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Abstract

This PhD dissertation explores fundamental research on oxygen-containing compounds
formed under extreme conditions, including highly alkaline environments, high pressures
in the multi anvil press and high O» pressures in autoclaves. As part of a collaboration with
BASF, the study also focused on the synthesis and characterization of novel compounds

relevant to ethylene oxide catalyst production.

Ba[TcO3N] was synthesized by reacting ammonium pertechnetate with Ba(OH), - 8 H,O
under highly alkaline conditions. Structural characterization revealed isolated [TcO3;N]>~
tetrahedra, providing insights into technetium behavior in alkaline environments, crucial for
nuclear waste management. Raman spectroscopy, X-ray absorption near edge structure
spectroscopy and density functional theory calculations confirmed the Tc +VII oxidation

state and clarified its bonding.

In similar approaches, mixed anionic nitridotrioxometallates, specifically
K3[ReO4][ReO3N] and Ki3[TcO4][TcO3N], were synthesized by reacting ammonium
pertechnetate and perrhenate in KOH hydrofluxes. Structural analysis using X-ray
diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy and quantum chemical
calculations confirm the presence of Re-N and Tc-N bonds, which are key to the unique
structure of these compounds. Additional syntheses of single crystals of 43]ReO4][ReO3N]
(4 =Rb, Cs) and 4»[ReO3N] (4' =K, Cs) were carried out, with further characterization by

Raman spectroscopy and quantum chemical calculations.

The work also explores the synthesis of new iridium compounds, including
Bay[Ir(OH)s](OH)2, of which the crystal structure has been elucidated. Similar attempts led
to the synthesis of Ba»4Srig¢[Ir(OH)s](OH)s, also analyzed by single crystal X-ray
diffraction.

By using a Walker-type multi anvil press, a new ternary silver-lead oxide, AgPbOs, was
obtained from Ag>O and PbO,. The structure and composition were confirmed by single
crystal X-ray diffraction, powder X-ray diffraction and X-ray photoelectron spectroscopy,

showing silver and lead coordination in a rock-salt type structure.

In addition to fundamental research on compounds from extreme conditions, the ethylene
oxide catalysis was addressed in collaboration with BASF. Therefore, in the last part of this
work powder X-ray diffraction and energy-dispersive X-ray spectroscopy data were

obtained of fresh and spent catalyst samples provided during the collaboration with BASF.
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Furthermore, promoter solutions which are typically used for the production of the catalyst
were combined resulting in the compounds [Ag(u-en)][ReO4] and [Ag2(DHPP)](C204).
Structural analyses were conducted for both compounds using single crystal X-ray
diffraction. The thermal analysis of [Ag(p-en)][ReO4] revealed that it decomposes to

elemental Ag, in analogy with industrial processes.

In ethylene oxide catalysis, Ag serves as the primary catalyst for selective oxidation, while
Re and Cs enhance activity and selectivity, and Cl optimizes surface properties. Therefore,
additional experiments aimed to identify new intermediates, focusing on Ag, Re, Cs and CI

under various extreme conditions.
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Introduction

1 Introduction

Extreme conditions in chemical reactions refer to the use of highly unusual parameters, such
as very high pressures, extreme temperatures, acidic or alkaline conditions, to drive or
influence chemical reactions, see Figure 1 for selected examples. These factors enable
pathways to novel compounds and reactions that would not be possible under standard

laboratory conditions.

-~

temperature

extreme
conditions

basicity

Figure 1. Possible parameters of extreme conditions.

For example, high pressure syntheses are widely employed to create compounds with
unique properties that are inaccessible at atmospheric pressure.!!! Extreme pressures and
often high temperatures allow for new crystalline structures, unusual valence states and
increased coordination numbers. This method has proven invaluable in synthesizing
compounds like stishovite, a high pressure polymorph of SiO,, and intercalation
compounds, such as AgzNi»O4 which require pressures of up to 130 MPa in O, high pressure

autoclaves.[>!

High pressure techniques can be also used to synthesize superconducting materials at
unusual conditions. For example, hydrogen sulfide becomes superconducting at 203 K when
exposed to pressures around 150 GPa, while LaH1o exhibits a superconducting transition

temperature near 250 K at pressures of 170 GPa.l*>!

Furthermore, the application of pressure in the chemical industry has played and still plays
a significant role in the synthesis of chemicals. Notable examples include the Haber-Bosch
process from 1906, where ammonia is catalytically obtained under high pressure at
approximately 20 MPa and temperatures of 700°C.[% This process is still fundamental for

the chemical industry. Another important example is the Fischer-Tropsch process, which is
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used to synthesize hydrocarbons from CO and H> at pressures of 20-40 bar. The reaction is

catalyzed by iron or cobalt at temperatures of about 340°C."!

While temperature and pressure can be parameters of extreme conditions, two other
examples are highly acidic or alkaline conditions. Chemical syntheses under strongly acidic
conditions can be applied for the formation of complex metal oxides and coordination
compounds. These reactions often contain strong acids, e.g. sulfuric acid or
trifluoromethanesulfonic acid. The Wickleder group has already made significant

contributions to this research field and has published several important findings.[*]

When using sulfuric acid without and with addition of SOs, unique actinide species, e.g.
UO2(S:07) and U(SOs4), can be stabilized.®] Additionally, the synthesis of
trichloromethanesulfonates, employs the trichloromethanesulfonic acid to generate species
such as (Hs0»)[CI3CSO3], which exhibit interesting structural properties and have potential

in various chemical applications."!

Alkaline conditions can help to dissolve metal oxides and hydroxides, enabling the
formation of single crystals. In a flux synthesis for example, starting materials can be
dissolved in a molten salt at high temperatures, allowing the formation of compounds that
are difficult to crystallize under other conditions, e.g. products like SrPd;O4 and
CaPd;04."% The hydroflux synthesis adapts this method by additionally using small
amounts of water at elevated temperatures.[!!"'?! This approach is especially useful for

growing crystals of complex oxides and hydroxides.

The zur Loye group demonstrated the successful use of molten hydroxides in the
crystallization of new compounds. The group synthesized platinum group metal hydroxides
from several alkaline metal hydroxides.!'*] More recently, the Ruck group synthesized new
compounds with the composition Sr3[M(OH)s]> (M = Sc, Y, Ho - Lu), using hydroflux

conditions to stabilize hydroxides.!'¥]

Both high pressure techniques and hydroflux syntheses will be described in more detail in
the following chapters 2.1, 2.2 and 2.3. A brief insight into the use of catalysis processes in
the chemical industry, which can also involve high pressures and high temperatures, is

provided in chapter 2.4.
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2 State of Knowledge

2.1 Hydroflux Technique

As previously described, the hydroflux technique can be seen as a method utilizing extreme
conditions, e.g. basicity. In general, the simple flux growth involves the use of a high
temperature melt of an inorganic compound as a medium for crystallization.['”l These high
temperature melts typically consist of basic inorganic compounds such as oxides,
hydroxides or carbonates, which have relatively low melting points. Often a mixture of these
compounds is used to create a eutectic melt with an even lower melting point. In addition,
the use of small amounts of water significantly lower the melting point of certain fluxes,
such as hydroxides. In general, the term "hydroflux" has been introduced by Scheel and
Ewell in 1975 to describe this combination of the flux and the hydrothermal techniques
where water modifies the solution properties of the melt.['?! Figure 2 shows the dependency
within the temperature of the different methods in relation to the water content.['!! While
flux syntheses need to be performed in suitable reaction vessels such as corundum crucibles,
silver ampoules or silver crucibles, hydroflux syntheses can be carried out in stainless steel
autoclaves with PTFE inlays. Therefore, the hydroflux technique provides a promising
alternative to the traditional hydrothermal and flux syntheses by utilizing a highly

concentrated water-soluble metal salt at moderate temperatures.

\
\g
flux \ g hydro-
\ge
\2 thermal
e.
\2
\
&= \
\
\
hydroflux
H,0 weight (%)

Figure 2. Dependency within the temperature of the flux, hydroflux and hydrothermal techniques in relation to the water
content. The color defines the pressure: green shows high pressure and blue low pressure. The figure is adapted from zur

Loye et al.l'!]

Alkali metal hydroxides have proven to be particularly suitable hydroflux media, as they

can be easily washed out and are readily available. In addition, single crystals can be
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obtained easily from alkali metal hydroxides. In hydroxide melts, the acid-base chemistry
is conceptualized by the Lux-Flood concept of oxoacidity.'>) The Bronsted theory,
introduced in 1923, describes acid-base reactions as proton transfers, where acids act as
proton donors and bases as proton acceptors.!'®! In contrast, the Lux-Flood theory centers
on the oxide anion O, defining acids as oxide anion acceptors and bases as donors, a model

especially useful for aprotic systems. !

Although the acid-base chemistry of fluxes is well-explained, the underlying processes that
influence crystal growth are still not fully understood.l'” Due to the limited understanding
of the mechanisms involved in structure formation during growth, researchers need to
perform exploratory experiments to determine the best conditions for each unique system.
The variety of available fluxes allows nearly limitless combinations of melts. As previously
mentioned, a commonly used hydroflux is KOH, as hydroxide melts can dissolve almost all
elements except for some noble metals.['® Hydroxides such as KOH and NaOH have
relatively low melting points, which can be further reduced by eutectic mixtures and by
using water."”’ Hydroflux syntheses using KOH with 10% H,O lower the reaction

temperature from approximately 400°C to around 200°C, see Figure 3.1°-20]
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Figure 3. KOH-H2O phase diagram adapted from the literature.[2%]

The temperature, the heating/cooling rate and the water content have a major influence on
the reaction.’®! A temperature between 200-230°C seems to be sufficient for KOH
hydrofluxes, while a cooling rate of 0.3°C or less per minute has been found to promote

single crystal growth. Most reactions can be heated with a heating rate of 5°C per minute.!®!
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By varying the water content and thus the oxoacidity, it is possible to control the solubility
of the product and the product itself, see equation 1. Therefore, the auto-dissociation of the

hydroxide can influence the product by forming oxides or hydroxides.!!
20H == 0> +H,0 (1)

The first reported use of a hydroflux melt was done in 1986 by Harms and Gunf3er.**! The
synthesis and characterization of the crystal structures of metastable gallium compounds
using conventional methods proved not to be possible. However, the use of the hydroflux
method based on sodium and potassium nitrate allowed the synthesis of various gallium

oxides and hydroxides, such as a-Ga>Os3 and a-GaOOH starting from y-Ga,0s.[2?!

In the early 2010s, the zur Loye Group took up the method again and synthesized new

g 11,13

hydroxometallate I Table 1 shows selected compounds, which were obtained single

crystalline by the hydroflux method and characterized via SC-XRD.

Table 1. Selected compounds which were obtained from hydroxide hydrofluxes and characterized via SC-XRD.

Compound Hydroflux Literature
Sr3[M(OH)e]2 (M = Sc, Y, Ho-Lu) KOH (14]
BaNa[Rh(OH)s] NaOH 23]
AFE>[Pt(OH)6](OH), (AE = Sr, Ba) NaOH [13]
Bax[M(OH)s] (M = Mn, Co, Cu) NaOH and KOH (i
K2Ba[MO4], (M = Cr, Mo, W) KOH (24]
Ks[Rh(IO¢)2]JOH - 3 H,O KOH (2]
K>Ses, KoTes and KoSesTe KOH (26]
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2.2 Multi Anvil Press

Over the past eight decades, high pressure techniques have improved the range of pressure
and volume conditions that can be achieved. High pressure experiments, spanning from
0.1 GPa to 500 GPa, are performed using different experimental setups.l*”] These can be
divided into two types: dynamic methods, which produce high pressure for short periods,
typically lasting microseconds, and static methods, where pressure is applied continuously
for a longer and adjustable time.!*”! In order to realize high pressures and temperatures in
combination with a large volume at acceptable costs, the static multi anvil press developed
1990 by Walker et al. can be used.!*! Figure 4 shows the parts for the sample preparation

within the octahedron, the tungsten cubes, an octahedron before and after the compression

[28]

and the a Walker type multi anvil press.

Graphite

Graphite

Figure 4. (a) Cross section of the pressure cell with specification of the respective used material, (b) empty octahedron,
(c) eight truncated tungsten carbide cubes for the compression of the octahedron, (d) octahedron before and after the

compression and (e) a Walker type multi anvil press.?8!

To perform an experiment, the cube with the octahedron is placed in the press with three
wedges below and three wedges above the cube. When pressure is applied, the wedges are
pressed together, simultaneously compressing the cube and the octahedron with the sample.
In general, pressures of up to 25 GPa can be generated while temperatures of up to ~2700°C

can be applied.!?”!

High pressure and high temperature synthesis has its roots in the development of artificial

diamond production, which dates back to the 19th century.[*”! Since then, the interest in the

6
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synthesis of compounds under high pressures and at high temperatures has steadily
increased.

For example, the high pressure modification of Co3TeOs was recently obtained using a multi

t.3% This modification exhibits exceptional thermal stability up to 1070 K

anvil experimen
and crystallizes in a acentric trigonal structure, which contrasts with its monoclinic
modification at normal pressure. The transition temperatures for magnetic and
magnetoelectric phases were determined through specific heat measurements and show a

non-hysteretic behavior of the magnetoelectric coupling.[*”’

Furthermore, Huppertz et al. are working on synthesizing new borates from high
pressure/high temperature experiments.*!*3) One highlight is the bismuth triborate BiB3Os
exhibiting nonlinear optical properties, which have garnered significant attention.** The
discovery of new polymorphs of BiB3Os under high pressure conditions showcases the

potential for developing optical materials.l®!> 3%

Different rare earth borates are known from syntheses under ambient pressures. However,
the structural motifs and phase behavior of RE(BO.); with RE = Ho-Lu could only be
formed with different structural types under high pressure conditions.*?! This variability
opens up opportunities to explore new compounds that would not be accessible without the

application of high pressures.

Furthermore, there is a general influence of high pressure on the structure of new
oxoborates, as it can lead to the stabilization of unusual coordination environments and
structural motifs, such as edge-sharing BO4 tetrahedra in form of [B2Os]® units, which were
previously unobserved.*3! These motifs where first observed in DysBsO1s and HosBeO1s
through a high pressure synthesis.[>*! Another distinctive characteristic of the high pressure
compound NiB,Oy is that, unlike the first two compounds, all tetrahedra are interconnected

through one shared edge and two shared corners.*®!
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2.3 High Pressure O: Autoclave

Besides the multi anvil press, O> high pressure autoclaves can be used for solid state
chemistry to carry out reactions under controlled O> high pressure and high temperature

conditions. In addition, reaction involving mineralizer solutions are also possible.

The autoclaves are made of a nickel-chromium-cobalt alloy, i.e. Niomic 90, to ensure the
handling of the extreme conditions, namely high pressures, high temperatures and corrosive
chemicals. Figure 5 shows a schematic drawing of the O, autoclave and the apparatus for
filling the autoclave with O>. These autoclaves can operate at pressures up to 6000 bar and
temperatures up to 600°C."! They are self-sealing according to the Bridgman principle and

are ideal for reactions involving corrosive substances like concentrated potassium

i ii % gas gas drain relief

cylinder valve

hydroxide.*”!

plug and copper seal
pressure

—)
threaded plug i‘% gauge
connection &® (\P
&) <]
O
(19

sealing plug

screw valve

pressure plate

pressure plug

)( valve

autoclave
attachment

copper seal glass finger

O 0 N O R W N

pressure spindle

=
o

corundum crucible

(TN,

[y
=

base unit

Figure 5. Schematic drawing of the Oz autoclave (left) and O2 connection for filling the autoclave (right).7]

For the preparation, the sample is placed into a non-reactive container, such as gold or
corundum crucibles, to avoid unwanted reactions with the autoclave. O, is added as the
reaction medium by first condensing a defined volume into the glass finger using liquid
nitrogen, see Figure 5 right, and then by condensing the afore measured O> volume into the
autoclave. The amount of O2 is carefully measured to create the desired pressure, which can
be calculated using the van der Waals equation. Once the autoclave is sealed, it is heated in
a furnace to the target temperature with a specific heating and cooling rate. After the

reaction, the O; is released carefully and the products removed from the crucible.
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This method is highly effective as it allows precise control of pressure and temperature,
making it possible to obtain novel compounds formed under extreme conditions. Using the
O autoclave is especially useful for synthesizing compounds like transition metal oxides,

2. 37401 To provide a brief overview of

which can have unique properties and applications.!
the products that can be obtained under high O> pressures in autoclaves, a few examples are
presented below. Over the past decades, Jansen et al. have successfully synthesized several

unusual transition metal oxides.[> 3740

One of the first results from O high pressure syntheses is the first silver stannate
Ag>Sn03.37) Bright red crystals of this compound can be obtained through a solid state
reaction of Ag>O and freshly prepared K>Sn(OH)s at 430°C under an oxygen pressure of
350 bar. The EDX analysis confirmed the proposed ratio of silver to tin. The thermal
analysis revealed that Ag>SnO3; decomposes with the release of oxygen starting at 600°C,

resulting in the formation of silver, tin oxide and oxygen.*]

Silver scandium oxide, i.e. AgScO», is a compound which can be synthesized from Ag,O

and Sc20; through a solid state reaction at 450°C and an O pressure of 750 bar.*®! The

compound crystallizes in the space group R3m and shows a high thermal stability,
decomposing at approximately 740°C into elemental silver and ScoOs3 while releasing
oxygen. Conductivity measurements reveal that AgScO, exhibits ionic conductivity that

increases with temperature.*®!

Another example is the ternary silver platinum oxide AgsPtOs which crystallizes in the

space group P1.1*! The compound is synthesized from Ag,O and PtO; in an alkaline
medium at 300°C with 2500 bar O pressure. Notably, its structure consists of ideal PtOs
octahedra connected by O-Ag-O dumbbells, forming a three-dimensional network. This
compound features the electronic configuration 5d® 6s° of the Pt atoms, indicating a
non-magnetic state that aligns with its observed diamagnetism. Additionally, AgsPtOs
exhibits semiconducting properties with a band gap of approximately 0.9 eV, making it a

promising candidate for various electronic applications.[*"]
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2.4 Industrial Ethylene Epoxidation Catalysis

The use of the ethylene oxide catalyst can also generally be classified as operating under
extreme conditions, including not only the large-scale production of ethylene oxide but also
the need of elevated temperatures and pressures in the process. Accordingly, in addition to
the hydroflux method, syntheses in the multi anvil press and the use of O> high pressure
autoclaves, the ethylene oxide (EO) catalysis process can also be examined under extreme

conditions in this context.

In general, catalysis is the process of accelerating a chemical reaction by using a substance
called a catalyst, which itself remains unchanged after the reaction. The concept of catalysis
was first introduced in 1835 by Berzelius, who observed that certain substances could
increase the rate of reactions without being consumed.*!! This discovery played an
important role in industrial research, especially in processes like the Haber-Bosch process
which is conducted at high temperatures and high pressures.!® Catalysts can lead to faster
reaction rates, greater selectivity and milder reaction conditions, resulting in more efficient

[42

use of raw materials, fewer unwanted byproducts and reduced costs.[*?! The oxidation of

ethylene to ethylene oxide using silver as a catalyst is an important example of an industrial

process with a significant production capacity.**

When examining the timeline of the development of the EO catalysis process, the increasing
complexity of this catalytic process becomes evident. Figure 6 shows the timeline of key
developments in EO catalysis. Before 1931, the production of ethylene oxide primarily
relied on stoichiometric synthesis methods, i.e. the chlorohydrin process first industrialized
by BASF.[**I' A major advancement was achieved in 1931 when the first catalytic method
for ethylene epoxidation using air was introduced and enabled the production of EOQ.[*! In
1937, the first catalysts only consisting of elemental silver were developed.[*?! A selectivity
of ~50% for ethylene oxide was achieved. Another key advancement was introduced in
1938 with the introduction of gas-phase chloride moderation, which improved selectivity to
~70%.14471 A milestone was the transition from oxidation with air to pure Oz, which
enabled the process to be conducted in a loop gas system, thereby reducing throughput and

48] In 1970 advancements in high dispersion

simultaneously increasing selectivity.
techniques further improved the performance of silver-only catalysts and during the same

period, the introduction of alkali-metal promoters increased the selectivity to ~80%.[4%-5]

10



State of Knowledge

first moderation promotion NOx low water in
supported with with alkali promoters process
catalysts chloride metal in feed
- - - - - - L - L - -
discovery first direct high reactor promotion
silver oxidation O, based | dispersion | cooling with with
catalyst plant feed plant of silver water rhenium

Figure 6. Key developments in EO catalysis.
See literature: 1931143, early 1930s[31-521, 19370461, 1938146471 19581481 1970049, 1975059, early 19805481,
19841531, 1986154 and 2011153561,
With the help of rhenium promoters a selectivity >85.7% could be achieved.l*¥

Advancements during the 1990s and 2000s, along with improvements in process conditions,

ultimately allowed selectivities above 90%.57!

As shown above, there has been significant progress in understanding the chemistry behind
highly selective catalysis over the past few decades. In general, the reaction to EO is
described as a heterogeneous catalytic process at temperatures up to 300°C and pressures
up to 30 bar.[*® The solid phase consists of silver particles on an Al,O3 support and both O,
and CoHg are present in the gas phase, see equation 2. While the exact reason for the
importance of silver in contrast to e.g. Pd, Pt, or Ni is not fully understood, its interaction

[43

with oxygen is essential to achieve high selectivity.[**] Silver exhibits ideal selectivity for

both the dissociation of the O2 molecule and the provision of reactive atomic oxygen species
necessary for the epoxidation process.**! This capability allows to selectively convert

[59

ethylene to ethylene oxide while reducing the quantities of by-products.*”! In industrial

application, certain promoters like cesium and rhenium, along with additives such as

chlorine, are added to the silver catalyst to enhance the selectivity.[*% 60-61]
H_H [Ag] 0
2 )~ 0=0 —/— 2 2

Today’s research focusses on the nature of silver as a catalyst. Linic and Christopher stated
that an Ag nanowire surface should be more selective to EO than finely dispersed Ag
particles.[ The experiments aimed to explore the influence of surface structure on the
catalytic performance. The use of nanowires showed a higher selectivity, which was
attributed to a higher concentration of the Ag surface facets in the nanowire catalysts

compared to the particle catalysts.[®*!

11
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Another example of current research is the study of kinetics of ethylene epoxidation. Bhan
et al. studied the kinetics of ethylene epoxidation using a promoted Ag/Al>Os catalyst and

examined the influence of organic chlorides acting as promoters.[®’]

Additionally, not only the use of the EO catalyst and the processes related to the catalysis
are investigated, but also the preparation of the catalyst and the occurrence of intermediates
during the preparation are researched./®* %! Karpov, Jansen et al. investigated the aqueous
silver ethylene diamine oxalate complex solution which is used for impregnating the Al,Os
support.[®] The study revealed that crystal formation from the mixture leads to the
intermediate [Ag(p-en)]2(C204) - 2 H20, providing insights into the catalyst preparation

process. 6]

12
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3 Objective

One aim of this work was the synthesis and characterization of ternary and quaternary
oxygen containing compounds from unusual and extreme conditions. The focus was on the
synthesis via the hydroflux method, the multi anvil press and O; high pressure autoclaves.
Although syntheses using hydrofluxes and high pressure techniques are already established,
these methods are not widely used and demonstrate considerable potential. Notably, they
have been advanced by the groups of Ruck!!* 2326661 zyp Loyel!l: 13- 24 67-681  Japsepl2 37-401
and Huppertz'?"-36-99-701 Figyre 7 illustrates the four principal objectives of this work. Using
the multi anvil press, O> high pressure autoclaves and the hydroflux method, the objective
was to synthesize new oxidic compounds. Building on the results of the master's thesis, the
primary focus was on obtaining novel ternary and quaternary rhenium oxides from extreme
conditions. Since rhenium is often used as an analogue in experiments involving technetium,
collaborative efforts with the Nuclear Chemistry group at the University of Cologne aimed
to conduct corresponding experiments with radioactive *Tc to expand on its chemistry,

which is less covered in the literature than other elements.

Figure 7. Four techniques using extreme conditions that are key aspects of this work.

The application of the EO catalyst can be considered under extreme conditions in a broad
sense. Not only is a large volume of ethylene oxide produced, but the process also involves
the use of elevated temperatures and pressures. Another aim of this work was to characterize
the model EO catalyst, which was supplied by BASF as part of the collaboration.
Furthermore, the research of this collaboration aimed to identify new intermediates that
form during the production of the EO catalyst and to investigate EO catalyst phases of

known compounds. For this, a systematic approach should be employed, combining various

13
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promoter solutions and compounds under different pH values, temperatures, pressures and
concentrations. The work primarily focused on compounds containing Ag, Re, Cs and W.
Furthermore, solid phase reactions were intended to be performed using O> autoclaves at

high temperatures in combination with high pressures to identify possible side phases of the

catalyst.

