in case of Ag) using MiTeGen loops.
All data were collected at 123 K.

The software CrysAlisPro (Version 41_64.93a) was used for data
collection and data reduction."® For structure solution ShelX7T%
was used and the subsequent data refinement was carried out with
ShelXL.?" Olex2*” was taken for visualization purposes and the
software Diamond4”® was chosen for 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-2103387 (Fax: +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-Miller 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) equipped with a Dectris Mythen
1K detector. For visualization and indexation, the software
WinXPOW was used.”

SEM/EDS: Crystals for SEM/EDS measurements were prepared and
selected in a glove box under inert gas atmosphere. Measurements
were performed on a Zeiss EVO® MA15 (Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen) using the software SmartSEM®
Version 6.05 with accelerating voltage of 20 kV. For EDS measure-
ments a Bruker Quantax 200-Z3 Xflash630 (Bruker Corporation,
Billerica, USA) was used as X-ray detector with the software Bruker
Esprit 2.1.2.
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