14
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4 Results and Discussion

4.1 Work with Technetium

As this work includes the use of technetium and its handling requires special safety
precautions, this chapter outlines the experimental procedures involving technetium and its

chemistry, which is also summarized in the first publication of this work in chapter 4.1.1.

Working with technetium and its compounds requires careful preparation. Since technetium
is a radioactive element that undergoes - decay, strict safety measures must be followed.
Figure 8 shows an aqueous NH4[TcO4] solution and the section of table of nuclides with the
respective technetium isotopes. It is essential to follow the radiation protection guidelines
outlined in the StrISchV (Strahlenschutzverordnung) before handling radioactive isotopes.
Additionally, training from a radiation protection officer is required for working in

controlled areas.[”!]

Benches are typically covered with waterproof plastic and a layer of paper to prevent
irreversible contamination. Solutions are handled in plastic trays lined with paper and
pipettes are used only with suction devices to avoid direct contact. Equipment and glassware
must stay within the controlled area and decisions about storing or using radioactive
materials are made on a case-by-case basis. All containers and equipment that have been in

contact with radioactive substances must be labeled appropriately.

Ru 96 Ru 98 | Ru 99 [Ru 100{Ru 101 {Ru 102):0W{IE]
554 187 12.76 1260 | 17.06 3155 LRI

Tc 98 | Tc 99 | Te 100 Tc 101 Tc 102
42102 | 6ob/ | 158s  142m 435w/
211108 5285

BMo 101
9.82 146m

Mo 94| Mo 95|Mo 96 0 0 099
9.15 15.84 9:60 6.0 h

Tc 99
6.0h [2.11:105a
/4 B

141 keV | 0.3 MeV

Figure 8. Flask with NH4[TcO4] solution (left) and section of table of nuclides (right). Blue symbolizes - decay, red
represents " decay, white shows metastable and black stable isotopes. For **™Tc and *Tc, the corresponding decay

energies and half-lives are presented.

Radioactive liquids and solutions are collected separately in containers for either short-lived
or long-lived waste, categorized further into organic and inorganic types. **Tc compounds

are disposed in containers for long-lived waste. Solid waste disposal containers are also
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available. Radioactive materials must always be kept secure and only used as long and in
such activities as the work requires. If contamination occurs, the radiation protection officer

must be informed immediately.[”!!
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4.1.1 Technetium Review (Publication 1)

9mTe is a widely used radioisotope in medical imaging.!”?! In addition, **Tc compounds are
of interest in various fields, including nuclear energy and environmental studies.[”*! Despite
its extensive use in medicine, many aspects of technetium’s chemistry, as well as the
properties of both ®Tc and **™Tc, remain insufficiently explored. Since most review articles
on technetium are either outdated or focused on radiopharmaceuticals and geochemistry,
the creation of a new article incorporating recent research findings across other areas of

74-76

technetium chemistry is essential.’”*7%1 A comprehensive review can help to improve

existing knowledge and provide valuable insights for research in this area.

Publication 1

Technetium — The Unknown Center of the Periodic Table

E. Strub, D. Badea, J. Bruns, A. Frontera, N. Mayordomo Herranz, A. Sakhonenkova,
M. Roca Jungfer, M. S. Wickleder, C. Yong and M. Zegke

Eur. J. Inorg. Chem. 2025, €202400780.

doi.org/10.1002/ejic.202400780

Explanation of the personal contribution to the previously mentioned publication:

The entire review was written by all authors. Désirée Badea conducted an extensive
literature search on binary, ternary and quaternary technetium compounds, with particular
focus on oxides and oxyhalides. The relevant compounds were summarized by Désirée
Badea in a specific section. The remaining sections were written by the other authors. The

entire manuscript was reviewed and refined by Désirée Badea and all the other authors.
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Technetium - The Unknown Center of the Periodic Table

Erik Strub,*® Désirée Badea,™ Jérn Bruns,™ Antonio Frontera,

' Natalia Mayordomo,™

Anna Sakhonenkova,’® Maximilian Roca Jungfer,”” Mathias Wickleder,” Clarence Yong,” and

Markus Zegke®

It took 78 years from Mendeleev’s proposal of an existence of
“eka-manganese” (1869) until it was finally named as techne-
tium (Tc) in 1947. Another 78 years have passed since then. This
provides a good occasion to pinpoint what we know and what
we still do not know of this radioelement. Technetium is placed
near the center of the Periodic Table, in the center of the
groups 6, 7, and 8. Some chemical properties of the elements
surrounding technetium show trends within the columns or
along the rows of the Periodic Table, but a consistent
interpretation of these trends is lacking as long as the knowl-

Introduction
A Brief History of Technetium

The existence of an element below manganese (eka-manga-
nese) was proposed as early as 1869 by Mendeleev." The story
of its final discovery has been told often, e.g.by Zingales.” It
was finally discovered® and named as technetium,”” 78 years
after Mendeleev’s proposal.

Tc turned out to be a radioelement, with isotopes ranging
from ®Tc to '*Tc, and varied half-lives from ns to My. There is
an extremely low natural abundance of Tc on Earth as a
consequence of spontaneous fission of primordial *®U, how-
ever, the isotope *Tc (half-life 211,000 years) is mostly anthro-
pogenic since it is one of the major fission products of nuclear
fission of #°U and *°Pu, with a fission yield of around 6%.”" A
typical nuclear power reactor today produces around 20 kg of

[a] E. Strub, C. Yong, M. Zegke
University of Cologne, Division of Nuclear Chemistry, Ziilpicher Str 45, 50674
Ké6In, Germany
E-mail: erik.strub@uni-koeln.de
[b] D. Badea, J. Bruns, M. Wickleder
University of Cologne, Department of Chemistry, Germany
[c] A. Frontera
University of the Balearic Islands, Chemisty, Spain
[d] N. Mayordomo
Helmholtz-Zentrum Dresden-Rossendorf, Institute of Resource Ecology,
Germany
[e] A. Sakhonenkova
St Petersburg State University, Khlopin radium institute, Russian Federation
[fl M. Roca Jungfer
University of Heidelberg, Organic Chemistry Institute, Germany
© 2025 The Author(s). European Journal of Inorganic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Eur. J. Inorg. Chem. 2025, 28, €202400780 (1 of 19)

edge on technetium remains incomplete. This is especially
remarkable as, on the other hand, the isotope *™Tc is applied
on a daily basis in nuclear medicine. The aim of this paper is to
review the fundamental understanding of technetium
chemistry, mostly focusing on the research of the last decade,
its implications, and its future perspectives. These develop-
ments show a picture of growing connections between
physicochemical data, fundamental inorganic chemistry, orga-
nometallic and coordination chemistry, computational
chemistry, and geochemistry.

Tc annually. So it is to no surprise that especially in the earlier
days, when radiation safety measures were less strict, a lot of
studies have been performed to characterize technetium physi-
cally and chemically. A good overview of these works is given
in Schwochau - Technetium: Chemistry and Radiopharmaceut-
ical Applications.®

Since the naming of technetium, nearly another 78 years
have passed, and today, its short-lived isomer *™Tc (half-life
6 hours) is the most applied radioisotope in medicine with
roughly 25 million applications per year (that is, almost one
every second), mostly for SPECT (single photon emission
computer tomography), for which the 140 keV gamma is very
convenient.” For this purpose, roughly 1g of *Mo are
produced annually by reprocessing neutron-irradiated highly
enriched U ®Mo is fixated on commercial alumina columns
(generators) from which Tc is eluted as pertechnetate [TcO,]” in
physiological NaCl solution. For this reason, Tc has a great
significance for humanity despite its artificial origin.

Even though *™Tc is such an important nuclide for radio-
pharmacy, radiation protection rules have become more
restrictive, and research, particularly on *Tc, has been stagnat-
ing in the last decades (see Figure 1). However, apart from
general regulatory and safety measures, *Tc is chemically easy
to handle even in gram amounts. It emits mostly low energy
beta radiation (297 keV), which can be easily shielded.

General Differences in the Chemistry Between *Tc and *"Tc

Contrary to *Tc, the chemistry of *™Tc is mostly performed
with nanomolar amounts due to its higher specific radioactivity.
This strongly influences reaction kinetics and therefore might
open different reaction pathways. *™Tc chemistry has been
focused around medical applications, establishing certified
“kits” that allow the easy preparation of different *™Tc

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 1. Number of publications referring to searches on google scholar for
“99Tc” and “99mTc” per decade.”

compounds. Because the final preparations will always have to
be performed with nanomolar amounts, also characterization of
the final products is very challenging, while trying to use the
more stable *Tc may vyield different results due to kinetic
differences, as the synthesis of *Tc complexes is carried out at
much higher concentrations than that of *™Tc complexes.'”
Consequently, such differences turn out to be interesting from
the viewpoint of fundamental chemistry. For example, macro-
scopic amounts of [*TcO,]~ do not form arene sandwich
complexes while *™Tc (in imperatively low concentration) leads
to a yield of 90% under otherwise similar conditions."” This is a
common concern in radiopharmacy: because the comparison of
nanomolar and micromolar amounts of products might fail and
X-ray diffraction (XRD) is not available for nanomolar amounts,
the structure of some *"Tc pharmaceuticals must be consid-
ered unknown, presenting a challenge for licensing processes.
But even if the structures of ®"Tc compounds might not be
replicated with *Tc due to kinetics - the existing database of
**Tc still lists far fewer compounds than that of the surrounding

25
Mn

Manganese

Technetium Ruthenium

75
Re

Rhenium

elements of the Periodic Table (Figure 2). The geochemistry of
Tc in the context of a final disposal of nuclear waste might face
similar problems, e.g., when leaching of nanomolar amounts
might still lead to considerable dissolution of material over a
time span of several days, years or even millennia.

Other Isotopes of Technetium

Recently, further Tc isotopes have attracted interest: The short-
lived ''Tc (half-life 14 min) has been suggested for possible
theragnostic applications,">"® and can be produced using
neutron generators"? or secondary neutrons of the '®O(p, n)'® F
reaction in a cyclotron."? This simultaneous production pro-
vides a possible alternative route to isotopes of Tc suitable for
use in radiopharmacy. The isotopes **Tc (half-life 4,28 d) and
“Tc (half-life 42 My) have been considered as a tracer/spike
pair in ultra-trace analysis of *Tc with AMS (Accelerator Mass
Spectrometry)."” In addition, **™Tc (half-life 52 min) has been
used in the past and might be a possible nuclide for positron
emission tomography.>'® All these possible applications are
subject to the same restrictions comparing nanomolar and
micromolar amounts described above. Thus, in all these cases, a
deep understanding of fundamental Tc inorganic chemistry is a
prerequisite for a successful utilization of these isotopes.

Scope of this Work

Recent findings and scientific surprises, which are detailed
below, have inspired a small but very diverse and lively
community to continue *Tc research. The aim of this concept
paper is to set a focus on these important developments of the
last decade and their implications and future perspectives.
Consequently, the sections of this are devoted to different
aspects of technetium chemistry, dealing with

1) physicochemical data

Il) fundamental inorganic chemistry

Ill) organometallic and coordination chemistry

Number of Crystallographic Data

7470
22%

20132
59%

Figure 2. Number of structures in the Inorganic Crystal Structure Database (ICSD) database for Tc and its neighbors in the Periodic Table.""
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IV) computational chemistry
V) geochemistry

We will not focus on radiopharmaceutical applications in
detail, and only touch on these where they provide relevant
material as a starting point for **Tc chemistry. Extensive
coverage has been provided by others elsewhere, e.g., the
recent review of Duatti and references therein."”

| Physicochemical Data

Many measurements of classical physicochemical data of Tc
compounds or alloys (like melting points, thermodynamic data,
critical temperatures, etc.) require macroscopic amounts of Tc,
i.e.,, more than just a few mg that are sufficient for XRD (X-ray
Diffraction) or X-ray absorption spectroscopy (XAS) methods.
Therefore, most of these data originate from earlier times in
which fewer lab restrictions have been in place, see Schwochau
- Technetium:  Chemistry and  Radiopharmaceutical
Applications.” Nevertheless, there are some recent results,
namely heat capacity measurements™ and a book on
electrochemistry."

From our point of view, there are two important develop-
ments in the field of physicochemical data in a wider sense,
which are important for the characterization of Tc compounds
using instrumental analytics: The first development concerns
DFT (Density Functional Theory) calculations of chemical shifts
in *Tc nuclear magnetic resonance (NMR). This work, e.g.
Chatterjee etal, Buhl, or Hall etal. is generally ambitious
because the number of experimental chemical shift data for Tc
comprises about only 500 data points (not corrected for
doubles).”®* However, recent developments show that if
solvatisation is taken into account and multi-step calculations
are being used, Tc shifts in radiopharmaceuticals can be
satisfactorily determined® and Kuznetsov et al. have recently
pointed out the “pivotal role of *Tc in solid-state and molecular
chemistry”.”® Secondly, the measurement of XAS at the L, edge
using synchrotron radiation has proven suitable for the
characterization of Tc oxidation states.**”” XANES (X-ray
Absorption Near Edge Spectroscopy) can determine oxidation
states and can give clues to electronic structure and geometry
while EXAFS (Extended X-Ray Absorption Fine Structure) can be
used to probe the Tc neighboring atoms and give accurate
inter-atomic distances.”; both techniques work very well with
mg or even pug amounts. Besides these recent developments it
is worth to mention that already Schwochau® reported on IR
(infrared), Raman or UV-visible as well as EPR (electromagnetic
paramagnetic resonance) spectroscopy, LPAS (laser induced
photoacoustic spectroscopy) or mass spectrometry. All these
methods are utilized to characterize Tc compounds whenever
the necessary amounts are available, but we are not aware of
significant recent method developments. The only exception
here might be the detection of Tc with liquid electrode plasma
optical emission spectrometry.®
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Il Fundamental Inorganic Chemistry

Despite the fact that Tc has been known for over 80 years now,
less is known about its systematics within the Periodic Table,
compared to most other transition elements. Recent develop-
ments concerning fundamental inorganic technetium chemistry
consider the binary, ternary and quarternary technetium
complexes with simple ligands, like halides or oxyhalides as
well as pertechnetate chemistry in water, in super acidic and in
super basics conditions. Especially, Tc polyoxometallate struc-
tures have been identified; several of these developments are
strongly influenced by redox processes which often mitigate
the easy transfer of rhenium chemistry to Tc.

Binary, Ternary and Quarternary Technetium Complexes with
Simple Ligands

When examining crystallographically characterized technetium
compounds in the inorganic database,"" it seems reasonable to
begin by comparing binary technetium salts. Although rela-
tively few technetium compounds are known compared to
those of other d-block elements, a selected range of important
technetium salts can be discussed. Besides the few character-
ized technetium hydrides and borides, such as TcH, Tc;B, Tc;B;,
and TcB,, salts of the group 14 elements remain scarcely
studied by XRD.?**”

Hydrides are potential starting materials for Tc chemistry
with acidic ligands that serve as a source for various anions. The
recent reinvestigation of [TcH;(PPh;),] and its reaction product
with CO, mer-trans-[TcH(CO);(PPh,),], made a hydride complex
of Tc available in sufficient quantity. Mer-trans-[TcH(CO);(PPh,),]
reacts with HX to give corresponding di- or tricarbonyl
complexes. The parallel oxidation of the two trans-PPh; ligands
leads to an isomerization under formation of the fac-Tc{CO};™"
core. The reactions are easily monitored by **Tc NMR.B"

However, the crystal structures of technetium'’s pentel and
chalcogen compounds are better explored. The structure
chemistry of certain binary halides has also been known since
1966.°2 Four halogen compounds have been elucidated
through X-ray crystallography, with TcBr;, TcBr, TcCl;, and TcCl,
featuring technetium in the +3 and + 4 oxidation states.®*>*

The discovery of new binary halides of technetium is
important to understand the potential speciation of technetium
in halide-containing media, but also offers an intriguing
possibility for the study of coordination chemistry. Like for other
elements of the Periodic Table, binary halides in some cases
represent self-adducted dimers of coordinatively unsaturated
species that may govern the reactivity of such compounds,
making them ideal starting materials. Additionally, such com-
pounds shed light on the intrinsic differences of manganese,
technetium and rhenium within group 7 as well as differences
to group 6 and 8,°°* e.g., for Tc and Fe, only 2 fluorides (TcFs
and TcF,) are known. Fe is the only other element within these
nine elements for which only 2 fluorides are known. Several
similarities between elements are observed across their group
boundaries, as exemplarily illustrated in Figure 3. In this light,
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Figure 3. Groups 6 and 7 show a similarity to their isoelectronic oxoanions. While there is a general similarity of the ionic radii of period 5 and 6 due to the
lanthanoid contraction, e.g. the formation of ReF, is observed, but not of TcF,. The “odd” ground state electron configurations of d°' (Tc), d’s' (Ru) and d*s*
(W) occur only once and are distributed apparently randomly across groups and periods.

understanding the chemistry of Tc which is in the center of this
“block-of-nine” will lead to a deeper understanding of trends of
chemistry of these elements.

Among the most important class of inorganic compounds
are technetium oxyfluorides and fluorides, due to their role in
the nuclear fuel cycle. Relatively few of these have been
prepared. Some relevant contributions in recent years include
[TcOsF], [TcOFs], [Tc,0,F]™ and [TcOF,] ™" Adsorption en-
thalpies of oxychlorides and oxyfluorides of group 7 elements
(inter alia) have been correlated with their respective boiling
points.”? Earlier results of this work were used for the character-
ization of bohrium (element 107) as the 4™ member of the
group 7 elements.”¥ After the development of a new synthesis
for [TcFg]*~ a number of nitrosyl-containing technetium fluoride
complexes in low oxidation states have been prepared. There is
a remarkable range of oxidation states in these compounds (|, Il,
1, IV and V1) 244501

Of the pnictogens, in addition to the nitrogen compound
Tc,N5, PV three phosphorus-containing compounds with techne-
tium in oxidation states + 1, +2, and + 3 (TcPs, TcP,, Tc,P;, TcsP)
have long been synthesized,"*>* occurring as phosphides or
polyphosphides. In contrast, only two technetium oxides have
been thoroughly characterized via X-ray techniques. Tc,0, and
TcO,, which can be obtained by heating Tc,0,.5%*

When expanding the focus from binary to ternary and
quaternary technetium compounds, the number of crystallo-
graphically characterized structures increases significantly. Be-
ginning with halogen oxides, four single-crystal structures have
been identified. In addition to the oxyfluorides mentioned
above there are TcOF, TcO,F;, and TcO,F;-TcOsF, which
crystallize with technetium in high oxidation states of +6 and
+7.5%4 Vig fluoride ion donation of TcO,F; even a xenon
compound with the formula TcO,F;-XeO,F, as well as the
antimony species TcO,F;-SbFs has been crystallized."*¥ In 2008,
Bi,Tc,04 was synthesized from Bi,O; and TcO, at 700°C, with
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Bi;TcO; subsequently obtained through further reaction with
Bi,0,.”" Additionally, a spinel-type compound with the compo-
sition TcCo,0, has been structurally characterized in detail.”®*"

Moreover, compounds such as TcA,O, (A=Mg, Mn, Sr), with
technetium in the -+4 oxidation state, have also been
synthesized. The perovskite structure SrTcO; is a compound
that has been extensively investigated, including temperature-
dependent measurements and investigations of its magnetic
behavior. Apart from the aforementioned perovskite, related
compounds with the formula ATcO; (A’=Ba, Ca, Cd, Pb) have
also been structurally elucidated.®®*” Compounds containing
higher oxygen content are A”,Tc,0, (A”=Cd, Dy, Er, Nd,
Sm).[58763]

Recent Developments in Pertechnetate Chemistry

Many technetium compounds were synthesized starting from
pertechnetates, because the pertechnetate anion [TcO,]~ is the
typical chemical form of Tc when separated from the fission
product cocktail. Therefore, it is essential to consider both
earlier findings and the most recent developments regarding
pertechnetates.

Pertechnetates in Water

Up until recently, only six pertechnetate salts have been known,
while for its neighbors (chromate, molybdate, tungstate) several
species are known already as mineralogical samples, and even
more from chemical research."” Extending the library of known
pertechnetate salts across the Periodic Table showed, for
instance, the unexpected formation of a yellow manganese
pertechnetate complex.®” In the presence of mercury, both the
formation of a mercury(l) pertechnetate and a mercury(ll)
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pertechnetate could be observed, which may open the path to
mixed oxidation state complexes, allowing to study the redox
properties of such compounds in more detail. In lanthanoid
complexes it could be shown that these may form with varying
degrees of hydration, indicating that water plays indeed a
pivotal role in Tc coordination chemistry, and that the removal
of water may not just alter the solid-state structure, but also its
redox chemistry. It is remarkable that, with exceptions, many
compounds of Re and Tc of the s, p and d block were observed
to be isostructural, while significant differences occur between
the lanthanoid pertechnetates and the lanthanoid perrhenates,
see Strub et al®™ The library of pertechnetate salts was also
furthered extended with the synthesis of tetravalent zirconium,
hafnium, and thorium pertechnetates.”®® Investigations by
small-angle X-ray scattering (SAXS) suggested that the M"-
TcO,” (M=Zr, Hf and Th) bonding persists in solution, and
pertechnetate shows more extensive binding to Zr/Hf/Th" than
perrhenate in solution.®* Simulating nuclear fuel reprocessing,
Zr-X0O, solvent extraction studies showed that pertechnetate
can enhance extraction of Zr"."®

Pertechnetate in Super Acidic Conditions

Likewise, as the solubility of Tc in water has been the most
useful aspect of its chemistry in terms of biological applications,
little is known about the edges of the pH scale and how
pertechnetate reacts in super acidic or super basic solutions.
Remarkable progress in the detection of Tc species in solution
of sulfuric acid (H,SO,), perchloric acid (HCIO,), nitric acid
(HNO;), and triflic acid (CF;SO;H) has been made over the last
years. Investigations by XAS and UV-VIS spectroscopy revealed,
that the dominating species contain the metal in the oxidation
states VII, V, and even VL7 In order to understand the redox
chemistry of Tc in these acids it is necessary to investigate the
formed compounds in the solid state.

Pertechnetate is auto-reduced in triflic acid solutions, that is
without the addition of a reducing agent. This is one indicator
that reduction to lower valent species may occur given the
right conditions, potentially even in the environment. Given
different cations, more complex systems and solid-state net-
works could be synthesized,”®”" see Figure 4. Structurally,
TcO,[CF;SO;] is very similar to the fluorosulfate TcO5[FSO;], one
of the few known oxoanionic technetium compounds.”

The formation of polyoxometallates (POMs) of Tc from
pertechnetate is another mystery that slowly gets solved,” see
Zegke et al.” In solutions of pertechnetic acid these may form
upon concentrating the stock solution, forming dark red
materials that are highly oxygen- and moisture-sensitive. These
Tc POMs contain Tc in different oxidation states (+V and + VII),
and emerge from auto-reduction processes that depend on the
Tc redox potentials and have not been observed by homolog
Re compounds.

Synthetically, it will be challenging to transfer the chemistry
of pertechnetic acid into non-aqueous systems. However,
excluding water as a competing ligand, it may allow the
isolation of systems that are too hygroscopic at ambient
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Figure 4. Crystal structure of TcO;[CF;S0,].%* The distances to the oxide
ligands (violet) are by about 0.5 A shorter than the respective distances to
the triflate oxygens (blue), justifying the description of the compound as
pertechnetyl triflate.

conditions, such as chromium pertechnetate. Further including
redox-active cations in this system may help to analyze how
strong the oxidation capacity of Tc is in the solid state, and
whether reduced Tc(VI) species could be formed.

It has also not yet been achieved to synthesize pertechne-
tates with cations with a charge of +4 or higher, or for
oxocations. More importantly though, the redox chemistry of
technetium itself needs to be ultimately advanced to the
chemistry of lower valent technetium. In particular, the
chemistry of Tc(ll), Tc(lll) and Tc(VI) is very poorly understood,
and these species may very likely play a key role in the
reduction of Tc(VII) to Tc(l).*"74

Pertechnetate in Super Basic Conditions

Contrary to this, in super basic conditions, pertechnetate shows
the activation of the NH,™ ion, resulting in the formation of a
nitridospecies.”>’®

The number of published studies on reactions of pertechne-
tates with strongly basic media is even smaller than that of
reactions in super acidic media, especially when focusing on
results validated with single crystal X-ray results. One major
focus is on the radiolysis of pertechnetates in radioactive
wastewater.”7¥ A result of these studies is, for example, the
reductive formation of TcO,-n H,O. If ammonium pertechnetate
is used in hydroflux reactions the incorporation of nitrogen in
form of [TcO;N]*" anions can be observed, see also recent
work.”>7® Accordingly, the oxidation state of +VII remains
unchanged and seems to be the most dominant one besides +
IV even under extremely alkaline conditions. However, in an
electrochemical cell relatively stable compounds with the +V
oxidation state can also be obtained. However, the latter
disproportionate also to + IV und + VIl species.”

lll Organometallic and Coordination Chemistry
The overall picture in organometallic chemistry of Tc is that

there are several “islands” of knowledge developing around
stable core structures that are partly originating from an
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interest in radiopharmaceuticals. Despite the general motiva-
tion to develop stable, polydentate ligands which allow a
tailoring of their coordinating properties and robust anchoring
for the conjugation of technetium to biovectors, also the
development of new, reasonably stable small fundamental
structural motifs containing ligands that do not usually undergo
further reactions (such motifs are referred to as ,cores”; e.qg. fac-
{Tc(CO);} T, {TcOF ™, {TeNP*', {TcO,}™) are on-going. These allow
for the systematic study of the coordination chemistry of Tc as
has been exemplified in a number of different ways in recent
years as will be outlined in this section. One major challenge for
Tc chemistry is still to understand the fundamental binding
properties and differences of and between ligands or ligand
classes as well as their influence on the reactivity of Tc. Some
compound classes, such as side-on bonded alkyne complexes,
are completely missing, while others such as carboxylates or
thioureas are rare while having implications for the geo-
ecological context as they can stabilize intermediate oxidation
states and modify the redox and solubility properties of Tc.®”

Advances Towards Radiopharmacy

Given their well-known tendency to provide systematic insights
into the chemistry of transition metals, carbonyl complexes
were among the first well-defined technetium coordination
compounds.®'® Despite a few long-known compounds, how-
ever, technetium carbonyls have received more attention in
recent years not only due to their potential application in
radiopharmaceuticals,®**®* but also as they may be relevant to
the nuclear waste problem. Compounds containing the fac-
{Tc(CO);}* core are stable in vivo and readily available for the
medicinally relevant nuclear isomer ®™Tc by one-pot reduction
of #"Tc0, ®¥ The water ligands of the intermediate fac-
[®™Tc(CO);(H,0);]* readily exchange for a variety of ligands. In
the radiopharmaceutical context the most relevant are poten-
tially chelating three-dentate ligands that can be linked to
biological markers examples include chelators based on
iminodiacetate,®*® pyridine, imidazole,®*% or cyclopentadienyl
(Cp),®>**4 while also exotic ligands such as coated gold

nanoparticles have been used.”™ The lipophilicity can be
adjusted by both the technetium core structure as well as the
ligand motifs. Exemplarily, *™Tc(CO);-mebrofenin is more lip-
ophilic compared to compounds with a different *™Tc core
structure.® Similarly and remarkably, the small size of the
[®"Tc(CO);(m*-CsH,4R)] (R=bioactive moiety) unit makes it bio-
logically equivalent to the attachment of a phenyl group,
indicating that it shows little influence on the biological activity
of a conjugated biomarker compared to the unconjugated
biomarker.”” An orthogonal approach to three-dentate chela-
tors is the use of bidentate chelators e.g. bipyridines or picolinic
amides together with an additional capping ligand e.g.
isocyanides or imidazoles in a “1+2" approach that offers the
possibility for two orthogonal ways of bioconjugation and
tailoring of the complex properties.”®'? Some examples for
these radiopharmaceutical principles with illustrative examples
for the fac—{Tc(CO),;}* core are given in Figure 5.

Advances in Fundamental Carbonyl Chemistry

Beyond potential radiopharmaceutical applications, Tc carbonyl
species were identified in liquid nuclear waste supernatants at
the Hanford Site by X-ray absorption spectroscopy and *Tc
NMR spectroscopy.?®”*'®! The formation of fac-{Tc(CO);}" such
as [*Tc(CO);(gluconate)]*” or fac-{Tc(CO),(NO)}** is possibly the
result of Tc(VIl) reduction by the radiolysis products of nitrate,
water and organic components."® The classic starting materials
for group 7 carbonyl chemistry are [M,(CO),,] and [MX(CO)]
(M=Mn, Tc, Re; X=Cl, Br, ). The high-pressure syntheses for
the volatile [Tc,(CO),,] and its equally volatile halogenation
products [TcX(CO);] (X=Cl, Br, 1) are unfortunately mostly
incompatible with radiation protection requirements, making
them essentially inaccessible. Therefore, considerable efforts for
legislation-compliant low-pressure alternatives have been made
in recent years and even the “™Tc analogs have been
studied."®'%"" |n a related line of research, work on the iconic,
but elusive higher carbonyl compounds [Tc(CO)sl*, [TcH(CO)s]
and [TcF(CO);] provided a plethora of Tc carbonyl chemistry
and a variety of decomposition pathways. Decarbonylation
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Figure 5. Examples for the functionalization of the fac-{Tc(CO);}* core.

Eur. J. Inorg. Chem. 2025, 28, €202400780 (6 of 19) © 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Review

Eur]IC . ..
doi.org/10.1002/ejic.202400780

European Journal of Inorganic Chemistry

followed by aggregation to multi-nuclear clusters is the
“normal” decomposition pathway. Particularly ligands with
either a large trans-influence or those exerting a strong cis-
effect (i.e., strong n-donors) facilitate decarbonylation of the CO
ligands in trans- or cis-position respectively. Both effects play a
role in stabilizing the fac—{Tc(CO);}* core over the isomeric mer-
{Tc(CO),}*. Similarly, they make molecules such as [Tc(CO)sl ™"
and [TcF(CO),] relatively unstable with respect to decarbon-
ylation. Very recently, the extremely volatile and sensitive
[TcH(CO)s] was finally authenticated by NMR and vibrational
spectroscopy. It is surprisingly more inert towards CO-displace-
ment reactions than previously thought, especially in compar-
ison to its group neighbors. That being said, the quest for
[TcF(CO)s] and related mixed carbonyl fluoride complexes has
not yet been settled as only one clustered decomposition
product has been identified in this line of research so
far'[84,105—112]

A sterically shielded series of isocyanide analogs of the
archetypical [TcH(CO)], [Tc(CO);] and [Tc(CO)s]~ was developed
to study the fundamental properties of technetium complexes
with more exotic co-ligands. [TcH(CO)(CNp—F-Ar"™),], [Tc-
(CO)(CNp—F-Ar"™),] and [Tc(CO)(CNp—F-Ar"*2),]~ represent
rare examples of an unambiguously confirmed technetium
hydride, a molecular, monomeric technetium(0) species and the
first authenticated and structurally characterized technetium
complex with the central metal in a formally negative oxidation
state of -1.1"3"" Consistent with the formally negative oxidation
state and providing a proof of concept for the envisioned
reactivity, the technetium atom in [Tc(CO)(CNp-F-Ar"™),]~ is
nucleophilic undergoing nucleophilic substitution at CISnMe; to
give the first compound with a technetium-tin bond: [Tc-
(SnMe;)(CO)(CNp-F-Ar®™2),]1. A reaction with HCl first leads to
[TcH(CO)(CNp—F-Ar"™2),], which is protonated under H, loss to
give the original starting material [TcCI(CO)(CNp—F-Ar®"2),].
Such protonation reactions under coordination of the corre-
sponding acid anion have in the meantime also been reported
for [TcH(CO)s].

The underlying reactivity seems to be general as the
phosphine analog mer-trans—[TcH(CO);(PPh;),] reacts similarly.
The retention of the stereochemistry in the phosphine com-
plexes indicates that the loss of H, and coordination of the
anion are very quick. Reactions of mer-trans—[TcH(CO);(PPh;),]
with protic acids of weakly coordinating anions instead enable
the stabilization and preparation of highly reactive solvent
complexes mer-trans—[Tc(L)(CO);(PPh;),]* (L=solvent). These
complexes can be prepared at the gram scale and act as
synthons for the coordinatively unsaturated 16e” species
[Tc(CO);(PPh,),1*. Therefore, they represent a convenient plat-
form for the study of technetium complexes with a large variety
of ligands largely retaining the parent compound’s structure.
The reaction products retain the mer-{Tc(CO);}* core or
decarbonylate once to yield cis-{Tc(CO),}* for bidentate or
sufficiently n-donating ligands (see below). In this way
technetium(l) complexes of MO, (M=Tc, Re), ER, (E=S, Se, Te),
BH,”, NO,, NO;", cyclo-oxycarbenes, organyl and other pre-
viously elusive ligands could be synthesized (some examples
are shown in Figure 6).
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Alkynyl complexes in particular were prepared from lithium
alkynyls and envisioned as promising intermediates having in
mind the on-going challenge of preparing technetium com-
plexes with a side-on bonded alkyne ligand. A different strategy
that has often been successful for the isolation of transition
metal complexes with elusive ligands such as N,, H,, alkenes or
alkynes is the use of pincer-type ligands with a P,N,P donor set.
Such complexes have only recently been reevaluated and
studied somewhat systematically. The complexes show fac-mer-
isomerism, decarbonylation reactions and HX activation. The
latter is thought to be enabled by internal deprotonation with
an amido-type aromatization/dearomatization metal-ligand co-
operativity pathway providing another route to Tc alkynyl
complexes. Such reactions are postulated to proceed via
transiently coordinated alkyne ligands, but no experimental
evidence for such complexes was observed.""®"'® Contrastingly,
the protonation of the alkynyl ligands in mer-trans-[Tc-
(CCR)(CO),(PPh,),] indeed led to new “Tc NMR resonances
potentially consistent with a side-on bonded alkyne ligand or
its isomeric vinylidene carbene analog, one carbonyl ligand is
lost in the process resulting in an inseparable 1:1 mixture of
cis,trans-[Tc(L)(CO),(PPh3),]" and trans-[Tc(CO),(PPh;),]". The
synthesis of the first technetium alkynyl complexes and their
methyl and phenyl analogs emphasizes the marked importance
of the choice of organometallic reagents in organotechnetium
chemistry. Grignard reagents that work well for the preparation
of high-valent organotechnetium chemistry, lead to halide
transfer instead of aryl or alkyl transfer, while organolithium
reagents lead to the desired organotechnetium species. The
strategy has also been extended to the replacement of chlorido
complexes with the {TcYN¥** core.l"'*"??

Advances in transmetallation reactions

In similar reactions, the treatment of both the Tc" starting
material [TcCl,(PRy),] (PR; = PPhsand PEt,Ph), and the Tc"
starting materials [TcCl5(PR;);] (PR; = PMe,Ph, PMePh,, and
PEt,Ph) and [TcCl;(PPh;),(CH;CN)] with arylmagnesium bromides
in benzene yields deep blue n'-aryl Tc" complexes of the
composition [Tc('-aryl);(PR;),]. These are only moderately
stable depending on the phosphine used (PMe,Ph < PEt,Ph <
PMePh, < PPh;), and they decompose by forming oily brown
products. Interestingly, while the triphenylphosphine complex
[Tc(Ph);(PPh;),] is stable on air. As its rhenium analog, the latter
product is not soluble in any common solvents preventing an
unambiguous structural elucidation and ongoing reactions. This
problem was overcome by preparation of an analogous
complex containing trifluoromethylated aryl ligands: the well-
soluble complex [Tc{Ph(CF,),};(PPh,),]. While Grignard reagents
readily led to displacement of the chlorido and acetonitrile
ligands from [TcCl5(PPh;),(CH;CN)], the corresponding aryl
lithium reagent attacks the coordinated acetonitrile forming the
first azavinylidene complex of technetium: [Tc{NC(CH,)Ph(CF,),}
{Ph(CF,),},(PPh;,),1."*%, Contrastingly, [TcCl;(PPh,),(CH;CN)] reacts
with lithium aryl tellurolates and selenolates under selective
halide replacement to give the corresponding [Tc"(ArE),
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Figure 6. Systematic reactions enabled by mer-trans-[Tc(L)(CO);(PPh;),]* (L= solvent).
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(PPh;)(CH;CN)] (E=Se, Te; Ar=phenyl, 2,6-Me,phenyl, mesityl)
retaining one acetonitrile and one PPh; ligand, while reactions
of the technetium(V) starting material [TcOCl,]- give [Tc'O-
(ArE),]” (E=Se, Te; Ar=phenyl)."?* Although similar complexes
with other simple ligands such as technetium(lll) carboxylates
have rarely been reported despite their obvious importance in
geoecological systems, the recent development of potential Tc
carboxylate starting materials is encouraging.''>*"'?"

Another interesting class of compounds are the water- and
air-stable  organometallic  phenyl complexes with a
nitridotechnetium(V) core. A transmetallation from PhLi to
Starting from [TcNCI,(PPh,),] yields [TcNPh,(PPh;),]. Moreover,
when starting with (NBu,)[TcNCl,] and the N-heterocyclic
carbene (NHQ) 1,3,4-triphenyl-1,2,4-triazol-5-ylidene (HL™ or its
methoxo-protected  form), the chlorido  compound
[TcNCI(HL™),] is formed, while no reaction was observed
between the NHC and [TcNPh,(PPh,),]. The desired mixed NHC/
aryl complex [TcNPh,(HL™),] had to be accessed by trans-
metallation from PhLi to [TcNCL(HL™),] instead. Interestingly,
the chemistry of the NHC is entirely different from its Re analog,
in which CH activation and orthometalation are dominating
reactions."”® In addition to this, Braband and co-workers have
been successful in synthesizing water-stable organometallic
*Tc-NHC complexes. Starting from the ethylene glycolato
complex [Tc'O(glyc),]~ the authors have characterized three
different **Tc'0,-NHC complexes (with NHC = 1,3-dimethylimi-
dazoline-2-ylidene (L1), 1,1-methylene-3,3’-dimethyl-4,4'-diimi-
dazoline-2,2’-diylidene (L2), and 1,1-methylene-3,3"-diethyl-4,4'-
diimidazoline-2,2"-diylidene (L3)). It was shown that monoden-
tate NHC complexes are hydrolytically unstable, while bidentate
complexes are water-stable over a broad pH range, allowing
the interconversion of the [*Tc'O,NHC),]™ into
[**Tc"OCI(NHQ),]*" in the presence of aqueous HCl. While these
*Tc'0,~NHC complexes can also be made via in situ deprotona-
tion of imidazolium salts (avoiding the use of free NHCs), the
remarkable stability and pH-dependent reactivity may serve as
a steppingstone towards “"Tc-NHC complexes.'? Of similar
medicinal interest are the surprisingly robust bis(arene) cations
[Tc(arene),]* that were recently reinvestigated and developed
towards bioconjugates. Interestingly, they were found to be
much more easily and reliably formed at the low concentrations
governing the chemistry of *"™Tc compared to their *Tc
analogs.*”

Advances in Isocyanide Chemistry

While NHC and arene complexes may be promising radio-
pharmaceuticals, the Tc isocyanide complex under the trade-
name cardiolite® is one of the most frequently applied radio-
pharmaceuticals to date. The fundamental study of transition
metal isocyanide chemistry was governed by the long standing
believe that isocyanides are a homogeneous compound class
with little electronic variability behaving equivalently to the
commercialized small alkyl isocyanides CN'Bu or CNCy and were
usually considered as tailorable electronic equivalents of CO.
The disparity between seemingly random but sometimes
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strongly reducing behavior with an often nearly non-existent -
acceptor behavior in these alkyl isocyanides was largely
ignored. This believe was recently challenged for technetium
using the sterically demanding terphenyl isocyanides
CNArPPP2 (CN(C4H;(0,0-bis(2,6-diisopropylphenyl)) and
CNAr2 (CN(C4H;(0,0-bis(2,4,6-trimethylphenyl)). In contrast to
the previous believe-set, not only low-valent, i.e. Tc(l) and Tc(lll)
complexes with additional carbonyl, nitrosyl and chlorido co-
ligands, could be isolated, but surprisingly stable Tc complexes
with complementary nitrido- and aryl imido ligands have been
prepared. Particularly the cis-trans configuration of the
isocyanide ligands to the PPh, co-ligands in the Tc' complexes
was surprising and can be fine-tuned by careful choice of the
ligand, with the CNAr°?"* supporting the trans arrangement,
while the CNAr™=? allows for the cis geometry.™ A common
rationale that enabled the prediction of the coordination
behavior of isocyanide ligands as well as the stability of the
high-valent complexes was developed: the Surface-Averaged-
Donor-Acceptor-Potential (SADAP) combining steric and elec-
tronic effects in the uncoordinated ligands. The SADAP concept
was originally designed, however, to understand the marked
differences in isocyanide reactivity towards Tc' carbonyl starting
materials and the potential of different isocyanides to replace
carbonyl ligands. Treatment of fac-[Tc(CO);(CNR),Cl] (CNR=
CN"Bu or CN'Bu) with the sterically demanding isocyanide CNp-
FAr®*2 [DArF =3,5-(CF,),C¢Hs] results in the loss of the CO
groups forming mer,trans-[Tc(CNp-FAr®™),(CNR),CI], which in
turn can be substituted in a halide exchange reaction,
culminating in a Tc complex with three different isocyanide
groups when the initial material contains CN"Bu and the last
step is performed with CN'Bu. Using p-fluorophenyl isocyanide,
CNPhPF leads to the hexakis(isocyanide)technetium(l) cation
through an exchange of all ligands in both [Tc,(CO)4(u-Cl);1~
or fac-[Tc(CO);(CNR),CI1."32 The
hexakis(isocyanide)technetium(l) cation can also be made with
p-isocyanoethynylbenzene CNPhP=% as the ligand.™**

Advances in the Chemistry with Face-Capping Ligands

Another remarkable example of a single ligand forming stabile
complexes with the seven most common oxidation states of
technetium is the ,Kldui ligand”, n’-(cyclopentadienyl)tris-
(dimethyl phosphito-P)cobaltate(lll) (L°Y¢, Figure 7)."*¥ Tc is
coordinated via the oxo group on the P atoms of the ligand,
while the coordination sphere is complemented by strongly
bound nitrosyl, oxido or nitrido ligands, or less tightly binding
halido and phosphine coligands. Interestingly, all members of
this series ([T (NO)CI(PPh,)(LO™)], [Tc"(NO)CI, (L],
[T"CL(PPh3)(LO)],  [TAVCI4(LO™)],  [Tc'OCL(LOM)],  [TcNCI-
(PPhy)(LOM®)], [TcNCL(L°™)], and [Tc""O5(L°V%)] are stable in
water and on air. They thus provide unique starting materials,
particularly for the study of technetium chemistry with the
metal in rarer oxidation states +2 and + 6, where few examples
of suitable starting material platforms have been reported and
the corresponding chemistry seen little advancement in recent
times. Unfortunately the replacement of the chlorido ligand in
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Figure 7. The “Klaui ligand” and its complexes with Tc from oxidation states + 1 to + 7. Figure taken from Grunwald."”*"

[Tc'(NO)CI(PPh,)(L°™)] by Ag™ as halide scavenger in hopes to
isolate reactive solvent complexes for on-going ligand ex-
change reactions led to the formation of a complex mixture of
redox-pairs between [Tc(NO)CI(PPh,)(L°™)] + Ag* and the
crystallographically and spectroscopically characterized adduct
[{Tc(NO)(PPh,) (L) u-Cl3Ag{p-CITC(NO)(PPh,) (L)} ©  and  the
oxidation/reduction products.'*”

The “Kldui ligand” is often considered a structural and
electronic equivalent to cyclopentadienyl (Cp). In contrast to
several hundred structurally characterized rhenium cyclopenta-
dienyl complexes, little is known about the chemistry of Cp
complexes with Tc beyond complexes of the type [Tc-
(CO)5(CpM]1. A platform for the systematic study of technetium
Cp chemistry was identified by Abram and co-workers. The
relatively robust {Tc(NO)(Cp)(PPh,)}* core was prepared by a
much simpler route than its rhenium analog: KCp and [Tc'(NO)-
X,(PPh;),(CH;CN)] (X = Cl, Br) react to the air-stable starting
materials [Tc'(NO)(Cp)(PPh3)X].*® Stable complexes under ex-
change of the coordinated halide anions can be prepared by
direct ligand exchange using the protic acids or halide
scavenging salts of ligands such as I, |57, F;CSO;5~, CF;COO", or
SCN™ as well as suitable neutral donor ligands such as
phosphine chalcogenides. In contrast to the difficulties outlined
for the “Klaui”-analog above, the halido ligands can also easily
be scavenged in the presence of suitable solvent ligands such
as acetonitrile or pyridine and at least the acetonitrile
compound shows promise as a starting material for ligand
exchange reactions."* One prerequisite is, however, that the
incoming ligands binds stronger to the {Tc(NO)(Cp)(PPh3)}*
fragment than the chlorido moiety in the starting material,
since a self-quenching process otherwise leads to the brick-
stable, unreactive chloride-bridged dimer [{Tc'(NO)(Cp)(PPh,)}u-
CTC'(NO)(Cp)(PPh)Y ™. This is for example the case in reactions
aimed at the coordination of alkynes. Nevertheless, multi-
facetted decomposition reactions take place when such reac-
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tions are performed in the presence of both alcohols and
alkynes leading to rare examples of phosphonium stabilized

Fischer-type carbene complexes.'*®

The Connection of Organometallic Chemistry to Applied Fields

Overall, the fundamental coordination chemistry of technetium
and the influence of different ligands on the spectroscopic
signatures remain underdeveloped. The focus of fundamental
studies needs to aim at providing comprehensive insights about
the coordination properties of the element with various ligands.
Organometallic chemistry interconnects applied fields such as
radiopharmacy, geoecology and nuclear waste. Recently, radio-
pharmaceutical compounds have been proposed for the use in
environmental remediation."* In the latter fields this may
include the identification of potential coordination modes and
the development of model systems that could lead to less
ambiguous interpretation of speciation data obtained by
powerful and specialized techniques such as XAS and **Tc NMR
but also to understand the electrochemical behavior of the
element. In terms of radiopharmacy and although the synthetic
chemistry of “Tc usually not directly translatable to the
chemistry of *™T¢, where entirely different protocols have to be
developed due to the different kinetic regimes, knowledge
about the interaction of technetium with simple and complex
ligands can help to understand issues regarding surprising
biodistribution or stability and finally guide the optimization of
ligand systems and linkers for bioconjugation. Some distinct
differences between technetium and rhenium may add an
additional layer of fog to the understanding of *"Tc chemistry,
when comparing its chemistry to a rhenium surrogate instead
of actual technetium given redox, reactional and structural
differences between the elements.
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IV Computational Chemistry

The role of “applied” DFT calculations for the understanding of
Tc chemical shifts in NMR has already been emphasized above
(section I). This part deals with the more fundamental approach
understanding the Tc bonding behavior in certain pertechne-
tate and related compounds.

Utilization of Pertechnetate and Related Compounds in Crystal
Engineering: A Focus on Matere Bonds

The role of technetium compounds, particularly pertechnetate
in crystal engineering has gained significant attention due to
their ability to participate in non-covalent interactions."*” These
interactions often involve technetium acting as an electron
acceptor, facilitating the formation of so called matere bonds -
a recently recognized type of interaction specific to the group 7
elements manganese, technetium and rhenium, equivalent to
the well known halogen bonds in group 17."*" Matere bonds
(MaBs) are characterized by the attractive interaction between
an electron-rich atom, such as oxygen, and the metal center, in
most cases belonging to a permetalate anion, such as [TcO,]",
[ReO,]", or [MnO,]1"."*! This section highlights the signifi-
cance of these bonds in crystal engineering focusing on
technetium, underpinned by specific examples drawn from the
Cambridge Structural Database (CSD) and recent theoretical
studies.

Matere Bonds in Pertechnetate and Perrhenate Compounds

Recent research has highlighted the distinctive behavior of
pertechnetate and perrhenate anions in forming anion-anion
interactions. These anions serve, despite their negative charge,
as relatively strong electron acceptors, with technetium and
rhenium participating in highly directional and often linear non-
covalent interactions. These interactions are driven by o-holes
—regions of reduced electron density—located on the metal
centers of the anions. For instance, a study by Daolio et al.
provided both experimental and theoretical evidence for the

© % amogis ¢

presence of anion--anion interactions in crystalline perrhenate
and pertechnetate salts."" This concept was first described for
halogens (“halogen bonds”) and has been established in most
groups of the Periodic Table since. In these structures, the
oxygen atom of one anion interacts with the metal center (Tc or
Re) of another anion, leading to the formation of well-defined
supramolecular structures such as anionic dimers or extended
polymeric chains. These supramolecular motifs significantly
influence the overall architecture and stability of the crystal
structures, making matere bonds a critical element in the
design of functional materials.

Two specific examples illustrate the significance of these
interactions. The first example, corresponding to CSD refcode
AMOGIS, ™ shows pertechnetate anions forming infinite zig-
zag 1D chains through directional matere bonds (O--Tc-O,
172.9°) flanked by 3,4,6,7,8,9-Hexahydro-2H-pyrimidino(1,2-
a)pyridinium cations (Figure 8). The second example, repre-
sented by refcode NAPVUZ,"" involves melaminium perrhenate
(2,4,6-triamino-1,3,5-triazin-1-ium perrhenate). In the solid state
(Figure 8b), this compound exhibits anion--anion interactions
where the oxygen of one anion approaches the rhenium atom
of another along the extension of a Re—O covalent bond,
forming linear infinite chains. The strong directionality of these
interactions (177.7°) aligns with the small size of the o-hole and
helps to minimize repulsion with the O-atoms of the adjacent
anion.

Selected examples from the Cambridge Structural Database
(CSD)

A comprehensive analysis of the Cambridge Structural Database
(CSD) reveals numerous instances where pertechnetate and
perrhenate anions engage in matere bonds. Previous studies
have shown that approximately 19% of structures containing
[ReO,]” anions exhibit these interactions, with a significant
proportion (around 75%) involving anion--anion contacts."*"
These interactions are characterized by highly directional geo-
metries, with distances shorter than the sum of van der Waals
radii, indicating strong, close-range interactions between the
involved atoms. Such directional interactions frequently lead to

NAPVUZ

Figure 8. Ball and stick representation of the X-ray structures AMOGIS (a) and AZEMUO (b). Distances in A. Color code: Carbon grey, Oxygen red, Nitrogen

blue, Technetium teal, Hydrogen light grey.
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the formation of linear chains, as depicted in Figure 8, infinite
anionic networks, or other extended supramolecular assemblies,
highlighting the potential of [TcO,]” and [ReO,]” as versatile
building blocks in crystal engineering.!*-'*?

However, matere bonds are not confined to oxoanionic
species alone. An intriguing example is illustrated in Figure 9,
where anion--anion MaBs drive the formation of an infinite 1D
assembly.™” In this structure, the lone pair on the nitrogen
atom of one chlorido-nitrido-technetate(VI) anion is directed
towards the Tc atom of the adjacent [TcNCl,]™ anion, opposite
to the Tc-N bond (at the o-hole location, see Figure 9, right).
This 1D assembly is flanked by catena-((u2-18-crown-6)-cesium)
counterions, creating an “infinite sandwich” structure with Cs™*
cations intercalated between crown ether molecules.

In addition to anion--anion interactions shown in Figures 8
and 9a, the CSD also documents cases where [TcO,]” and
[ReO,]” anions participate in interactions with atoms that can
donate electrons from non-bonding orbitals, such as nitrogen
or chlorine."” These interactions further expand the utility of
these anions in constructing diverse supramolecular architec-
tures. Although the number of structures containing [TcO,]” and
[MnQ,]" anions is relatively limited compared to [ReO,]-™" the
observed matere bonds in these systems are consistent with
the general trend that heavier elements in a group (such as Re
compared to Tc or Mn) are more prone to act as electrophilic

OsICuP

centers, forming stronger and more directional non-covalent
interactions.

Beyond [TcO,]- and [ReO,]” anions acting as electron
acceptors, neutral Tc derivatives have also been described as
matere bond donors, significantly influencing the solid-state
structure of these compounds."¥ An illustrative example is
shown in Figure 9b, featuring bis(u’-acetato)-tetrachlorido-di-
technetium(lll), refcode OSICUP.®*3* This structure consists of
two bridging trans-acetate ligands and four terminal chlorido
ligands. Notably, the compound propagates in the solid state
through four symmetrically equivalent Tc--Cl MaBs, forming a
supramolecular 1D assembly. The Tc--Cl distance is remarkably
short, only 0.4 A longer than the sum of the covalent radii,
highlighting the strength of these interactions. This represents
a unique example of a MaB involving Tc in a low oxidation
state, where the o-hole is located opposite the Tc-Tc bond (see
Figure 11, right).

Finally, matere bonds have also been observed in metal-
coordinated [TcO,]” anions. One notable structure is illustrated
in Figure 10. It corresponds to a hydrated magnesium pertech-
netate with the formula Mg(H,0),[TcO,l,. In this structure, the
Mg metal center is coordinated in an elongated octahedral
geometry by four water molecules in the equatorial plane and
two oxygen atoms from [TcO,]” units that are trans to each
other. In the extended structure, this compound forms two-

[TeNCI, I

Figure 9. (a) Left: Ball and stick representation of the X-ray structure SODWIR10. Distance in A. Right: MEP surface of [TcNCI,]” anion. (b) Left: Ball and stick
representation of the X-ray structure OSICUP. Distance in A. Right: MEP surface of bis(u2-acetato)-tetrachlorido-di-technetium(lll).
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dimensional assemblies characterized by two types of MaBs, as
shown in Figure 11b and similar to those observed in HETRUT.
One MaB is formed opposite to the Tc-O bond that coordinates
to the Mg>* ion (3.403 A), with a nearly linear O-Tc--O angle
(177.8°), which is typical of o-hole interactions. The second MaB
is formed opposite to a Tc=0 bond, with a shorter distance
(3.269 A) and comparable linearity (177.5°).

SODWIR10

OSICUP

Figure 11. QTAIM/NCIPlot analyses of the homotetramer of SIDWIR10 (a) and
the homotrimer of OSICUP (b). The NClplot settings used are: RDG=0.45,
density cut-off 0.04 a.u., and color range +0.03 for (sign 1) p. Blue and
green are used for attractive interactions and red and yellow for repulsive
interactions.
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CSD code 2321216

Figure 10. Partial view of the X-ray structure of Mg(H,0),[TcO,],. Distances in A.

Theoretical Insights into Matere Bond Formation

To gain a deeper understanding of the nature of matere bonds,
several theoretical approaches have been employed, including
molecular electrostatic potential (MEP) surface calculations,
quantum theory of atoms-in-molecules (QTAIM), and non-
covalent interaction (NCI) plot analyses. These methods offer
detailed insights into the electronic environments that facilitate
the formation of these interactions. For instance, MEP calcu-
lations, such as those depicted in Figures 8-10, reveal that the
o-holes on the metal centers of [TcO,]", [ReO,]” and [TcNCl,]™ are
critical sites for electron donation from neighboring molecules
or anions. This electron donation results in the formation of
strong and directional matere bonds.

Other computational tools, such as QTAIM and NClplot
analyses, are equally valuable for confirming the existence and
character of these bonds. QTAIM identifies bond critical points
(BCPs) and bond paths that connect the interacting atoms,
while NClplot analysis uses reduced density gradient (RDG)
isosurfaces to visualize noncovalent interactions in real space.
These isosurfaces are color-coded to indicate the nature of the
interactions: yellow and red represent weak and strong
repulsive interactions, while green and blue denote weak and
strong attractive interactions. Thus, these analyses not only
allow for the visualization of matere bonds within crystal
structures but also quantify the strength and directionality of
these interactions, offering a deeper understanding of how
these non-covalent forces contribute to the overall stability and
organization of the crystal lattice.

Figure 11 provides such analyses for two of the examples
discussed above: SODWIR10 and OSICUP.®*** |n the former, a
tetrameric assembly is illustrated, where the combined QTAIM/
NClplot analysis reveals a BCP (red sphere) and bond path
(orange line) connecting the Tc atom of one monomer to the
N-atom of the adjacent monomer. This confirms the existence
of the MaB and its role in directing the structure, as there are
no additional BCPs or bond paths interconnecting the mono-
mers. The MaB is further characterized by a dark blue RDG
isosurface, coinciding with the location of the BCP, indicating a
strong and attractive interaction as denoted by the blue color
in the NCI plot analysis.
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For the OSICUP structure, a trimeric assembly is shown in
Figure 11b, where the combined QTAIM/NClplot analysis dem-
onstrates that the central monomer is connected to the
adjacent monomers by four BCPs and bond paths linking the Tc
atoms to the Cl atoms. Each pair of MaBs that connects two
monomers is characterized by two dark blue RDG isosurfaces,
coinciding with the BCPs, which indicate the attractive nature
of both symmetrically equivalent Tc---Cl contacts. The blue RDG
isosurfaces are connected by an elongated yellow-reddish
region, indicating the presence of Cl---Cl repulsion.

V Geochemistry

Research on Tc is relevant from the geo- and radiological point
of view. In this case, the work so far available in the literature
deals with the remediation technologies of Tc, with special
focus on the long-term safety assessment of nuclear waste
repositories and decontamination of Tc-polluted sites. Thus,
multiple works report the scavenging of aqueous Tc by using
naturally occurring minerals or materials to be present in the
nuclear waste repository. Among them, clays and clay

derivatives,"® cementicious matrices as ettringite™ and spe-
cies that can be present in the repository, like
microorganisms,"*® or minerals such as pyrite,"*" magnetite!"*?

or chukanovite.™ In addition, in the last decade an increased

interest has been oriented towards using other innovative
materials, i.e, metal organic frameworks, as Tc scavengers,
although the studies carried out so far only used rhenium as a
Tc analogue.>* >

Despite the large variety of oxidation states of Tc, it is
considered that only Tc(VIl) and Tc(lV) are environmentally
relevant under oxidizing and reducing conditions, respectively.
While Tc(VIl) is inert against interaction with minerals and is,
hence, very mobile in aqueous fluxes,® Tc(IV) can be
immobilized by different mechanisms. Tc(lV) retention mecha-
nisms include the surface complexation on mineral (e.g.
sorption on layered double hydroxides™?'” or on
chukanovite™?), the incorporation into mineral structures (e.g.,
in magnetite and hematite!®"), or the precipitation as poorly
soluble solids such as TcO,,"*'®¥ or TS,

Technetium Removal by Using Reducing Sorbents

Based on this, most of the reported studies deal with the Tc
removal by using sorbents that can induce Tc(VIl) reduction,
such as Fe(ll)-, Sn(ll)-, S(—ll)-containing materials,"®" or
microorganisms.'® These sorbents have been the most ex-
plored against Tc immobilization - being Fe(ll)-minerals the
main focus - since they will be relevant phases in the nuclear
waste repository, and they are ubiquitous. Likewise these
studies usually cover a range of pH from 4 to 9, and Eh from
400 to -400 mV, due to being very common environmental
conditions."” However, Tc immobilization is sometimes studied
considering very limited parameter variability, which might not
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convey a proper understanding of the actual Tc environmental
chemistry.

Even though it is important, not all of the works have
considered all the variables (time, pH, ionic strength and Tc
concentration). Likewise, only a minority of the possible
minerals have yet been explored, and only some of the
molecular interactions of Tc with the minerals have been
studied and reported. However, the knowledge generated over
the last decades shows that redox-active sorbents induce the
highest removal of Tc.

The majority of the available literature is based on Tc
immobilization in binary systems, i.e., the interaction of Tc with
a selected sorbent (mineral or microorganism) as a function of
multiple parameters. However, this is an unrealistic scenario
under environmental conditions. Hence, there is a need of
studying the influence of the coexisting species in solution, as
much as studying the sorbent materials to evaluate whether
the presence of different species i) induces competition for Tc
immobilization, ii) triggers the formation of soluble Tc species
that do not interact with sorbents, iii) and/or affects Tc
scavenging by their presence. Few studies report how the
presence of other species can alter Tc immobilization. For
example the competition for the immobilization by ettringite of
technetium with other anions chromate and iodate,"* or the
effect of organic ligands on the complexation of Tc in solution
such as EDTA (Ethylenediaminetetraacetic acid),"*® or on the
solubility of TcO,.”

Identification of the Immobilization Mechanism of Tc

Due to the few spectroscopic techniques by which Tc molecular
environment can be identified, the immobilization mechanisms
of Tc are primarily evaluated by XAS, which is a highly
sophisticated method only available in synchrotron facilities.
Therefore, user accessibility to this technique is limited and, in
turn, a thorough mechanistic understanding of Tc immobiliza-
tion by given sorbents is a time-demanding process. However,
due to the high similitudes of the Fe(ll)-, Fe(ll)-, and Fe(ll/Il)
mineral structures, it is tremendously tedious to unambiguously
identify the exact interaction of Tc in the solid phase by
XAS.[152162170) | addition, usually, after the reduction of Tc(VII)
by the selected Fe(ll) mineral, Tc(IV) does not interact with the
initial sorbent, but with its oxidation products. There are
multiple examples in the literature, as an example, when Fe(ll)-
Al(ll-layered double hydroxide was used as sorbent, Tc(IV)
formed surface complexes on hematite and incorporated into
hematite structure.™™

Tc(VII) Reduction Mechanism and Lower-Valence Tc Species

It is remarkable that all the studies mentioned above have one
thing in common: it has been historically assumed that the only
relevant Tc species in the environment are inorganic Tc(VIl) and
Tc(lV) species. Nevertheless, this is not always the case. In 2004,
it was found that in the Hanford nuclear waste site in the USA,
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a Tc(l)-carbonyl species was stable in solution.” In the same
direction, other Tc species with oxidation states different than
Tc(IV) or Tc(VIl) are used for radiopharmaceutical purposes,'”"
and in fact, they are daily released via the patients’ urine into
the sewage systems and from there to the environment.
Despite the environmental relevance of such Tc species, little is
known to date about their interaction with sorbents such as
minerals or microorganisms, although there are a few earlier
publications dealing with microbial reduction of Tc."’>"'7%

Moreover, although the reduction of Tc(VIl) to Tc(IV) is
clearly the step limiting Tc migration in the environment, little
is known about this reduction mechanism, and whether there
are intermediary species. So far, electrochemical analyses have
been done under extreme pH conditions.”” The only systematic
work performed at different pH values shows that pH has a
clear influence on Tc(VI)) reduction,’ indicating that Tc(VII)
reduction to Tc(IV) in NaClQ, is a direct process from pH 4 to. In
addition, the techniques available to explore insitu the
molecular changes of Tc as a function of the redox potential are
very limited. So far, the only method used for this purpose is
the coupling of electrochemistry and UV-vis, which has often
been used to evaluate the changes of absorption of aqueous Tc
species. "7%'® However, the characterization of Tc complexes
takes part generally only ex situ, which can be hinder keeping a
given redox potential.

In order to address this further, more thermodynamic data,
in particular reduction potentials, are needed to understand the
redox chemistry of Tc - not only for Tc(VII)-Tc(IV) redox pair. For
example, the most critically evaluated thermodynamic database
of Tc solely reports the reduction of [TcO,]” to TcO, and the
reduction of [TcO,]™ to [TcO,]*.l'"?

Consequently, there are multiple knowledge gaps that need
to be addressed in future studies from a chemical point of view
(Figure 12).

Conclusions

Even though technetium is radiopharmaceutically important,
radioecologically relevant, and from a health and safety point of

Fe!

Commonly studied
binary systems

* Unambiguous identification

* Limited spectroscopical

* High concentration of Tc

view relatively easy to handle, the numbers of papers on Tc
chemistry has remained relatively constant over the last three
decades. Compared to the general growing trends in scientific
literature this shows that Tc chemistry is still under-researched,
even though are significant knowledge gaps, in particular
considering the differences in *"Tc chemistry and *Tc
chemistry. This shows in many fields, such as spectroscopic
data, particularly NMR and XAS. The lack of structural data is
also underlined the relatively small number of inorganic and
organic structures in the databases.

However, while physicochemical data, requiring often
amounts >1mg of material are somewhat stagnating, both
inorganic chemistry and organometallic chemistry of Tc made
significant progress in that time and some gaps in under-
standing fundamental bond interactions and geochemistry are
slowly being filled.

Inorganic chemistry and organometallic chemistry both are
strongly influenced by the redox behavior of Tc, which is often
the key in understanding the fundamental differences between
Tc and its homolog Re, just as much as the difference of *Tc
and *"Tc is often affected by effects of low concentrations and
temperature. Both these aspects are interconnected, and we
believe that an expansion of Tc research both towards
comparison with its neighbors as well as between its nuclear
isomers will tell us a lot more about which drugs to synthesize,
which form of waste disposal to choose or how to analyze our
data.

A famous quote (probably misattributed to E. Rutherford)
states that science is “either physics or stamp collecting”. While
this is probably a sarcastic classification, we would emphasize
that any conceptual interpretation must be preceded by some
kind of data collection, at best in a systematic way. Looking at
Tc chemistry, e.g., the knowledge on organometallic chemistry
seems to consist of several islands developing around structures
that are known from radiopharmaceutical applications. We are
convinced that once these islands are connected, the resulting
map of Tc organometallic chemistry will also contribute to
deeper understanding and “physical” science.

In this respect, we may conclude with a few key points that
may be of interest to the wider community, as they apply as

Difficulties Perspectives

* Implement more complex
experimental conditions

* Study the behavior of low-
valent Tc

* Development of
characterization technigues
for low concentration of Tc
species, and in-situ
monitoring of redox
processes

* Determination of redox
potentials

of the geometry of Tc in the
solid state by XAS

methods for Tc

required for spectroscopic
and microscopic studies

Figure 12. Usually studied Tc removal conditions in binary systems (blue box). Fe" as an example of a reducing agent in solution or coming from microbial or
mineral sources. Highlighted difficulties on Tc immobilization studies (orange box) and future perspectives (yellow box) of Tc geochemistry.
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much to inorganic and geochemistry as to radiopharmacy and

organic chemistry.

We do need to further our understanding of
I) the chemistry of Tc at low concentrations in comparison

with high concentrations

) Tc in the environment, and particularly focus on the
difference between Tc and Re

) the oxidation states of Tc other than +4 and +7

IV) spectroscopic data, and advance our usage of XAS as a
versatile tool at hand to do this
Pertechnetate and related anions such as perrhenate can

serve as versatile building blocks in crystal engineering due to
their ability to form strong and directional matere bonds. These
interactions not only stabilize the resulting crystal structures
but also allow for the design of new materials with tailored
properties. The examples from the CSD, combined with
theoretical insights, underscore the significance of technetium
and its congeners in advancing our understanding of non-
covalent interactions in solid-state chemistry, paving the way
for future innovations in the design of supramolecular materials,
and understanding its interactions with other such oxoanions,
both in the lab and in the environment.

Carbonyl complexes have been shown to be extremely
relevant for radiopharmacy as well as for Tc speciation in
environmental samples, and vice versa, radiopharmaceutical
compounds have been proposed for the use in environmental
remediation. The picture that Tc is mainly Tc(VIIl) or Tc(IV) under
environmental conditions is probably oversimplified due to the
fact that fundamental Tc chemistry is still under-researched. The
inorganic chemiistry of Tc is also highly relevant for medical
applications — any metabolism resulting in pertechnetate anions
will result in an uptake of [TcO4]™ into the thyroid where it is
interchangeable with iodide.

Also, the future perspectives of Tc geochemistry are
connected to the research results of redox and/or organo-
metallic chemistry. In order to draw a realistic picture of the
behavior of Tc in the environment, two fields of work have to
be addressed. On the one hand, the Tc immobilization experi-
ments need to be carried out under more realistic conditions.
This implies the following points.

I)  Widening the experimental conditions in binary systems
(time, pH, Tc concentration, salinity) and explore those that
have not yet been deeply analyzed (temperature, imposed
redox potentials). This will not only help to understand the
basis of Tc removal under the most expected environ-
mental conditions, but also it will help to assess the
chemical behavior of Tc when the chemical surrounding
induces speciation changes e.g., the mineral transforma-
tion.

I) Expanding Tc immobilization studies to complex environ-
ments (ternary and quaternary systems) when multiple
components coexist in suspension.

) Developing techniques that allow for identifying the Tc
geometry under low Tc concentrations. They will offer a
more realistic understanding of the actual behavior of Tc in
the environment.
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IV) Always analyzing the changes in the mineralogy of the
sorbent after Tc interaction with redox-active sorbents. This
will help to overcome the difficulties on the identification
of the Tc mechanistic scavenging process by XAS.

V) Exploring the Tc scavenging behavior of new, synthetic,
sorbents.

VI) Limiting the use of Re as Tc analogue or carrying out more
comparative studies between Re and Tc. In most of the
cases, Re geochemistry is not analogue to Tc, and
comparative works will help to assess their chemical
differences.

VII) The immobilization of other Tc species different than Tc(VII)
and Tc(IlV) needs to be analyzed. These includes Tc(l)
species (identified in Hanford site) and other Tc complexes
in low oxidation states that are used in radiodiagnostics.
On the other hand, the redox chemistry of Tc requires a
deep expansion. The following steps need to be fulfilled.

VII) Studying Tc reduction potentials in presence of (in)organic
ligands in a wide range of pH values. This will help to
evaluate the effect of such ligands on the redox processes
of Tc and to describe new thermodynamic parameters: Tc
reduction potentials, and the complexation of aqueous Tc-
ligand species that might be formed. Expanding the so far
limited thermodynamic data of Tc will enormously benefit
the use of modelling tools to predict the geochemical
behavior of Tc, which in turn will support the long-term
safety assessment of Tc in the nuclear waste repository.

IX) Developing and optimizing the use of coupled electro-
chemical and spectroscopic methods. They will allow for
studying insitu the changes in Tc chemistry and Tc
molecular environment in solution or at the solid-water
interphase at given potentials. These methodologies will
provide the most accurate picture of Tc geochemistry
under any possible environmental conditions.

These are a few aspects that we think are potential valuable
starting points for anyone interested in enhancing this field. It's
a large field, but the goals are open. Tc is still an unknown, right
at the center of the Periodic Table.
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Results and Discussion

4.2 Hydroflux Syntheses

The synthesis and characterization of new nitridotrioxometallates can help to understand
the reaction to transition metal oxides and nitridooxides under hydroflux conditions and
highly alkaline conditions. As the hydroflux technique also enables the growth of single
crystals of metal hydroxides, which is uncommon in typical flux reactions that often result
in oxides, hydroxymetallates were also synthesized and characterized within this work. This
chapter focuses on using hydroflux and alkaline environments to obtain complex
compounds including tetrahedral [MOs;N]* anions with M =Tc, Re starting from
NH4[MO4]. Furthermore, hydroxoiridates containing the octahedral [Ir(OH)s]*>  anion,
which were obtained from hydroxide melts, are discussed. Figure 9 shows an overview over

the compounds which were obtained using ultra alkaline conditions.

K3[MO,][MO;N]  A;[ReO,][ReO;N] A',[ReO;N]
M =Tc, Re A =Rb, Cs A'=K, Cs

Ba,[Ir(OH)](CH), Ba, 4Sry glIr(OH)e](OH)g «H

Figure 9. Overview over the compounds which were obtained using ultra alkaline conditions with exemplary crystal

structures.[77-80]

Through the introduction of several new compounds, this work enhances the understanding
of the chemistry of nitridotrioxidometallates and transition metal hydroxides from highly
alkaline conditions. It also demonstrates the controlled incorporation of varying amounts of

nitrogen into oxoanions using NH4" in hydroxide fluxes.
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Results and Discussion

4.2.1 Ba[TcOs3N] from Highly Alkaline Ba(OH): Medium (Publication 2)

Ba[TcOsN] was synthesized by reacting ammonium pertechnetate in Ba(OH): - 8 H2O
under highly alkaline conditions. The characterization of Ba[TcO3N] showed isolated
[TcO3N]?* tetrahedra and gave important information about how technetium behaves in
alkaline environments, which is useful for nuclear waste management. Raman spectroscopy,
XANES and DFT calculations were used to confirm the oxidation state of technetium +VII

and to understand the bonding.

Publication 2

Reaction of Pertechnetate in Highly Alkaline Solution: Synthesis and
Characterization of the Nitridotrioxotechnetate Ba|TcO3N]

D. Badea, K. Dardenne, R. Polly, J. Rothe, M. Hanrath, M. Reimer, K. Meerholz,
J.-M. Neudorfl, E. Strub and J. Bruns”

Chem. Eur. J. 2022, 28, €202201738.

doi.org/10.1002/chem.202201738

Explanation of the personal contribution to the previously mentioned publication:

All experiments were conducted by Désirée Badea, with the initial experiment originating
from the master's thesis, while all the main experiments were carried out during the doctoral
research. Désirée Badea synthesized all analyzed products, performed the characterization
experiments, evaluated the collected data and prepared the corresponding plots for
publication, unless otherwise noted below. SC-XRD, XANES, Raman and DFT data were
obtained by co-authors. Désirée Badea prepared the draft of the manuscript. Supporting

information is provided in the Appendix on page 105.
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Reaction of Pertechnetate in Highly Alkaline Solution:
Synthesis and Characterization of the
Nitridotrioxotechnetate Ba[TcO;N]

D. Badea,” K. Dardenne,” R. Polly,” J. Rothe, M. Hanrath,”) M. Reimer,” K. Meerholz,”

J.-M. Neudorfl,® E. Strub,” and J. Bruns*®

Abstract: The preparation of novel technetium oxides, their
characterization and the general investigation of technetium
chemistry are of significant importance, since fundamental
research has so far mainly focused on the group homologues.
Whereas the structure chemistry of technetium in strongly
oxidizing media is dominated by the [TcO,]™ anion, our recent
investigation yielded the new [TcO;NJ* anion. Brown single
crystals of Ba[TcO;N] were obtained under hydrothermal
conditions starting from Ba(OH),-8H,0 and NH,[TcO,] at

200°C. Ba[TcO;N] crystallizes in the monoclinic crystal system
with the space group P2,/n (a=7.2159(4) A, b=7.8536(5) A,
c=7.4931(4) A and f=104.279(2)°). The crystal structure of
Ba[TcO;N] consists of isolated [TcO;N]*~ tetrahedra, which are
surrounded by Ba®>* cations. XANES measurements comple-
ment the oxidation state +VII for technetium and Raman
spectroscopic experiments on Ba[TcO;N] single crystals exhib-
it characteristic Tc—O and Tc—N vibrational modes.

J

Introduction

®Tc is a long-lived fission product of *°U accumulated in
reprocessing residues upon the extraction of plutonium from
irradiated uranium fuel rods. For each ton of spent nuclear fuel,
technetium is formed in the order of kilograms.I" Therefore, it is
essential to study the chemistry of technetium - especially with
respect to its possible behavior in long-term storage facilities.
Due to the fact that working with technetium and its
compounds requires a radionuclide laboratory, the majority of
publications on fundamental technetium chemistry dates from
the 1950s to the 1970s.” Today's research is mainly concen-
trated on *™Tc, due to the medical importance of this isotope.”
About 40 million medical examinations are performed annually
using *"Tc In a radioactive waste repository, **Tc becomes
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one of the most important radionuclides after plutonium on a
timescale of about 50,000 years.” In contrast to Pu, the
chemistry of technetium is scarcely investigated.

Current studies on the long-lived isotope **Tc are mostly
limited to the work of a few research groups, since working
with the radioelement requires enhanced safety precautions.”
Considering the current fields of research, it is notable that the
behavior of technetium during spent fuel reprocessing and in
the environment has been investigated intensively by using
acidic solutions.”” However, only a few publications with regard
to technetium in alkaline media are known.® For instance, the
products from the radiolysis of the pertechnetate [TcO,]” in
highly alkaline solutions were investigated.®*® As another
example, the oxidation states of technetium in alkaline
solutions were determined by electrochemical reduction
reactions."” Fundamental research has been resumed to
reexamine the reaction of sulfide with pertechnetate in alkaline
solutions.™ However, the fundamental understanding of Tc
redox chemistry in alkaline media is also important in the
context of nuclear waste, since alkaline conditions prevail in
some high level waste tanks.®® Thus, the removal of [TcO,]
from highly alkaline legacy defense nuclear tank waste was
studied.®>

In this work, the reaction of ammonium pertechnetate in a
highly alkaline Ba(OH), medium was investigated. The obtained
barium nitridotrioxotechnetate(VIl) Ba[TcO;N] was successfully
synthesized and characterized. In addition to the crystal
structure analysis, XAFS (XANES and EXAFS) and Raman experi-
ments were performed. The experimental data has been
complemented by computational studies.
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Results and Discussion

Single crystals of barium nitridotrioxotechnetate(VIl) Ba[TcO;N]
were obtained under highly alkaline conditions using NH,[TcO,]
and Ba(OH),-8H,0 in water at 200°C. Figure 1 shows a picture
of a Ba[TcO;N] single crystal positioned in a glass capillary.

The title compound crystallizes in the monoclinic crystal
system with the space group P2,/n. Crystallographic data for
the refined structure is given in Table 1. The crystal structure
consists of discrete [TcOsNJ*~ tetrahedra, which are charge
compensated by Ba’" cations (Figure2). The latter are
surrounded by oxygen and nitrogen atoms in a distorted
bicapped square antiprismatic fashion (Figure 3).

Figure 1. Microscopic picture of a single crystal of Ba[TcO;N] positioned in a
glass capillary.

Table 1. Crystal and structure refinement data for Ba[TcO;N].

Empirical formula Ba[TcO;N]
Formula weight 297.35
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system monoclinic
Space group P2,/n

Unit cell dimensions a=17.2159(4)

A
b=7.8536(5) A B=104.279(2)°

c=7.4931(4) A

Volume 411.52(4) &

z 4

Density (calculated) 4799gcm™?

F(000) 520

Crystal size 0.02x0.02x0.01 mm?

15.27° to 144.08°
—8<h<8, -9<k<9, -9</<9

20 range for data collection
Index ranges

Reflections collected 6998
Independent reflections 810 [R;,,=0.0627]
Completeness to theta 99.7%
Absorption correction multi-scan
Maximum/minimum transmission 0.0092/0.0853
Data/restraints/parameters 810/0/56

1.116

R,=0.0375, wR,=0.0952
R,=0.0401, wR,=0.0955
246/-1.13e A
2176571

Goodness-of-fit on P2

Final R indices [/ > 2sigma(/,)]
R indices (all data)

Largest diff. peak and hole
CCDC number
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The structure contains one distinct technetium, nitrogen
and barium atom, respectively. However, three crystallographi-
cally distinguishable oxygen atoms are found.

The technetium atom is coordinated by three oxygen
atoms, exhibiting Tc—O bond lengths of 1.763(4) A, 1.776(4) A
and 1.777(4) A. The fourth technetium-ligand bond within the
tetrahedron is significantly shorter, exhibiting a length of
1.692(5) A and thus giving hint for a Tc—N bond. Accordingly,
the formation of the nitridotrioxotechnetate anion can be
assumed. Apart from the new [TcO;N]*" anion, only a small
number of other nitridotrioxometallates, such as K,[ReO;N],
M[OsO;N] (M=K, Rb, Ag, Cs, Tl), Ba,[VO;N] and Bas[WO;N],, are
known."" Even though some of the nitridotrioxometallates
have already been synthesized, still not all of them have been
structurally elucidated by single crystal X-ray diffraction."”
Bas[WO;N], was synthesized by heating Ba;W,0, at high
temperatures in the range of 700°C in a stream of NH; gas."™®
K[OsO;N] can be obtained through milder reaction conditions
starting from 0sO,, KOH and NH,OH, whereas the other
nitrodotrioxoosmates are synthesized by reacting the potassium
salt with slightly soluble salts of the cations in aqueous
solution.""¥ By the use of liquid ammonia, K,[ReO;N] has been
prepared from the reaction of potassium amide with rhenium
heptoxide."™ In the case of Ba[TcO;N], an OH™ assisted
ammonolysis to insert the nitrogen atom according to the
following reaction equations can be assumed:

OH™ + NH," — NH, + H,0 1)

[TcO,]” + NH; + OH™ — [TcO;N]*™ + 2H,0 )

The reaction is quite similar to the synthesis of K[OsO;N],
making OH™ assisted ammonolysis an efficient way for the
insertion of nitrogen into oxometallates. In case of technetium’s
lighter and heavier homologues Mn and Re, the same reactions
have not been successful. However, radiolytic effects can be
excluded, since they have not been observed in any of our
previous experimental studies with *Tc, even when dealing
with  macroscopic amounts of TcO,(s) in solubility
experiments.'?

In addition to the performed single crystal X-ray experi-
ments, the structure of Ba[TcO;N] was optimized with DFT
calculations. The calculated unit cell is shown in Figure 4. The
optimized values comply excellently with the experimental data
shown in Table S3 in the Supporting Information. The calcu-
lated values of the cell parameters a=7.32 A, b=8.00 A and c=
7.62 A agree with the available structural data a=7.2159(4) A,
b=7.8536(5) A and c=7.4931(4) A. Furthermore, the lengths of
1.69 A and 1.78 A for the Tc—N and Tc—O bonds, which are in
excellent agreement with the experimental results, were
determined (see Table S3 for the other calculated distances as
well). Figure 5 shows the DFT-optimized structures and sche-
matical MO of tetrahedral pertechnetate [Tc(VII)O,]” and
[Tc(VIO;N]* in the gas phase.

The optimization of the [Tc(VI)O;N]>” anion in the gas
phase in C;, symmetry yields similar results with 1.71 A and
1.79 A for the Tc—N and Tc—O distances, respectively. Hence,
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Figure 2. a) Crystal structure of Ba[TcO;N] with the representation of the unit cell; b) coordination polyhedra of Ba

4./ ‘—s\nw o, VAN SS gy N S5 ‘
DISADINATINAY

- a

-

1/ "Q«""Q\«v .
AD K AN X AN\ K A

g
Y S R
AT AT INA

<\

—/

WA W 2
X A KA X

‘ ‘/\r ‘ Lr ‘ AJ a
(b) .-
C

2+

extending in the a-b plane.

Figure 3. a) Coordination geometry around the barium cation and b) ellipsoid representation of the [TcO;N]?>~ anion with coordinating Ba>* cations. The

thermal ellipsoids are drawn with a probability of 70 %.

Figure 4. Unit cell of the optimized Ba[TcO;N] structure; color code: grey-
barium, blue-oxygen, red-nitrogen, green-technetium.
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both approaches result in very similar structures of the [Tc-
(VIDO;NI*~ species.

In addition to structural studies of Ba[TcO;N], Raman
spectroscopic experiments using a Renishaw inVia Raman
microscope were performed on exactly the same single crystal
which has been used for SCXRD. Figure 6 shows the Raman
spectrum of Ba[TcO;N]. The prominent bands are observed
between 986 and 299 cm™'.

In comparison with the spectra of [OsO;N]~ and by the use
of quantum chemical calculations, the bands of [TcO;N]*” have
been assigned'®" The calculated Raman and IR spectrum are
given in the Supporting Information together with a detailed
assignment of the respective vibrations (Figures S2, S3 and
Table S7 in the Supporting Information). Accordingly, the strong
absorption band at 986 cm™' belongs to the Tc—N stretching
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Figure 5. DFT-optimized structures (in the gas phase) and schematic MO of
a) tetrahedral pertechnetate [Tc(VII)O,]™, b) [Tc(VIOsNJ*~ in C,, symmetry.
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Figure 6. Raman spectrum of Ba[TcO;N] with a cutout for better clarity.

vibration. The less intense bands at 858, 831, 810 cm™' can be
attributed to Tc—O stretching modes. The bands between 407
and 361 cm™' stem from O-Tc—N bending vibrations and those
at 333 and 299 cm™' from O-Tc—O bending vibrations.

To determine the valence state of technetium, X-ray
absorption near edge structure (XANES) spectroscopy studies of
the title compound were conducted at the Tc K- and L;-edges
along with corresponding measurements of [Tc(VII)O,]” species
in aqueous solution ([Tc]=20 mM obtained by dissolution of
Na[TcO,] in 0.1 M HCI) as a reference. In comparison to studies
on the Tc K-edge, this is only the fifth known L;-edge XANES
measurement performed with a technetium sample.™ Addi-
tionally, relativistic multi-reference ab initio calculations were
applied to calculate the Tc Lj;-edge XANES spectra of both

Chem. Eur. J. 2022, 28, €202201738 (4 of 7)

compounds. The calculated spectra for both optimized gas
phase structures, shown in Figure 7, are almost identical. This is
also the case for the corresponding experimental Tc L;-XANES
spectra of [Tc(VI)O;N]*™ and [Tc(VII)O,]*~ shown in Figure 7,
right hand side. Note that the absolute energy positions
between calculated and experimental spectra are off by more
than 20 eV, indicating a systematic uncertainty in the determi-
nation of the Fermi level by the applied theory.

For the [Tc(VINO;NJ*~ anion, the Tc-N bond is oriented
along the z-axis. As the ground state has an empty 4d shell (S=
0), it is a single reference closed shell state. Since spin-orbit (SO)
effects are important, all relevant excited singlet and triplet
states, fifteen each, were determined in the calculations. From
the MO diagram in Figure 5 it is evident that the energy of
excited states with an electron occupying a mixed 4d, ./4d
(4d,,/4d,,/4d,,/4d,,,,) orbital (in the irreducible representation
E) is lower compared to states with an 4d, (4d,,) occupation (in
the irreducible representation A,), because 4d, points directly
towards the nitrogen atom with the Tc—N distance shorter
compared to the Tc—O distances. Hence, there are more peaks
to be expected compared to [Tc(VII)O,]™.

Due to the ligand field splitting of the 4d orbitals in G,
there are two lower lying states in the irreducible representa-
tion E of C;, and one higher lying state in A, (see Figure 5). The
two peaks visible in the spectrum (denoted as 1 and 2 in
Figure7) can be assigned to excitations from 2p;,—4d,,/
4d,, ,, 4d,,/4d,, (all 4d orbitals in E) and 2p,,,—4d,, (4d orbitals
in A;), respectively. The excited states are predominantly singlet
states (S=0). The splitting between the two peaks is ~2.3 eV
for the RASSCF calculations, being very close to the experimen-
tal value of 2.0 eV. Moreover, Figure 8 depicts the comparison
of the Tc K-edge XANES spectra (corresponding to dipole-
allowed 1 s—5p excitations) obtained for both Tc compounds.
Note that the distinct pre-edge peak above 21.050 eV generally
indicates the presence of a tetrahedral pertechnetate
(Tc(VINO,")-like Tc bonding environment. The absence of an
inversion center allows for the hybridization of the transition
metal's 4d and 5p states, thus rendering the lowest laying
unoccupied electronic states accessible for Tc 1s core electrons
(cf"* and references therein). This coordination structure is as
well reflected by Tc K EXAFS of the title compound compared
to aqueous pertechnetate moieties (structural parameters and
spectra obtained from EXAFS are shown in Table S5 and
Figure S1 in the Supporting Information). Thus, the Tc oxidation
state of + VIl in Ba[TcO;N] has not only been proven indirectly
by the detection of Tc—N bands in the Raman spectrum, but
also directly by means of Tc K/L;-edge XAFS spectroscopy and
multireference ab initio calculations of Tc L;-edge XANES
spectra.

Conclusion

Since technetium is formed in order of kilograms for each ton
of spent nuclear fuel, technetium redox chemistry as well as its
behaviour in long-term storage facilities needs to be inves-
tigated. Hitherto, there is a significant lack in knowledge about
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Figure 7. (a) ab initio Tc Ly-edge XANES spectra of [Tc(VII)O;NJ*~ ([Tc(VII)O,]~shown for comparison) obtained by RASSCF/ANO-VTZ calculations based on the
DFT gas phase structure optimization (see Figure 5), vertical bars representing transition energies and oscillator strengths of relevant Tc 2p,,—4d;,,
excitations and spectral envelopes (solid lines) obtained by convoluting bars with Lorentzians. (b) Normalized Tc L;-edge XANES spectra of [Tc(VII)O;N]*>~ and

[Tc(VINO,]™ (the latter one vertically shifted for clarity).

Na[TcO,] i
Ba[TcO;N]

1.25

0.75

Normalized absorption [a.u.]

T T T T
21050 21075 21100 21125

Excitation energy [eV]

T T
21000 21025 21150

Figure 8. Normalized Tc K-edge XANES spectra of [Tc(VII)O;N]*~ and
[Tc(VII)O,]™ (the latter one vertically shifted for clarity).

the behaviour of technetium species in alkaline media. With the
synthesis of Ba[TcO;N] from barium hydroxide, water and
ammonium pertechnetate, the stability of the Tc oxidation state
+VII even under as harsh conditions, as for example highly
concentrated alkaline solution, can be underlined. It might
occur in a final repository for nuclear waste in geological salt
formations, for example, in case of the degradation of
cementitious waste forms. The oxidation state has been proven
by detailed XANES and EXAFS investigations, which have been
corroborated by quantum chemical calculation.

From a preparative viewpoint, the introduced reaction of an
OH™ assisted ammonolysis is an easy and energetically
favourable way for the insertion of nitrogen into oxoanions for
future reactions. Since so far only one nitrogen per technetium
atom has been introduced, further experiments are planned to
increase the nitrogen content per technetium atom by adding
excess ammonium hydroxide in stoichiometric amounts.

Chem. Eur. J. 2022, 28, €202201738 (5 of 7)

Experimental Section

Caution! *Tc is a 8~ emitter. All operations have to be done in a
specially equipped radiochemical laboratory. Appropriate shielding
has to be employed during all manipulations of *Tc containing
samples.

Synthesis: Brown single crystals of Ba[TcO;N] were obtained from a
barium hydroxide octahydrate solution by applying hydrothermal
conditions using a Teflon-lined stainless steel autoclave. A typical
batch contained 5.4 mg NH,[TcO,] (Oak Ridge National Laboratory,
purity not specified), 63.7 mg Ba(OH),-8H,0 (Alfa Aesar, 98%) and
63.7 mL H,0. The reagents were combined in a Teflon beaker and
subsequently heated in a stainless steel autoclave at 200°C for
10 h. After decreasing the temperature within 30h to room
temperature, the crystals of the title compound were obtained in a
colorless matrix. The product formation is highly dependent on the
used amount of water and Ba(OH),-8H,0, so that even small
changes prevent successful reaction. For the afore mentioned batch
size at least 100 crystals were obtained. They were all of roughly
uniform shape and color. The single crystals were removed from
the flux mechanically. Removal of the flux to obtain a phase pure
bulk material was neither successful by washing with water nor
with methanol or other solvents. However, the crystal color and
habitus remained unchanged after washing with water and
methanol.

Single crystal X-ray diffraction: Single crystal XRD data were
collected on a Bruker D8 Venture using Cu-K, radiation (1=
1.54178 A), an X-ray optics mirror and a Photon Ill detector. The
crystal was prepared under a polarization microscope and meas-
ured at reduced temperature. The lattice parameters, the refine-
ment details, the atomic parameters and selected bond lengths are
given in Tables S1-54 in the Supporting Information. The structure
solution and refinement was successful using ShelXL/ShelXT in
Olex2." The pictures of the structure were developed with the
Diamond program.'®

Deposition Number(s) 2176571 contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Raman spectroscopy: Single crystals of the title compound were
selected in glass capillaries and placed under a Renishaw inVia
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Raman microscope. The spectra were recorded with a 532 nm laser
excitation at room temperature.

Tc K/L;-edge XAFS spectroscopy: X-ray absorption fine structure
(XAFS) measurements were performed at the Tc K-edge (E;, (Tc%) =
21.044 keV, Tc 1s—5p transitions, including extended X-ray absorp-
tion fine structure, EXAFS) and at the Tc Ls;-edge (Ep, (TC)=
2.677 keV, Tc 2p;,—4d transitions, only covering the X-ray absorp-
tion near edge structure, XANES). The K- and L;-edge spectra in the
hard and ‘tender’ X-ray regime, respectively, were recorded at the
INE-Beamline'” of the KIT Light Source (KARA storage ring, KIT
Campus North) in total fluorescence yield detection mode. Details
of the data acquisition procedures have been recently reported
elsewhere." At the Tc K-edge, Ba[TcO;N] crystals were accumu-
lated in the tip of sealed polyethylene vials installed in an Ar-
flushed flow-through sample holder. At the L;-edge, the ground
crystals were measured dispersed on adhesive KAPTON® (poly-
imide) film covered by a thin (13 pm) KAPTON foil. The resulting
pouches were installed in the He-flushed low energy sample
chamber described in Ref. [14a].

Quantum chemical calculations

Relativistic multireference ab initio study of Tc L;-XANES spectra:
Recently, relativistic multiconfiguration ab initio quantum chemistry
methods have developed into a powerful tool supporting X-ray
spectroscopy techniques.” Because of the complexity of the
detected signals, theoretical calculations are mandatory for the
interpretation of the experimental data. For recent extensive
reviews see, for example.""

Structures of the [Tc(VI)O;N]*~ species: The calculation of the
XANES spectra of [Tc(VI)O;N]*~ requires reliable structures. The
structure of [Tc(VII)OsN]*~ was optimized with Density Functional
Theory (DFT).?” For the gas phase structure the RI-DFT method was
used as available in TURBOMOLE (www.turbomole.com)®?" employ-
ing the def2-TZVP"*? basis set. Additionally, the crystal structure of
the nitridotrioxotechnetate Ba[TcO;N] was optimized with DFT
based on periodic boundary conditions as implemented in the
Vienna Ab Initio Simulation Package (VASP).”’ The Kohn-Sham
equations were solved using a plane-wave basis set. Electron
exchange and correlation were described using the Perdew-Burke-
Ernzerhof (PBE) version of the generalized gradient approxima-
tion (GGA). The core electrons were described by projector
augmented wave (PAW) potentials® as implemented by Kresse
and Joubert.” For the calculations an energy cutoff of E.,=500 eV
was chosen. The resulting xyz coordinates are given in Table Sé.

Tc L;-XANES calculations: The calculation of the Tc L;-XANES
spectra (corresponding to 2p,,—4d;,s, excitations) of the
[Tc(VI)O;NJ*~ were carried out as outlined in Ref. [27] using
relativistic multireference ab initio methods available in
MOLCAS8.4.%® The restricted active space (RASSCF) method™ was
used for the calculation of Spin-orbit interactions (SO) in the
restricted-active-space state-interaction (RASSI) scheme.®” For the
RASSCF calculations the active space was subdivided. The RAS1
space contains the three 2p orbitals and the five 4d orbitals occupy
the RAS3 space. In total six active electrons are distributed in the
active space. Both scalar relativistic and spin-orbit coupling (SOC)
were accounted for in our calculations. For the spin-orbit
interaction calculations all relevant spin states were included in the
calculations. The ANO-VTZ basis set available in MOLCAS was
used.®" The calculations were performed using the full C,,
symmetry with the SUPERSYMMETRY option imposing higher
supersymmetry by restricting rotations to irreducible representa-
tions in the RASSCF calculations. Experimental spectra were
simulated by applying a Lorentzian profile at the calculated
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transition energies with the intensities given by the oscillator
strengths with a full width at half maximum of y=2.5 eV for the
different species.

Vibrational spectroscopy calculation: Additionally, solid state
calculations with the CRYSTAL program suite®” using pob-TZVP"
(Ba, O, N) and ERD_2017 (Tc) basis sets and PBESol®” and HSESol®*!
density functional theory were carried out. All optimized geo-
metries were confirmed by subsequent frequency calculations.
Intensities were obtained for the PBESol functional using CRYSTAL's
CPKS®® module. In order to achieve convergence all calculations
were conducted in internal coordinates with the XXL integration
grid.

IR and Raman frequencies were calculated using CRYSTAL®” within
the harmonic approximation (Table S7). The simulated Raman and
IR spectra were calculated using the PBESol functional only since
CRYSTAL does not allow for the calculation of intensities for the
HSESol functional. However, we cross checked the locations of the
transitions with the HSESol functional and found no significant
difference. Obtained normal modes were analyzed by visual
inspection and classified as stretching, bending or skeletal modes.
For visualization of the spectra, calculated Raman and IR intensities
were fitted with Lorentzian functions (Figures S2 and S3).
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Results and Discussion

4.2.2 K3[MO4][MO3N] with M = Tc¢, Re from KOH Hydroflux (Publication 3)

For the synthesis of the mixed anionic nitridotrioxometallates K3[ReO4][ReO3N] and
K3[TcO4][TcO3N], ammonium pertechnetate and perrhenate were used as starting materials
and were reacted in KOH hydrofluxes. The structures of these compounds were analyzed
using SC-XRD and supported by additional characterization techniques, such as XPS,
Raman spectroscopy and quantum chemical calculations, which also confirmed the

presence of Re-N and Tc-N bonds.

Publication 3

K3[MO4][MO3N] (M = Tc, Re) — Nitridotrioxidorhenate and -technetate from Highly
Alkaline Media

D. Badea, S. Olthof, J. M. Neudorfl, R. Glaum, R. Péttgen, M. K. Reimann, K. Meerholz,
M. Reimer, C. Logemann, E. Strub and J. Bruns

Eur. J. Inorg. Chem. 2023, €202300160.

doi.org/10.1002/ejic.202300160

Explanation of the personal contribution to the previously mentioned publication:

All experiments were conducted by Désirée Badea, with the initial experiment originating
from the master's thesis, while all the main experiments were carried out during the doctoral
research. Désirée Badea synthesized all analyzed products, performed the characterization
experiments, evaluated the collected data and prepared the corresponding plots for
publication, unless otherwise noted below. SC-XRD, XPS, Raman, UV-vis, magnetic
susceptibility and elemental analysis data were obtained by co-authors. Désirée Badea
prepared the draft of the manuscript. Supporting information is provided in the Appendix
on page 112.
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K;[MO,l1IMO;N] (M=Tc, Re) - Nitridotrioxidorhenate and
A% -technetate from Highly Alkaline Media

Désirée Badea,” Selina Olthof,” Jérg M. Neudérfl,™ Robert Glaum,™ Rainer Péttgen,™
Maximilian Kai Reimann, Klaus Meerholz,” Max Reimer,” Christian Logemann,”

Erik Strub,” and Jérn Bruns*®

The reactions of ammonium perrhenate and pertechnetate in
highly alkaline medium led to the isotypic mixed anionic
nitridotrioxidorhenate and -technetate K;[MO,[MO;N] (M= Tc,
Re). Both compounds occur as colorless crystals, which were
investigated by single crystal X-ray diffraction. Furthermore,

Introduction

Exploratory crystal growth can be carried out by molten flux
syntheses." This method includes an inorganic salt with a low
melting temperature. In order to synthesize oxides or oxidic
species, potassium or sodium hydroxide are frequently used as
fluxes.” By considering the water content, two different types
of methods can be distinguished, namely the flux and the
hydroflux technique. In the case of a flux reaction, the inorganic
salt melt is free of water. A hydroflux occurs when a small but
defined amount of water is added to the flux. The latter has to
be clearly differentiated from a typical aqueous solution, which
would be called hydrothermal reaction.” Due to a variety of
influences of the melt on the product, an ideal selection of a
suitable flux has to be elucidated, since the redox potential of
the melt influences the product with regard to the metal
oxidation state.®! The redox equilibrium can be adjusted by
controlling the atmosphere above the melt, e.g. by using an O,
atmosphere.”’ In the case of hydroxide melts, the acid-base
chemistry of the melt is described by the Lux-Flood concept of
oxoacidity.” The latter allows for the prediction of the solubility
of the starting materials.
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K;[ReO,4][ReO;N] has been studied by means of X-ray photo-
electron spectroscopy to determine the oxidation state of
rhenium. The obtained results have been complemented by
magnetic measurements. IR and Raman spectroscopy indicated
the presence of Re—O as well as Re—N bonds.

Reactions in highly alkaline media have been well estab-
lished for decades,”**** however reactions of technetium
species in alkaline environment have not been studied
extensively.” Our recent investigations have shown that
Ba[Tc""O;N] can be obtained from the reaction of ammonium
pertechnetate in Ba(OH),x8H,0 and water."”’ Frequently, techne-
tium occurs in the oxidation states +4, +5 and +7, with the
[Tc"'O,]- anion being the most prominent representative.”
However, Ba[TcO;N] is the first compound exhibiting the
nitridotrioxidotechnetate anion [TcO;NI*~."" So far only pertech-
netate has been reacted with barium hydroxide, whereas
identical approaches with rhenium and manganese did not lead
to isostructural anions.” Following the exploration of the redox
chemistry of pertechnetate in an alkaline medium as barium
hydroxide, the focus has now been directed to flux systems
with monovalent cations, e.g. potassium hydroxide. Consider-
ing ternary potassium oxo-species of all group 7 elements, the
number of crystallographically characterized manganates is
comparably high”! In contrast, so far the heavier homologues
occur almost exclusively as metallates(VII)."”

During recent investigations on the reactions of perrhenates
and -technetates in alkaline salt melts we now obtained the
mixed anionic metallates(VIl) K;[MO,IIMO;N] (M= Tc, Re). Both
compounds were obtained from a reaction of NH,[MO,] (M=
Tc, Re) in potassium hydroxide and defined amounts of water
to achieve hydroflux conditions at elevated temperatures. With
no additional nitrogen source present, the anions [MO;N]*~
(M= Tc, Re) presumably form according to following reaction:

[MO,]” + NH," + 20H~ — [MO;N]>" + 3H,0 )
Results and Discussion

The reaction conditions, specifically the amount of water, the
maximum temperature and the cooling rate, play a crucial role
for the phase pure synthesis of the material. In order to prepare
a new technetate, the rhenium homologue as a non-radioactive
reference was synthesized first and the reaction has been scaled
down and adjusted for the synthesis of the technetium species.

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]JIC . ..
doi.org/10.1002/ejic.202300160

European Journal of Inorganic Chemistry

The properties of the rhenium species were investigated in
detail, in order to gain as much information about the sample
as possible. Since the technetate and the rhenate are isotypic
and handling of technetium species requires significant safety
precautions, the characterization of the technetate was not
extended.

The crystal structure of K;[TcO,][TcO;N] is shown in Figure 1
and Figure 2 exemplary for both compounds. The phase pure
synthesis of K;[ReO,][ReO;N] has been proven by powder X-ray
diffraction (P-XRD) and X-ray photoelectron spectroscopy (XPS).
The powder pattern can be found in Figure 3 and the XPS
spectrum of a bulk sample in Figure S1. Both compounds
crystallize in the trigonal space group R3m and contain three
formula units per unit cell. Both exhibit two crystallographically
distinguishable potassium cations and only one unique techne-
tium or rhenium position, respectively. Tables S1-S10 in the
Supporting Information list detailed crystallographic data of

@Tc
[ 14
®N/O

Figure 1. Crystal structure of K;[TcO,][TcO;N] with [TcO,]™ and [TcO;NJ*~
polyhedra. The O/N ordering could not be resolved and the mixed colored
atoms are occupied 12.5% by N (red) and 87.5% by O (blue).

Figure 2. (a) Structure and environment of the [TcO,]™ and [TcO;N]*~
polyhedra in K;[TcO,][TcO;N] with mixed colored atoms, in each case
proportionally occupied by 12.5% N (red) and by 87.5% O (blue). (b) The
extended smallest asymmetric unit with ellipsoid representation with 70%
probability.

Powder pattern of K,[ReO,][ReO,N]
Refined data
— Difference to calculated data

Intensity [a.u.]

20[°]

Figure 3. Rietveld refined XRD pattern of K;[ReO,][ReO;N] with the measured
data (black), refined data (red) and difference to calculated values (blue).
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Ks[MO,IIMO;N] (M=Tc, Re). Table1 and 2 show selected
crystallographic data and atomic distances of both compounds
for comparison. The diffraction data give no hint for O/N
ordering and the average structure is best described in the
centrosymmetric subcell model. For [{ReN(PMe,Ph);}{ReO;N}],"""
the authors found evidence for the [ReO;N]*~ anion based on
bond lengths and angles. However, in this structure the
(ReO;N)-fragment is embedded in a molecular structure with
Re—O—Re and Re—N—Re bonds, which makes the results hardly
comparable to the free anion. Furthermore, different further

solvates of

[{ReN(PMe,Ph),{ReO,N}1,, M
[{ReN(OH,)(L¥),},01[ReO,N] "™

K,[ReO;N]"?  and

(L*-1,3-Diethyl-4,5-dimeth-

Table 1. Selected crystallographic data of K;[MO,][MO;N] (M= Tc, Re).

Empirical formula K;[ReO,][ReO;N] K5[TcO,I[TcO;N]
Formula weight 615.71 g/mol 439.31 g/mol
Temperature 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system trigonal trigonal

Space group R3m (no. 166) R3m (no. 166)

Unit cell dimensions

Volume 665.5(2) A* 657.28(6) A®

z 3 3

Density (calculated) 461gcm™3 333gcm™

F(000) 810 618

Crystal size 0.10x0.05x0.03 mm® 0.10x0.05x0.03 mm?

20 range for data 5.76° to 75.67° 5.74° to 74.77°

collection

Index ranges —-10<h<10, —-10<h<10,
—-10<k<10, —10<k<10,
—36</<36 —36</<36

Reflections collected 37262 12044

Independent reflections

Completeness to 6 100% 97.2%
Absorption correction multi-scan multi-scan
Absorption coefficient 28.67 mm™' 458 mm™'
Data / parameters 491/19 468/18
Extinction coefficient 0.0049(3) -
Goodness-of-fit on F? 1.243 1.161

Final R indices R,=0.0152, R,=0.0164,
[I> 2sigma(l,)] wR,=0.0359 wR,=0.0386
R indices R,=0.0152, R,=0.0176,
(all data) wR,=0.0359 wR,=0.0390

Largest diff. peak and
hole
CCDC number

a=6.0184(6) A
c=21.216(33) A

491 [R,,=0.0561,
Rigma=0.0182]

1.84/—1.33 eA?

2224694

a=5.9696(2) A
c=21.298(1) A

468 [R,,=0.0532,
Ragma =0.0187]

1.24/-1.24 eA?

2224695

Table 2. Overview of M-O/N bond lengths in K;[MO,][MO;N] (M= Tc, Re)
and literature known compounds with [ReO,]", [ReN,I>~ and [TcO;N]*~

anions.
Compound Atom Atom Length/A
K;[ReO,][ReO;N] Rel O1/N1 1.742(2)
Rel 02/N2 1.729(4)
Ks[TcO,1[TcO5N] Tcl O1/N1 1.737(1)
Tcl 02/N2 1.718(3)
Ba[TcO;N]"” Tcl 01 1.776(4)
Tcl 02 1.777(4)
Tcl 03 1.763(4)
Tcl N1 1.692(5)
K[ReO,]"¥ Rel 01 1.7238(2)
LiSr,[ReN,]"! Rel N1 1.845(8)
Rel N2 1.830(7)
Rel N3 1.810(4)

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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ylimidazol-2-ylidene)  have  been reported. However,
K,[ReO;N]"? has so far not been characterized via single crystal
or powder X-ray diffraction and the results of single crystal X-
ray measurements on [{ReN(OH,)(L™),},01[ReO;N]™ were not
discussed in detail since the crystals decomposed during the
measurement.

The Pearson data base® reveals a manifold of oxides,
besides fluorides and oxide nitrides for the crystallographic
fingerprint of space group 166, Pearson code hR39 and Wyckoff
sequence hc®a. The coloring variants of the different Wyckoff
sites for various examples are summarized in Table S11. It is
remarkable, that mixed occupancies were observed for all
Wyckoff positions, requested for an electron precise description
of the given phases. The largest crystal chemical similarity to
K;[ReO,][ReO;N] was observed for the barium compounds
Ba;[MoO;N], and Bas[WO,;N1,."” The crucial question for these
three compounds concerns the O/N ordering within the
tetrahedral entities. Neutron diffraction studies on the barium
compounds revealed refined composition of Ba;Mo0,040,N
and Ba;W,0,¢,N, 55" which are close to the ideal one, keeping
the standard deviations of the occupancy parameters in mind.
Nevertheless, the O/N mixing for both compounds concerns the
18h and 6¢ positions as well. The subgroup table in the
International Tables A1"® shows that splitting of the 18h and 6¢
sites in different ratios is possible in subgroups R3m, C2/m and
P3m1. However, since both sites show O/N mixing already in
the subcell refinement, these three subgroups do not allow for
complete O/N ordering.

The possibility for O/N ordering for K;[ReO,][ReO;N] studied
herein was tested. In contrast to Ba[TcO;N], the potassium
compound has an oxygen-to-nitrogen ratio of 7:1. If one
assumes that only the 6¢ subcell position shows O/N mixing, a
simple 1:1 ordering is possible in the subgroup R3m as
presented in the group-subgroup scheme in Figure4. A
literature known example is the structure of K;[CrO,JIMnO,]"®
with chromium manganese ordering; however, given the
almost similar scattering factors of chromium and manganese,
the reliability of such a refinement is probably limited.

16]

R32/m KI:3a K2: 6¢ Re: 6¢ [O/N1: 18 O/N2: 6¢

i m o k. n
| 0 0 0 04906 0
0 0 0 i 0
° 0 0.8029 0.5959 02348 0.6775
R3m
Kl:3a K2a: 3a | K2b: 3a | Rel: 3a | Re2:3a | Ola:95 | O1b:95 | 02:3a | N:3a
K3[ReO4][ReO3N]| | 3m 3m 3m 3m 3m m m 3m 3m
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Figure 4. Group-subgroup scheme in the Birnighausen formalism®' for the
structures of K;[ReO;;5Ny ], and K;[ReO,][ReO;N]. The index for the trans-
lationengleiche (t) symmetry reduction and the evolution of the atomic
parameters are given. The violet shading highlights the O/N disorder (12.5%
N on the O sites) in the centrosymmetric model. The refined coordinates for
K;[Cr0,]IMnO,]" are listed for comparison.
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Refinements of the occupancy parameters  of
K;[ReO,][ReO;N] in the R3m model gave no hint for a site
preference of nitrogen on one of the two Wyckoff positions
(this is similar to the findings for the barium compounds
discussed above). Therefore, the K;[MO,JIMO;N] (M= Tc, Re)
structures were refined with a 7:1 O/N ratio on both Wyckoff
positions. A refinement in the non-centrosymmetric super-
structure model (space group R3m) converged; however, with
large correlations. A clear discrimination of oxygen and nitrogen
was impossible. The same holds true for the monoclinic and
trigonal subgroups. Only well resolved neutron diffraction data
might resolve this problem.

Obviously, it is hard to distinguish between O and N only by
judging on the basis of single crystal X-ray diffraction. However,
vibrational spectroscopy underlines the assumption of Re—O
and Re—N bonds. The Raman spectrum of K;[ReO,][ReO;N] is
shown in Figure 5 and the IR spectrum in Figure S3. In addition,
the CHNS analysis also confirms the presence of nitrogen with
an amount of 2.2(3)%, which is consistent with the calculated
value of 2.27 % per formula unit.

The Raman bands at 970cm™ and 919cm™ can be
assigned to symmetric and antisymmetric stretching vibrations
since they resemble closely the findings for K[ReO,].”” When
comparing to the bands occurring in the Raman spectrum of
Ba[TcO;N], the most prominent Re—N vibration occurs at
highest wavenumbers, which is 1023 cm™ in case of
K;[ReO,][ReO;N1."" The vibrations at lower wavenumbers be-
tween 383 cm™' and 314 cm™' are attributed to symmetric and
antisymmetric bending modes of K;[ReO,][ReO;N].2"

The magnetic properties of a K;[ReO,][ReO;N] sample, pure
on the level of X-ray powder diffraction, was investigated by
magnetic susceptibility and magnetization experiments (see
Experimental Section).

The temperature dependence of the magnetic susceptibility
(10 kOe data) is presented in Figure 6. The susceptibilities are
negative within the complete temperature range investigated,
classifying K;[ReO,][ReO;N] as diamagnetic, in agreement with
the electron-precise description. The tiny anomalies observed in
the low-temperature regime can be attributed to traces of
impurities. The room temperature magnetic susceptibility
amounts to —4.1(1)x10™* emumol™ and is within the same

970 cm™?

1023 cm™

919 cm?
337cm™

Intensity [a.u.]

-1
383 cm 867 cm™?

1

=1
314cm™\ / 830cm?
%X -

T T T T T T
100 300 500 700 900 1100 1300 1500

¥ [em™)

Figure 5. Raman spectrum of K;[ReO,][ReO;N] powder.
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Figure 6. Temperature dependence of the magnetic susceptibility of
K;[ReO,][ReO;N] measured with an applied field of 10 kOe.

order of magnitude as the estimated value of —1.65x
10~* emumol™" obtained from the diamagnetic increments®?
(in units of 107° emumol™") of K™ (—14.9), Re’" (—12), 0* (—12)
and N*~ (—13). Similar magnetic behavior was observed for two
different K;[ReO,][ReO;N] samples.

For the pure powder (checked by powder X-ray diffraction)
of K;[ReO,][ReO;N], XPS measurements were carried out. A wide
range survey spectrum is shown in Figure S1 in the Supporting
Information, in which no traces of impurity elements can be
detected. Figure 7 depicts the close-ups of signals related to Re
4f and Re 4d;,, core levels.

Notably, two contributions with similar intensities have to
be fitted in either spectrum to explain the measured data,
suggesting the presence of two oxidation states (e.g. + VI and
+VII) of rhenium. This comes as a surprise, since the formal
oxidation state is expected to be exclusively +VII. Either the
material contains unintended Re species, or differences in
binding environment of the Re atoms within the structure lead
to the observed effects.

To clarify the underlying reason, two additional Re + VI
compounds were investigated. Since the Raman spectrum
clearly gives hint to the presence of Re—N bonds, K,[ReO;N] was
synthesized according to a published procedure."? It has to be
noted, that this sample has only been identified by comparing
the IR spectrum profile since no further characterization has
been published so far.'”? Nevertheless, in addition to the IR
spectrum of K,[ReO;N], powder XRD and Raman data is addi-

B rent
Total fit A

Species 1
Species 2

54 52 50 48 46 44 42
Eg [eV]

Intensity [a.u.]
Intensity [a.u.]

272 270 268 266 264 262 260 258
Eg [eV]

Figure 7. XPS core level spectra of the Re 4f doublet (left) and Re 4d;,, (right)

tionally listed in the Supporting Information for completeness,
see FiguresS2, S4 and S5. The IR spectrum of the herein
investigated sample K,[ReO;N] exhibits similar values found for
the literature known sample.'”? XPS measurements of this
compound, as well as K[ReO,] are presented in Figure 8,
together with the previously shown K;[ReO,J[ReO;N]. A clear
difference of AEz=2.3eV in core level binding energy is
observed in the fits of the two lower panels in Figure 8.
Assuming that both compounds are Re*"" species, the differ-
ence is most likely related to the electron-donating properties
of the nitrogen ligand in case of the [ReO;N]*~ anion. The
binding energies found here correlate well to the ones
observed in K;[ReO,][ReO;N] and thereby confirm the predicted
crystal structure.

In contrast to mixed-valent (oxo-)compounds like Pb;0O,
and Prussian blue,*” which impress by intensive coloration of
the crystals, both title compounds are colorless. The UV/vis
spectrum obtained from investigations on single crystals of
K;[ReO,4][ReO;N] is depicted in Figure 9. The literature known
bands of perrhenate(VIl) anions from UV/vis spectroscopic
measurements occur at 47620 cm™' and 29410 cm'.* The
larger bump observed around 21000 cm™' might result from a

[23]

—— Total fit
Data

Re 4f
K[ReO;N][ReO,]

| n
t 1

K[ReO,]

Intensity [a.u.]

52 50 48 46 44
Eg [eV]

Figure 8. Comparison of the Re 4f XPS core level spectra of K;[ReO,][ReO;N],
K,[ReO;N] and K[ReO,].
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region of K;[ReO,][ReO;N]. The data is fitted by two dissimilar Re"" species
represented in orange [ReO,]” and blue [ReO;N]*".

Figure 9. UV/vis spectrum of a K;[ReO,][ReO;N] single crystal measured with
a strongly modified Cary 17 spectrometer.
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N*~—Re’" ligand-to-metal-charge-transfer and underpins the
XPS data.

Conclusions

In summary, the synthesis of the nitridotrioxidometallates
K;[ReO,][ReO;N] and K;[TcO,][TcO;N] requires hydroflux condi-
tions. Both compounds are isotypic and K;[ReO,][ReO;N] has
been investigated intensively to determine the oxidation states
of the metal, the magnetic behavior and the formation of Re-N
besides Re-O bonds. When comparing the reactions of
ammonium permetallates of group 7 elements in barium
hydroxide with those in potassium hydroxide, significant differ-
ences have been observed. With barium hydroxide only the
pertechnetate reacted according to our experimental procedure
to give the [TcO;N]* anion. In the case of reactions with
potassium hydroxide, pertechnetates and perrhenates reacted
successfully forming finally the anions [TcO;N]*~ and [ReO;N]*".
Thus, in combination with the monovalent cation K* we
observe identical reactions for the rhenium and technetium
species, whereas the permanganate does not react in a
potassium hydroxide hydroflux to form K;[MnO,][MnO;N] under
the given conditions. Furthermore, an influence caused by the
B~ decay can be excluded for the reaction with NH,[TcO,], since
the non-radioactive product K;[ReO,][ReO;N] has also formed. It
is furthermore an important XPS finding that changes in the
ligands significantly affect the binding energy of the metal
without changing the actual oxidation state.

Experimental Section

Caution!

*Tc is a B~ emitter. All reactions have to be conducted under
special safety precautions in a designated radiochemical laboratory.
While handling **Tc appropriate shielding must be guaranteed.

Synthesis

Colorless single crystals of K;[MO,IMO;N] (M=Tc, Re) were
obtained from a potassium hydroxide hydroflux by using a Teflon-
lined stainless steel autoclave. A typical batch contained 1 equiv-
alent NH,[MO,], 110 equivalents KOH (Thermo Scientific, ~85%) and
additional 69 equivalents H,O. Due to the radioactivity of
technetium, a smaller approach was performed for NH,[TcO,]
(2.00 mg, 0.01 mmol, Oak Ridge National Laboratory, purity not
specified) as opposed to NH,[ReO,] (26.82 mg, 0.10 mmol, Sigma-
Aldrich, >99%). The reagents were heated in closed autoclaves at
200°C for 10 h and cooled to room temperature with a cooling rate
of 0.5 K/min. Single crystals of K;[TcO,][TcO;N] were mechanically
removed from the matrix of KOH/H,O and transferred to perfluori-
nated oil. Here, the remaining parts of adhesive flux were washed
away and a suitable crystal for X-ray diffraction has been isolated.
Crystals of K;[ReO,][ReO;N] were isolated after washing the reaction
product with methanol. In order to obtain a phase-pure powder of
K;[ReO,][ReO;N] (22.15 mg, 0.036 mmol 72% yield) for further
characterization, a slow cooling rate of 0.03 K/min needs to be
applied.

Eur. J. Inorg. Chem. 2023, 26, 202300160 (5 of 7)

Single crystal X-ray diffraction (SC-XRD)

Single crystal XRD data was collected on a Bruker D8 Venture using
Mo-K, radiation (\=0.71073 A). The crystals were prepared under a
polarization microscope and measured at reduced temperature.
The lattice parameters, the refinement details, the atomic parame-
ters and selected bond lengths are given in Table 1 and Tables S1-
S10 in the Supporting Information. The structure solution and
refinement was successful using ShelXT/ShelXL in Olex2.*® The
pictures of the structure were developed with the Diamond
program.”?”

Deposition Numbers 2224694 (for K;[ReO,][ReO;N]) and 2224695
(for Ks[TcO,][TcO;N]) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

Powder X-ray diffraction and Rietveld refinement (P-XRD)

Powder XRD data was collected on a Stoe Stadi-P powder
diffractometer (Mythen detector, Debye-Scherrer geometry) using
Mo-K,, radiation (A=0.70930 A). The samples were ground and
sealed in glass capillaries with @ =0.30 mm. The data was recorded
within 30 min in a range of 26 =0-60°. The Rietveld refinement was
carried out using Topas, with the lattice parameters freely refined
and applying the Thompson-Cox-Hastings profile function.”® The
background was described using six Chebychev polynomials. The
diffractogram was plotted with the Origin Software.” Refinement
details are given in Table S12.

Raman spectroscopy

Single crystals of K;[ReO,][ReO;N] were transferred into a glass
capillary (wall thickness 0.01 mm, outside @=0.5 mm), whereas
powder of K,[ReO;N] was prepared in a glass ampoule. The data
was measured with a Renishaw inVia Raman microscope and the
spectra were recorded with a 532 nm laser excitation at room
temperature. The data was plotted with the Origin Software.””

Elemental analysis

The elemental analyses was performed with a CHNS Euro EA 3000
analyzer of HEKAtech GmbH. K;[ReO,][ReO;N] (615.71 g/mol):
experimental N 2.2(3), C 0.1(3), H 0.0(3), S 0.0(3), calculated N 2.27,
C 0.00, H 0.00, S 0.00%. We attribute the finding of C and H to
remaining amounts of adhesive solvent since the crystals were
washed with methanol.

Susceptibility and magnetization

The sample was ground to a fine powder, filled into a polypropy-
lene capsule and then attached to the brass sample holder rod of a
vibrating sample magnetometer (VSM) of a Quantum Design
Physical Property Measurement System (PPMS). The experiment
was conducted in the temperature range of 2.5 to 300 K with
applied external magnetic fields of up to 80 kOe. Fitting and
plotting of the data was done with OriginPro 2016G"™” and the
graphical editing with the program CorelDRAW2017.5"

Optical spectrum (UV/vis spectroscopy)

A single-crystal electronic absorption spectrum of an arbitrary face
of a K;[ReO,][ReO;N] crystal was measured at ambient temperature

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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using a strongly modified CARY 17 microcrystal spectralphotometer
(Spectra Services, ANU Canberra, Australia). The spectrometer
allows the measurement of very small single-crystals with diameters
down to 0.1 mm. Details on the spectrometer have already been
published.®? The crystal was contained in a borosilicate capillary for
protection. The baseline was measured with the empty capillary.

X-ray photoelectron spectroscopy (XPS)

The finely grounded powders were applied inside a glovebox onto
a conductive tape and loaded into the vacuum chamber without
exposing them to air. XPS measurements were performed using a
non-monochromatic Mgy, excitation at 1253.6 eV. Slight charging
of the powders occurred during the measurement which were
corrected by setting the binding energy of adventitious carbon to
284.7 eV. The photoelectrons were detected using a hemispherical
analyzer (Specs Phoibos 100) at a pass energy of 10 eV, except for
the survey scan where 90 eV pass energy was used. The core levels
were fitted by Voight profiles after a Shirley background was
subtracted. The data was plotted with the Origin Software.*”
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Results and Discussion

4.2.3 A3|Re04][ReO3N] and A"2[ReO3N] with 4 = Rb, Cs and 4' = K, Cs from Alkali
Metal Hydroxide (Publication 4)

Crystallographically phase pure samples of A3[ReO4][ReOsN] (4 = Rb, Cs) were
synthesized by reacting ammonium perrhenate in an alkali metal hydroxide hydroflux. Both
compounds are structurally isotypic to K3[ReO4][ReO3N] and crystallize in the space group
R3m. Additionally, 4'2[ReO3N] (4' = K, Cs) were obtained through a similar hydroflux,
using ammonium chloride to increase the nitrogen content. Ko[ReO3N] crystallizes in the
space group C2/m, while Csz[ReOs3N] shows the space group Pnma. All four novel
compounds were further analyzed using Raman spectroscopy and quantum chemical

calculations were performed to support the experimental results.

Publication 4

Synthesis and Characterization of A3]ReO4][ReO3N] and A'2[ReO3N] (4 = Rb, Cs;
A' =K, Cs)
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information is provided in the Appendix on page 121.

55



EurJIC Chemistry

Europe

European Journal of Inorganic Chemistry gg::?ept?:;guhbﬁirgrlﬁ%

Front Cover:
J. Bruns and co-workers
Synthesis and Characterization of A3;[ReO,][ReO3N] and A’5[ReO3N] (A=Rb, Cs; A’ =K, Cs)

WILEY «VcH 17/2025



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]IC - ..
doi.org/10.1002/ejic.202500036

European Journal of Inorganic Chemistry

www.eurjic.org

Synthesis and Characterization of A;[ReO,][ReO;N] and
A’;[ReOsN] (A =Rb, Cs; A’ =K, Cs)

Désirée Badea, Christoph Lenting, Michael Hanrath, and J6rn Bruns*

Crystallographically phase-pure samples of A;[ReO4][ReOsN] with
A = Rb, Cs are obtained from the reaction of NH,[ReO,] in an alkali
metal hydroxide flux. Both compounds are isotypic to the known
compound K;[ReO4][ReOsN] and crystallize in the space group
R3m."" A’,[ReO5N] with A’ =K, Cs are also synthesized from the
respective alkali metal hydroxides, but with an increased amount

1. Introduction

Oxometallates and nitridooxometallates represent two inter-
esting classes of inorganic compounds that have garnered
significant attention over decades.”*® Considering the nitrido-
trioxidometallates of transition metals, it is noticeable that only
a few publications on technetium and rhenium in form of
the nitridotrioxidotechnetate(VIl) and nitridotrioxidorhenate(VII)
salts [MO;N]?>~ (M =Tc, Re) are reported. Some of them have
been published only recently.'**' The nitridotrioxidometallates
of other transition metals, such as K[OsO;N], Bas[WOsN],, and
Ba,[VOs;N] have been studied in more detail.>’"'? |n the litera-
ture, the reactions are performed either by using gaseous/liquid
NHs or by salt metathesis of an already existing nitridotrioxido-
metallate.®4" Pure nitrides, usually synthesized by high-tem-
perature reactions involving nitrogen or ammonia as the
nitrogen source,”">' are already known for their challenging
synthesis. Similarly, the preparation of nitridotrioxidometallates
can also be demanding. However, recently we were able to show
that nitrogen from ammonium permetallates can be converted to
a nitridotrioxidometallate in metal hydroxide hydrofluxes even at
moderate temperatures.l"'%

The recent work focuses on nitridotrioxidorhenates. K,[ReOsN],
the first compound featuring the respective [ReOsN]*~ anion
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of the nitrogen source via adding ammonium chloride to
the starting mixture. K;[ReOsN] crystallizes in the space group
C2/m, whereas Cs,[ReOs;N] crystallizes in the space group
Pnma. Along with the characterization of the four novel crystal
structures, the experimental results are further supported by
Raman spectroscopy and quantum chemical calculations.

has been published in 1960." The latter has been obtained from
the reaction of Re,O, with KNH, in liquid NH;. However, the
obtained sample was not characterized via single crystal X-ray
diffraction but by means of vibrational spectroscopy.*'® One
crystallographic  hint for the existence of the free anion
[ReO;NJ?~ was achieved via the characterization of a compound
with the sum formula K3;[ReO,][ReO:zN], which has been synthe-
sized via a hydroflux approach from ammonium perrhenate
in a mixture of potassium hydroxide and water.'? Similarly,
Ba[TcOsN] has been obtained from ammonium pertechnetate
in a mixture of barium hydroxide and water.™ Similar to
the two previously described syntheses, the title compounds
As[ReO,4][ReOs3N] (A=Rb, Cs) can be synthesized from
NH4[ReO,] in a flux of the respective alkali metal hydroxides,
making these reactions less complex than working with liquid
or gaseous ammonia. Furthermore, the amount of nitrogen in
the synthesized compounds can be increased by adding more
of a suitable ammonium compound as nitrogen source.
Accordingly, it is possible to synthesize the nitridotrioxi-
dorhenates A’,[ReO;N] (A’ =K, Cs).

2. Results and Discussion

Crystallographically phase-pure A;3[ReO,][ReO3N] (A=Rb, Cs)
could be obtained from NH,[ReO,] in an alkaline flux of RbOH
or CsOH, respectively. Both compounds were characterized by
means of single-crystal structure analysis and via powder X-ray
diffraction. The crystal structure of Rb;[ReO4][ReO;N] is shown
in Figure 1 and will be depicted in the following as an example
for the two isotypic species As[ReO,][ReO:N] (A =Rb, Cs). Both
crystallize in the trigonal space group R3m and are isotypic to
K;[ReO,][ReO3N], see Table 1." The structures contain two
crystallographically distinguishable alkali metal cations, whereas
only one unique rhenium atom is present. Since the bond lengths
give no hint for a predominant location of nitrogen all three
distinguishable oxygen positions are refined as partially occupied
by nitrogen with a fixed N:O ratio of 1:7, resulting in the total

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 1. Crystal structure of Rbs[ReO,][ReOsN] with [ReO,]~ and [ReOsN]*~
polyhedra, whereas the mixed colored atoms are occupied with a ratio of

R
S <

1YV &Y
\> v

12.5% by N (red) and 87.5% by O (blue).

r

hED

Table 1. Selected crystallographic data of A;[Re0,][ReOsN] with A= Rb, Cs.

Crystal size

26 range for data
collection

Index ranges

Reflections collected

Independent
reflections

Completeness to 6

Absorption
correction

Data/parameters
Goodness-of-fit on F?

Final R indices
[l > 20(l,)]

R indices (all data)

Largest diff. peak
and hole

CCDC number

0.10 x 0.06 x 0.01 mm?
5.54° to 59.91°

—8<h<s,
—8<k<§,
-30</<30

6254

306 [Rin = 0.0371,
Riigma = 0.0122]

100%

Multi-scan

306/18
1.265

R, =0.0197,
WR, = 0.0474

R, = 0.0207,
WR, = 0.0477

1.69/-1.64e A3

2414620

Empirical formula Rbs[ReO,][ReO;N] Cs3[Re0,][ReO3N]
Formula weight 754.82 gmol ! 897.14gmol ™’
Temperature 100(2) K 100(2) K
Wavelength 071073 A 0.71073 A
Crystal system Trigonal Trigonal
Space group R3m (no. 166) R3m (no. 166)
Unit cell dimensions a=6.17473) A a=6.3947(2) A
€=22.062(1) A c=23.160(1) A
Volume 728.46(8) A 820.18(6) A°
V4 3 3
Density (calculated) 5.16gcm3 545gcm3
F(000) 972 1134

0.10 x 0.05 x 0.07 mm?
5.28° to 57.95°

—-8<h<s,
—8<k<sg,
—-31</<31

18322

308 [Ri = 0.0436,
Reigma = 0.0090]

100%

Multi-scan

308/19
1.159

R, =0.0125,
WR, = 0.0327

R, =0.0125,
WR, = 0.0327

1.91/-134e A3

2414618

ordering has already been studied. A comparison of the bond
lengths within the [ReOsNJ*~ tetrahedra across the three known
mixed anionic species reveals consistent values. The Re-O/N bond
lengths fall in the narrow range of 1.710(8)-1.747(4) A" Figure 2
shows the coordination polyhedra of both crystallographically
distinguishable rubidium cations.

Rb1 is coordinated by 12 O/N atoms with distances of 2.912(4)
A up to 3.5673(4) A, building an icosahedron as confirmed by the
program Polynator.l'® By using CHARDI2015, the coordinating
ligands were verified."”'® In contrast, Rb2 is coordinated by
10 O/N atoms and forms the rather unusual polyhedron “mono-
capped trigonal cupola” as determined by Polynator.'®'® The
bond lengths for Rb2 range from 2.825(8) A to 3.185(1) A.
Similar metal-oxygen polyhedra are found for the potassium
and cesium salts, with the respective distances depending on
the central cation.™

Figure 3 shows the powder X-ray data and Rietveld refine-
ment patterns, whereas Raman spectroscopy data can be found
in Figure 4. The spectra were recorded for single crystals of the
respective compounds. All spectra show the characteristic Re-N
vibration in the range of 1010-1023 cm~" and Re-O vibrations in
the range of 966-971 cm™". The vibrations at lower wavenumbers
are assigned to the symmetric and antisymmetric bending modes
of the compounds and agree with the literature.”"’ The bands shift
to lower wavenumbers with increasing size of the alkali metal
cations.

In addition to As[ReO4][ReOsN] (A = Rb, Cs), single crystals of
K,[ReO5N] and Cs,[ReO5N] could be obtained from a CsOH flux
and a KOH hydroflux, respectively. Therefore, ammonium chloride
as an additional nitrogen source was added. However, so far it
was not possible to crystallize Rb,[ReOs3N]. Furthermore, it was
not possible to increase the amount of nitrogen in the oxo-anions
even further.

K,[ReOsN] crystallizes in the monoclinic space group C2/m
with four formula units per unit cell. The latter is not isotypic
to Cs,[ReOsN], which crystallizes in the orthorhombic space group
Pnma with four formula units per unit cell, see Figure 5 and 6, and
Table 2.

As described for the mixed anionic compounds before, the
nitrogen atoms are refined with a fixed N:O ratio of 1:3 as distrib-
uted over all four ligand positions in the tetrahedra of A’,[ReO3N]
with A’ =K, Cs. Even though, freely refined oxygen atoms give

composition A3[ReOssNysl, (A=Rb, Cs), in the following written
as As[ReO,][ReOsN].

The same holds true for the previously published structure of
Ks[ReO,][ReO;N].""" A detailed crystallographic analysis is provided
in the literature from 2023, where the possibility of an O/N

Figure 2. Rb-O/N polyhedra of Rbs[ReO,][ReOsN].
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Figure 3. Powder X-ray data and Rietveld refinement patterns of Rb;[ReO,4][ReOsN] and Cs3[ReO,4][ReOsN].

hint for a preferred occupancy of the O3 position in K;[ReOs;N] and

the 02 and O3 position in Cs,[ReOsN] with nitrogen, a localization
of the nitrogen atom is not doubtless since the metal-ligand bond
lengths do not differ significantly. Furthermore, a stable refine-
ment failed due to strong correlation effects. Both, K,[ReO3N]
and Cs,[ReO3N] contain one distinguishable rhenium atom which
is coordinated by four O/N ligands and exhibit three crystallo-
graphically distinguishable O/N atoms. Table 3 shows the bond
lengths of the [ReOsN]*~ tetrahedra. It is noticeable that no signif-
icant differences in the bond lengths of both compounds can be
observed. K,[ReO;N] exhibits Re-ligand bond lengths of 1.764(3) A,
1.779(4) A and 1.756(3) A, whereas Cs,[ReO;N] has Re-ligand bond
lengths of 1.770(2) A, 1.737(4) A and 1.762(3) A. Compared to the

—— K;[ReO,][ReO;N]
—— Rb;[ReO,][ReO;N]
—— Cs;[Re0,][ReO;N]
5
5,
2
2
g |
C
200 400 600 800 1000

¥ [em™]

Figure 4. Raman spectra of A;[ReO,4][ReO;N] (A =K, Rb, Cs).["

Re
K
®ON

1200 mixed anionic species A;[ReO,4][ReO;N] (A =K, Rb, Cs), the homo-

leptic compounds reveal slightly longer Re-O/N bonds.™
Examining the coordination polyhedra of the potassium and

cesium cations, only irregular polyhedra can be determined

P O1/N1
,Re1
02/N2 Q O1/N1
03/N3
« =4

Figure 5. Crystal structure of K,[ReOsN] (left) and the extended asymmetric unit with ellipsoid representation (70% probability, right). The mixed colored
atoms are occupied with a ratio of 25% by N (red) and 75% by O (blue).
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O1/N1 Table 3. Selected bond lengths of A’;[ReOs;N] with A’ =K, Cs.
K,[ReO3N] Cs,[ReO;N]
Re1 Atoms Bond length [A] Atoms Bond length [A]
Re-O1/N1 1.764(3) Re-O1/N1 1.770(2)
02/N2 3Nz OTNT
Re-O2/N2 1.779(4) Re-02/N2 1.737(4)
Q Cst Re-O3/N3 1.756(3) Re-O3/N3 1.762(3)

Cs2()

Figure 6. Extended unit cell of the crystal structure of Cs,[ReOsN] (left) and the
extended asymmetric unit with ellipsoid representation (70% probability, right).
The mixed colored atoms are occupied 25% by N (red) and 75% by O (blue).

Table 2. Selected crystallographic data of A’;[ReOsN] with A’ =K, Cs.

Space group

Unit cell dimensions

Volume

V4

Density (calculated)
F(000)

Crystal size

26 range for data
collection

Index ranges

Reflections
collected

Independent
reflections

Completeness to 6

Absorption
correction

Data/parameters

Goodness-of-fit on
FZ

Final R indices
> 2a(l,)]

R indices (all data)

Largest diff. peak
and hole

CCDC number

C2/m (no. 12)
a=123380(8) A
b=6.0361(4) A
c=7.4694(5) A
£ =114.687(3)°
505.43(6) A3

4
429gcm™
576

0.04 x 0.03 x 0.03 mm?®

6.00° to 51.98°

—15<h< 15,
—7<k<7,
—9</<9

5525

551 [Rine = 0.0432,
Reigma = 0.0205]

99.8%

Multi-scan

551/40
1.119

R, =00113,
WR, = 0.0258

R, =0.0116,
WR, = 0.0259

0.59/-0.58 e A—3

2414619

Empirical formula K;[ReO3N] Cs,[ReO;N]
Formula weight 326.41gmol™’ 514.03 gmol ™’
Temperature 100(2) K 100(2) K
Wavelength 071073 A 0.71073 A
Crystal system Monoclinic Orthorhombic

Pnma (no. 62)
a=8.5375(2) A
b=6.4813(2) A
c=11.5049(3) A

636.61(3) A°
4
3

536gcm™
864

0.40 x 0.30 x 0.10 mm’

5.94° to 61.19°

—-12<h<12
—9<k<9,
-16</<16

29483

1062 [Rine = 0.0814,
Ruigma = 0.0202]

100%

Multi-scan

1062/41
1.157

R =0.0149, wR, = 0.0339

R, = 0.0162, wR, = 0.0343

241/-1.28e A3

2414617

with Polynator.'® The coordinating ligands were verified with
CHARDI2015."7'8 Figure 7 and 8 show the irregular polyhedra
of the counter cations in K;[ReOsN] and Cs,[ReOsN], respectively.

Eur. J. Inorg. Chem. 2025, 28, €202500036 (4 of 7)

Figure 7. K-O/N polyhedra of K;[ReOsN].

Figure 8. Cs-O/N polyhedra of Cs,[ReOsN].

Raman spectra measured on single crystals of K,[ReOsN]
and Cs,[ReO;N] are shown in Figure 6. A suitable reference
compound is Ba[TcO;N1.I' Similar to the technetium salt,
A’;[ReO;3N] (A’ =K, Cs) exhibit bands in the range between
306 and 381 cm ™', which can be identified as the Re-O/N bending
vibrations. In the range of 814-869 cm ™' the stretching modes can
be assigned.

The bands at wavenumbers >1000cm™' can be attributed
to the Re-N stretching vibrations. Compared to Ba[TcO;N],"”
where only one band for the Re-N vibrations has been found
at large wavenumbers, K,[ReOsN] and Cs,[ReOsN] clearly reveal
two bands above 1000 cm™". Since the spectra were recorded
on single crystals, no impurities are assumed to be present.
Moreover, the additional band observed for K,[ReO;N] and
Cs,[ReOsN] appears at wavenumbers comparable to those
associated with the Re-N stretching vibration. This distinction
can likely be attributed to differences in their crystal structures
compared to Ba[TcO;N]"® and should be investigated by
means of quantum chemical calculations (Figure 9).

As a representative compound, quantum chemical calculations
on the solid-state structure of K;[ReOs;N] were performed using the
CRYSTAL program suite, see Section 3 for detail on utilized basis
sets and functionals. Calculated Raman spectra were obtained

1
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Figure 9. Raman spectra of A’,[ReO;N] (A’ =K, Cs). The top-left cutout of
the Cs,[ReO;3N] spectrum was measured using the same single crystal but
at a higher resolution compared to the overall measurement range of
200-1200cm~".

for geometry optimized structures with either nitrogen on the
02 or O3 site, naming according to Figure 10 and Figure S4,
Supporting Information. These in silico obtained Raman spectra
agree very well with experimental result, besides the fact that
all bands are slightly shifted to higher wavenumbers which has
been observed frequently in quantum chemical calculations.!>*”
The obtained bands at wavenumbers above 1000 cm™' are almost
identical for both nitrogen positions and reveal values of 1025
and 1019cm™’, see Table 4. Since the structure in C2/m shows
two crystallographically identical ligand sites (O1), calculations with
nitrogen on these different positions are impossible. Thus, the
symmetry was reduced to space group C2 and the calculations
were repeated with nitrogen on the two new different sites O1
and 012, respectively. See Figure S4, Supporting Information for
the different positions in both symmetries. With reduced symmetry
the maxima for nitrogen on both sites (01 and O1?) differ a little
more, revealing values of 1039 and 1042 cm™', but are still consis-
tent with the experimental data, see Table 4. All calculated spectra
can be found in the Supporting Information.

Accordingly, the different crystallographic positions of the
oxygen and nitrogen atoms seem to have a significant influence

8
©O0N
Figure 10. Structure of the coordination of O/N atoms by K/Cs in

K,[ReOsN] (left) and Cs,[ReO;N] (right).

Eur. J. Inorg. Chem. 2025, 28, €202500036 (5 of 7)

Table 4. Calculated Raman shifts when using the four different N positions
in the [ReOsN]*~ tetrahedra, see also Figure S4, Supporting Information.

K>[ReOsN] in C2/m K,[ReO3N] in C2

N position Raman shift [cm™'] N position Raman shift [cm™']
2 1025.38 1 1039.11
3 1019.42 12 1041.86

on the vibrational modes. Figure 10 shows the different coordi-
nation spheres of K,[ReO;N] (C2/m) and Cs,[ReOsN] (Pnma).
Overall, the finding of more than one band at highest wavenum-
bers is in good agreement with results of the similar [VO;N]*~
anion in Ba,VO;N exhibiting nonzero occupancies for nitrogen
and oxygen as well as C; symmetry. In contrast, one band has
been observed for an anion in C;, symmetry like for [ReOsN]*~
in the herein presented mixed-anionic species and [OsOs;N] ™ in
the respective sodium salt.2"

Since it was now possible for the first time to determine the
crystal structure of K,[ReOsN], the results can be compared to
known data of a bulk sample.*®! However, the latter has so
far only been characterized by means of IR spectroscopy.
The powder pattern of K,[ReO;N] simulated from single crystal
X-ray data from this publication does not agree with the pattern
obtained for the species synthesized via the already published
synthesis route with liquid ammonia, see Figure S1, Supporting
Information.*! However, the Raman spectra of the compounds
from the two different routes agree very well, except a less
pronounced splitting of the band at highest wavenumbers for
the compound obtained from liquid ammonia, see Figure S2,
Supporting Information.”!

In summary, the syntheses of the nitridotrioxidometallates were
obtained from flux reactions with water being present in small to
moderate amounts. Rbs;[ReO,][ReOs;N] and Cs;[ReO,][ReOsN] are
isotypic to K3[ReO,][ReO3N] and crystallize in the space group
R3am.! Both compounds have been investigated by powder
X-ray diffraction, Rietveld refinement, and Raman spectroscopy.
By increasing the nitrogen content in the starting mixture by
simply adding ammonium chloride it was also possible to obtain
A’,[ReO;N] (A’ =K, Cs). While the mixed anionic compounds
crystallize in the same space group, A’,[ReO:N] (A’ =K, Cs)
are not isotypic. K,[ReO3N] crystallizes in the space group
C2/m, whereas Cs,[ReO3N] crystallizes in the orthorhombic
space group Pnma. Raman spectroscopic measurements support
the crystallographic results and prove the presence of Re-N
bands. Quantum chemical calculations support the experi-
mentally obtained Raman spectra.

3. Experimental Section

Syntheses

Colorless crystals of As[ReO,][ReOsN] (A =Rb, Cs) were obtained
from a flux reaction with alkali metal hydroxides by using a
Teflon-lined stainless-steel autoclave. A batch contained 1 equiva-
lent NH4[ReO,] and 10-20 equivalents alkali metal hydroxide.
The detailed batch information can be found in Table 5. The closed

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Table 5. Detailed batch information for the syntheses of A;[ReO,][ReOsN]

(A =Rb, Cs).

Reagent n m  Equation Product
[mmol] [mg]

NH,[ReO,] (Sigma-Aldrich, 0.1 26.8 1 Rbs[Re0,][ReOsN]

>99%)

RbOH-xH,O (Thermo 20  205.0 20%

Scientific, 99%)

NH,[ReO,] (Sigma-Aldrich, 03 805 1 Cs3[Re0,][ReO;N]

>99%)

CsOH-H,0 (Acros Organics, 3.0 503.8 10

99.95%)

PRbOH was purchased as a x-hydrate. The molar mass and equivalents were

calculated based on RbOH anhydrate (102.48 g mol ™).

autoclaves were heated at 200 °C for 10 h and cooled to room tem-
perature with a cooling rate of 0.1 Kmin~'. Single crystals of
As[ReO,4][ReO3N] (A = Rb, Cs) were isolated after washing the reaction
mixture with methanol. For the synthesis of phase-pure bulk samples,
longer cooling times are required, specifically 0.02Kmin™" for
Rbs[Re0,][ReOsN] and 0.03 Kmin~' for Css;[Re0,][ReO5N].

Colorless single crystals of A’,[ReOsN] (A’ =K, Cs) were obtained
from an alkali metal hydroxide flux by using a Teflon-lined stain-
less-steel autoclave. A batch contained 1 equivalent NH,4[ReO,]
and 49-110 equivalents alkali metal hydroxide. Additionally,
ammonium chloride as a nitrogen source was added. For
K,[ReOsN], 50 equivalents H,O were added, so this reaction might
be called hydroflux reaction. The detailed batch information can
be found in Table 6. The closed autoclaves were heated at
200 °C for 10 h and cooled to room temperature with a cooling rate
of 0.1Kmin~". Single crystals of A’,[ReOsN] (A’ =K, Cs) were
mechanically removed from the flux. Phase-pure syntheses of bulk
material were not successful.

Powder X-Ray Diffraction (P-XRD) and Rietveld Refinement

P-XRD data were collected on a Stoe Stadi-P powder diffractometer
with a Mythen detector and a Debye—Scherrer geometry by using
Mo-Ka, radiation of 1= 0.70930A. The samples were ground and
sealed in glass capillaries with 0.3 mm diameter. The data was
recorded in a range of 260 = 0°-60° within 30 min. The Rietveld refine-
ment was performed with Topas, refining the lattice parameters freely
using the Thompson-Cox-Hastings profile function, see Table S1

Table 6. Detailed batch information for the syntheses of A’;[ReOsN]

(A"=K, Cs).

Reagent n m Equation  Product
[mmol]  [mg]

NH,4[ReO,] (Sigma-Aldrich, 0.2 53.7 1 K,5[ReO3N]

>99%)

NH,CI (stock, not specified) 0.6 32.1 3

KOH (Thermo Scientific, ~85%) 220 12343 110

H,O 10.0 180.2 50

NH4[ReO,] (Sigma-Aldrich, 0.1 26.8 1 Cs,[ReO;N]

>99%)

NH,Cl (stock, not specified) 0.3 16.1 3

CsOH-H,0 (Acros Organics, 49 824.6 49

99.95%)

Eur. J. Inorg. Chem. 2025, 28, €202500036 (6 of 7)

and S2, Supporting Information.”?* For Rb;[ReO,][ReOsN] the atomic
displacement parameters were also refined freely. The background
was described with six Chebychev polynomials. The diffractogram
was plotted using Origin software.?*

Single-Crystal X-Ray Diffraction (SC-XRD)

The single-crystal XRD data were collected with a Bruker D8
Venture by using Mo-Ka radiation of 1=0.71073 A. The crystals
were prepared under a polarization microscope and measured
at a temperature of 100(2) K. The lattice parameters, the refinement
details, the atomic parameters and selected bond lengths are given
in Table 1 and 3. Further data can be found in Table $3-S22,
Supporting Information. The solution and refinement of the
structures were carried out using ShelXL/ShelXT in Olex2.2>?¢! The
pictures of the structures were generated using the Diamond
software.?”)

Deposition Numbers 2414620 (for Rbs[ReO,][ReO3N]), 2414618
(for Cs3[Re0,][ReO5N]), 2414619 (for K,[ReO,]) and 2414617 (for
Cs,;[ReO,4]) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service.

Raman Spectroscopy

Raman spectra of single crystals were obtained with a Renishaw
InVia Qontor spectrometer by a frequency-doubled Ne:YAG laser
with 532 nm wavelength and 100 mW output energy in 180 °C
backscatter geometry, a slit opening of 65 um, a Rayleigh edge
filter with a cut-off below approx. 50 cm™" and a back-illuminated
CCD Centrus detector. The estimated spectral resolutions are about
0.7cm~" (1800 lines mm~" grating) and 0.4 cm™~" (3000 lines mm~'
grating), respectively. The spectrometer was calibrated to a
Si single crystal before measurements. Spectra were recorded at
room temperature with a transmission filter of 5% over 20-60 times
for 55 using a 50x LWD objective. The data was plotted using the
Origin Software.*¥

Quantum Chemical Calculations

DFT calculations were carried out with the Crystal 17 program
suite®-32 ysing the PBEsol®® functional at pob-TZVP"3*3% basis set
quality with an 8,8 k space grid. Raman spectra were calculated using
geometry optimizations with subsequent frequency calculations
ensuring optimized structures to be a minimum. See Figure S3
and Table 23-26, Supporting Information.
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Results and Discussion

4.2.4 Ba:[Ir(OH)s](OH): from Alkaline Earth Metal Hydroxide (Publication 5)

In 2013, zur Loye and coworkers synthesized platinum group metal hydroxides, e.g.
Ba>Pt(OH)s, using alkali metal hydroxide hydrofluxes, showing also their utility as
precursors for metal oxides.['*! As the crystal structure of the respective iridium hydroxide
from a hydroxide hydroflux is not known, attempts were conducted using (NH4)2[IrCls] and
a Ba(OH): - 8 H2O hydroflux. The novel compound Bax[Ir(OH)s](OH): crystallizes in the
orthorhombic space group Pbca with Ir** coordinated by six OH™ anions, forming a slightly
distorted octahedron better described as a rectangular bipyramid. Since the publication
contains mainly a simple structure description of Bay[Ir(OH)s](OH)2 and one single picture,

further figures are depicted in the Appendix, see Figure 29, Figure 30 and Figure 31.

Publication 5

The crystal structure of barium hexahydroxidoiridate(IV) dihydroxide,
Ba:[Ir(OH)6](OH):

D. Badea and J. Bruns®
Z. Kristallogr. N. Cryst. Struct. 2025, 240, 255-256.

doi.org/10.1515/ncrs-2024-0455

Explanation of the personal contribution to the previously mentioned publication:

The experiments were carried out by Désirée Badea. The first author synthesized the
analyzed product, performed the characterization experiments, evaluated the collected data
and prepared the corresponding plots for publication. Désirée Badea prepared the draft of

the manuscript.
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Abstract

Ba,[Ir(OH)g](OH),, orthorhombic, Pbca (no. 61), a = 8.5717(4) A,
b = 8.68144) A, ¢ = 10368305) A, V = 771.55(6) A%, Z = 4,
Rg(F) = 0.0154, WR,(F?) = 0.0304, T = 100(2) K.

CCDC no.: 2418530

A part of the molecular structure is shown in the figure.
Table 1 contains crystallographic data and Table 2 contains
the list of the atoms including atomic coordinates and
displacement parameters.

1 Source of materials

The synthesis of Ba,[Ir(OH)¢](OH), was carried out in an auto-
clave with PTFE inlay. The starting mixture contained
of 22.05mg (NHy,[IrClg] (0.05mmol, 1 eq), 867.57mg
Ba(OH),8H,0 (2.75 mmol, 55 eq) and 49.54 mg H,O0 (2.75 mmol,

*Corresponding author: Jorn Bruns, Department fir Chemie und
Biochemie, Institut fir Anorganische und Materialchemie, Universitdt zu
Koln, Greinstrasse 6, D-50939 KéIn, Germany, E-mail: j.bruns@uni-koeln.de.
https://orcid.org/0000-0002-8589-6154

Désirée Badea, Department fiir Chemie und Biochemie, Institut fur
Anorganische und Materialchemie, Universitdt zu Kéln, Greinstrasse 6,
D-50939 KdIn, Germany, E-mail: dbadea@smail.uni-koeln.de. https://
orcid.org/0000-0002-8837-9988

Table 1: Data collection and handling.

Crystal: Brown plate

Size: 0.10 x 0.10 x 0.05 mm
Wavelength: Mo Ka radiation (0.71073 A)
I3 27.3mm™

Diffractometer, scan mode:
Omax, COMpleteness:
N(hkl)measureds N(MKl)uniques Rint: 21435, 1677, 0.041

Criterion for Iops, N(hkl)g¢: Iops > 20(Iops), 1,592

N(param)refined: 69

Programs: SHELX"2, Diamond?, Olex2*, Bruker®

BRUKER D8 Venture, ¢ and w
35.0°, 98 %

55 eq). (NHy),[IrClg] was first loaded into the PTFE inlay. After
adding Ba(OH),-8H,0 and H,0, the closed autoclave was heated
to 200 °C with a heating rate of 2°C/min. After holding the
temperature for 10 h, the temperature of the autoclave was
reduced to room temperature with a rate of 0.05 °C/min. The title
compound was obtained as brown crystals in a colorless matrix.

2 Experimental details

Structural solutions, refinements and visualization were
carried out with the ShelX software packages by using Olex2
and Diamond 4. Anisotropic refinement was applied to the
Ba, Ir and O atoms. The hydrogen atoms were refined without
any constraints or restraints.

3 Comment

With the help of alkali metal hydroxide hydrofluxes, zur
Loye and co-workers were able to obtain several platinum
group metal hydroxides in 2013.° They stated, that one
benefit of synthesizing metal hydroxides lies in their role as
precursors for oxides. By gently heating metal hydroxides to
dehydration, the synthesis of metal oxides can be performed
at lower temperatures than those typically required for
traditional solid-state reactions. Dehydrating metal hy-
droxides could also be an effective method for obtaining
other industrially important metal oxides, e.g. for the pro-
duction of catalysts. Zur Loye published the structure of
Sr,Pt(OH)s, which crystallizes in the space group P2,/c.’ The

8 Open Access. © 2024 the author(s), published by De Gruyter. [[(c<) X2l This work is licensed under the Creative Commons Attribution 4.0 International License.
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Table 2: Fractional atomic coordinates and isotropic or equivalent
isotropic displacement parameters (A?).

Atom x y z Uiso 1Ueq
Ir1 0.500000 0.500000 0.500000 0.00296 (3)
Ba1 0.78456 (2) 0.77957 (2) 0.77279 (2) 0.00418 (4)
01 0.2829 (2) 0.5258 (2) 0.5663 (2) 0.0059 (3)
02 0.5014 (2) 0.7164 (2) 0.4309 (2) 0.0066 (3)
03 0.5748 (2) 0.5752 (2) 0.6735 (2) 0.0061 (3)
04 0.5668 (3) 0.9261 (2) 0.6297 (2) 0.0072 (3)
H3 0.519 (5) 0.532 (5) 0.724 (5) 0.01 (1)"
H2 0.528 (6) 0.769 (6) 0.490 (4) 0.02 (1)"
H1 0.231(9) 0.537 (8) 0.508 (6) 0.04 (2)"
H4 0.527 (7) 0.995 (7) 0.608 (7) 0.04 (2)"

structure consists of a three-dimensional framework of
Sr(OH)g dodecahedra and Pt(OH)¢ octahedra filling the
cavities. Each Sr(OH)s dodecahedron shares corners and
edges with both Pt(OH)s octahedra and other Sr(OH)g units.
In contrast, Ba,Pt(OH)g, which was also published by zur
Loye, crystallizes in the orthorhombic space group Pbca,
with Ba(OH), polyhedra forming sheets which are separated
by Pt(OH)s octahedra.® The Pt** cations are in regular octa-
hedral coordination and the Ba** cations exhibit irregular
coordination to nine OH™ ions.® Therefore, the compound
could also be written as Ba,[Pt(OH)g](OH),.

The title compound Ba,[Ir(OH)¢](OH), crystallizes in
the orthorhombic space group Pbca and is isotypic to
Ba,[Pt(OH)g](OH),.5 The asymmetric unit consists of one
crystallographically distinct Ir atom coordinated by six OH™
anions forming a slightly distorted octahedron (see Figure).
More precisely, the polyhedron can be described as a rect-
angular bipyramid with a Polynator delta-value of 1.147.”%
The structure contains one distinct barium cation which is
coordinated by nine OH™ anions. Each Ba(OH)y polyhedron is
corner-linked to one Ir(OH)g polyhedron and edge-linked to
three Ir(OH)g polyhedra. All Ir-0 bond lengths, which amount
t0 1.996(2) A, 2.011(2) A and 2.018(2) A, are consistent with the
literature known values, ie. 2.0124(9)A in Na,[Ir(OH)].°
Ba,[Ir(OH)g](OH), exhibits four crystallographically distin-
guishable oxygen and hydrogen atoms, respectively. All of
them are part of OH™ anions and were freely refined. Since the

DE GRUYTER

compound could not be obtained phase-pure, further at-
tempts to conclusively verify the +IV oxidation state of
iridium were not possible. However, confidence in the
structural determination is justified, as all atoms were freely
refined. Any additional protonation, and consequently a
reduction in the oxidation state of iridium, would result in
elongated O-H bonds. Furthermore, Ba,[Ir(OH)g](OH), is iso-
typic to Ba,[Pt(OH)g](OH),, which once more supports the
structural integrity of the compound.®
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Results and Discussion

4.2.5 Ba24Sr1.6[Ir(OH)s](OH)s from Alkaline Earth Metal Hydroxides

Similar to Bay[Ir(OH)s](OH)», further attempts were conducted reacting (NH4)>[IrCl¢] in a
Ba(OH), - 8 H2O/Sr(OH), - 8 H2O mixture.” Figure 10 shows a microscopic picture of
yellow single crystals of Ba 4Sr1.6[Ir(OH)s](OH)s which were measured by SC-XRD. Table
2 and Table 13 in the Appendix contain the crystallographic data of the compound.

Figure 10. Microscopic image of yellow single crystals of Baz.4Sr1.6[Ir(OH)s](OH)s in a Ba(OH)2/St(OH)2
hydroflux (left) and selected single crystals (right).
Bas 4Sr1 6[Ir(OH)s](OH)s crystallizes in the trigonal space group R3. The formal oxidation
state of iridium is +IV. The asymmetric unit consists of one crystallographically distinct Ir
and two unique O atoms. The central Ir atom is coordinated by six OH™ anions associated
with O1, forming a perfect trigonal antiprism with a Polynator 6-value of 0.000, see Figure

11 and Figure 12.[81]
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Figure 11. Unit cell of the crystal structure of Baz.4Sr1.6[Ir(OH)s](OH)s with pink Ir(OH)s octahedra.

The structure contains two distinct alkaline earth metal sites, each coordinated by nine OH~
anions. All cations occupy special positions, specifically 3b for Ir and 6¢ for Ba/Sr. One 6¢

position is exclusively occupied by Ba, while the second exhibits partial occupancy by
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Sr (80%) and Ba (20%), yielding the composition Bas4Sri6[Ir(OH)s](OH)s. This cation
distribution was determined using SHELX!32-#, ensuring the best fit to observed diffraction

data. The refinement was performed in OLEX, employing EADP and EXYZ constraints.[*

Both alkaline earth metal polyhedra can be described as strongly distorted tricapped trigonal
prisms determined with Polynator with §-values of 10.080 and 13.722.3Y The mixed
Ba/Sr-O polyhedra are connected in the a-b-plane to form layers with the Ir(OH)s polyhedra
in between, see Figure 13 (below). Furthermore, the Ba-O polyhedra are also forming
layers, see Figure 13 (above). Within the layer, one Ba(OH)9 polyhedron is face-sharing
with three additional Ba(OH)y polyhedra via four oxygen atoms and corner-sharing with six
further Ba(OH)9 polyhedra. The same applies to the polyhedron containing the mixed

cationic site.

Table 2. Selected crystallographic data of Baz.4Sr1.6[Ir(OH)s](OH)s.

Crystal system trigonal Space group R3
Lattice parameters  a = 6.3403(2) A R (I, > 20 (1,)) 0.0158
c=26.430(1) A WR2 (1o > 26 (1)) 0.0334
V'=920.12(7) A? goof 1.279
Formula units 3

& sr1/Ba2

B— H2

Figure 12. Arrangement of the pink Ir(OH)s polyhedra with view along the c-axis (left) and extended asymmetric unit of
Baz.4Sr1.6[Ir(OH)s](OH)s with thermal ellipsoids with a probability of 70% (right).

The Ir-O bond, which amounts to 2.014(2) A, is nearly identical with the literature known
bond length, i.e. 2.0124(9) A in Nay[Ir(OH)s].1%¢! All hydrogen atoms are associated with
OH™ anions and were refined without constraints. Due to the fact that it was not possible to
isolate the compound in a phase-pure form, further synthesis attempts need to be done to
definitively confirm the +IV oxidation state of iridium. With the use of a phase-pure bulk
sample of Ba» 4Sr1 ¢[Ir(OH)s](OH)s, XAFS or XPS data can be obtained.
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Nevertheless, the structural determination is considered reliable, as all atomic positions
were refined freely. Any additional protonation, and thereby a reduction in the iridium

oxidation state, would lead to notably change of bond lengths.

Figure 13. Arrangement of the grey Ba-O polyhedra (above) and of the black Sr/Ba-O polyhedra with view along the

a-axis (below).
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4.3 Syntheses in the Multi Anvil Press

The multi anvil press is a crucial technique for studying compounds under extreme
conditions. It enables the use of high pressure and high temperature environments,
replicating conditions found deep within the earth's interior or in industrial processes.!® !
This allows investigation of phase transitions, synthesis of novel compounds and
characterization of the behavior of elements and compounds under extreme conditions.
Multi anvil experiments can improve state of knowledge in geochemistry, solid state
chemistry and materials science, providing useful information for basic research and

practical applications.

This chapter describes the synthesis and characterization of the new ternary lead compound
AgPbOs from the Walker-type multi anvil press.”®! Additionally, it presents further
experiments aimed at obtaining ternary and quaternary oxygen-containing compounds using

this high pressure technique.

4.3.1 Ag:PbOs from High Pressure and High Temperature Experiments

A new ternary silver lead oxide, i.e. Ag2PbOs, could be obtained from the reaction of
Ag>PbO; in the Walker-type multi anvil press.?8) The synthesis of the starting material
Ag>Pb0Os can be carried out by evaporating an aqueous solution containing Na;Pb(OH)4 and

86-88] This method produces pale yellow to brown

Ag[NH3]2NOs at room temperature.!
crystals of Ag:PbO;. The starting material crystallizes in the space group I2/c with
a=6.0775(9) A, b=8.704(1) A, ¢ =6.553(1) A, p=93.545(8)° and V' =345.98(8) A3.136]
Therein Ag atoms are arranged in linear coordination by two O atoms, forming continuous
chains. In contrast, the Pb atoms are coordinated in a distorted square pyramid by four O
atoms, resembling the coordination in orthorhombic PbO. The PbO4 polyhedra are edge-
connected to form chains, with silver atoms forming a substructure characterized by Ag-Ag
distances ranging from 3.04 A to 3.27 A% Ag,PbO, exhibits distinct anisotropic
properties, especially in terms of electrical conductivity and UV-vis spectroscopy, which

result from its layered silver interactions. !¢

For the synthesis of the title compound Ag>Pb0Os, freshly crystallized AgPbO; is reacted at
high temperatures and high pressures by applying about 8 GPa (300 bar oil pressure) and
900 W, see Figure 14. Black metallic crystals were obtained and characterized with

SC-XRD.
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Figure 14. Microscopic image of black metallic single crystals of Ag2PbOs (left) and enlarged section (right).

AgrPbOs crystallizes in the space group Fddd with 16 formula units per cell. Table 3 and
Table 20 in the Appendix contain the crystallographic data of Ag>PbOs. The cell parameter
amount to @ = 7.0352(5) A, b =9.4729(6) A, ¢ =20.1261(1) A and V' = 1341.28(2) A>.

Table 3. Selected crystallographic data of Ag2PbOs.

Crystal system orthorhombic Space group Fddd

Lattice parameters  a = 7.0352(5) A Formula units 16
b=9.4729(6) A Ri1 (Ib 220 (10)) 0.0268
c=20.126(1) A WR2 (1o 2 26 (1,)) 0.0675
V=1341.3(2) A3 goof 1.117

The compound exhibits one crystallographically distinct Pb atom, whereas two Ag and two
O atoms are present. Ag>PbOs3 consists of octahedrally coordinated Ag, Pb and O atoms
each, see Figure 15. Two consecutive edge-linked AgOs octahedra are followed by two
PbOs octahedra, following this order. The Ag-O bond lengths range from 2.398(1) A to
2.658(7) A, with Pb-O exhibiting lengths of 2.198(7) A and 2.212(6) A. All observed bond
lengths are consistent with those reported for analogous compounds in the literature. For
instance, Ag(I)-O bond lengths range from 2.26(2) A to 2.75(2) A in AgaWOa, while
Pb(IV)-O bond lengths vary between 2.145(7) A and 2.206(7) A in Pb304.[8-%

As all atoms are octahedrally coordinated, it may be understood as a rock-salt structure type.
When considering Ag/Pb as Na of the NaCl structure and the O atoms as Cl, Ag,PbO3 can
be seen as a strongly distorted NaCl structure, see Figure 16. This distortion may be
attributed to the differing ionic radii of Ag and Pb. Furthermore, the Ag:Pb ratio of 2:1
serves as an additional factor contributing to the structural distortion. A structural analogue,
where these factor result in the same space group may be found in Na,PtO;.°! Table 4
shows the Polynator d-values for the polyhedra associated with the respective central

atom.!®!) For comparison, the §-values for an octahedron as well as the smallest -values
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observed for the most suitable polyhedron types are also provided. Both AgOs polyhedra
show the most significant deviation from an ideal octahedron. This may be attributed to the
larger ionic radius of Ag” compared to Pb*", which is also reflected in the corresponding

bond lengths of Ag-O and Pb-O.

©Pb

02 o1
02 02 o1 02

L { P
02 01 02 02 01 oo

Figure 15. Unit cell of the crystal structure of Ag2PbOs viewed along the a-axis (above left), arrangement of the OMs
octahedra (above right) and arrangement of the distorted //Os octahedra along the a-axis (below) with M = Ag, Pb. The
thermal ellipsoids are depicted with a probability of 70%.

Figure 16. Visualization of the distorted rock-salt structure type in Ag2PbOs, considering Ag/Pb (grey/black) as Na and
the O (green) atoms as Cl of the NaCl structure.

Table 4. Polynator 3-values for the polyhedra associated with the respective atoms in Ag2PbOs with 8-values for an

octahedron as well as the smallest 5-values observed for each atom and polyhedron type.[8!!

Central atom §-value for octahedron ~ Smallest d-value, polyhedron

Agl 11.582 5.424, twisted trigonal prism
Ag2 13.527 9.765, rectangular bipyramid
Pbl 10.612 3.572, twisted trigonal prism
Ol 8.509 7.273, twisted trigonal prism
02 6.785 5.677, didigonal scalenohedron
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Since the reaction leads to by-products as elemental Ag which was confirmed by P-XRD, a
synthesis was carried out starting from a stoichiometric mixture of freshly precipitated Ag,O
and PbO», see experimental chapter 6.2.2 and equation 3. With the help of the new synthesis
route, an X-ray crystallographically phase pure sample could be obtained. Further

characterization, including Rietveld refinement and XPS, was performed.

65
300 bar 180/ \600
Ag20 + PbOz > Ag2Pb03 (3)

15
600 W 10/ \40

Figure 17 shows the P-XRD data and Rietveld refinement pattern of AgoPbO3 which

confirms the X-ray crystallographically phase purity. For the refinement, the cell parameters
and the equivalent isotropic displacement parameters were refined freely. The lattice

parameters and refinement factors are shown in Table 25 in the Appendix.
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Figure 17. Powder X-ray data measured with Mo-Ka radiation and Rietveld refinement patterns of Ag2PbOx.

With the help of this sample XPS data could be obtained. Figure 18 and Figure 19 depict
the XPS survey spectrum and the Pb 4f, Ag 3d and O 1s XPS core level spectra of Ag>PbO:s.
The survey spectrum of Ag2PbO3 shows that no traces of impurity elements can be detected
and exhibits the expected signals of silver, lead and oxygen. The elemental composition of
Ag>Pb0Os can be confirmed by the core level spectra, see Figure 19. The element ratio from
overall atomic distribution is 2:0.9:2.9 for Ag:Pb:O. The deviation from the ideal 2:1:3
stoichiometry may be attributed to the partial reduction of lead(IV) oxide, resulting in the
formation of a carbonate species. The observed carbon can be attributed to adventitious
carbon originating from environmental substances absorbed on the surface of the sample.
Additionally, carbonate contamination is commonly known to occur due to the reduction of

certain metal oxides upon exposure to CO> in the atmosphere.”?**]
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Figure 18. XPS survey spectrum of Ag2PbOs.
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Figure 19. Pb 4f, Ag 3d and O 1s XPS core level spectra of Ag2PbOs.

The Pb 4f spectrum shows the typical doublet split between Pb 4f7/2 and Pb 4f5/2 at
4.86 eV and confirms small amounts of reduced lead(Il) (< 2%), due to the reduction to
metal carbonate. The minor phase of lead shows the expected oxidation state +IV. The
Ag 3d spectrum shows silver in the oxidation state +1. As expected, four different types of
oxygen are visible in the O 1s spectrum, i.e. lattice-bound oxygen (M-0O), hydroxide groups
on the surface (M-OH), C-OR groups and carbonate (CO;).’**! For a further
characterization, magnetization measurements could be considered which would verify

diamagnetism.

4.3.2 Further Synthesis Attempts in the Multi Anvil Press

Building on the successful synthesis of Ag;PbOs; from the multi anvil press, further
experiments were conducted to synthesize new ternary and quaternary oxygen-containing

compounds using this high pressure technique.
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Since the previous research from other extreme conditions led to the synthesis of a few new
rhenium compounds, a significant part of the experiments conducted in the multi anvil press
focused on the synthesis of novel rhenium compounds. Attempts were made to obtain
ternary and quaternary silver/rhenium compounds, such as “AgrReO4”, “AgoReO4CI” and
similar compounds. Table 5 shows selected experiments which were conducted in the multi
anvil press. It seems reasonable to first conduct experiments starting only with Ag[ReO4],
as perrhenate can also have a high pressure modification. For this, Ag[ReO4] was heated
with an oil pressure of 400 bar by applying 300 W, but no reaction occurred, see P-XRD
pattern in Figure 32 in the Appendix.

Since Ag>[MnOs4] has already been characterized using SC-XRD, the synthesis of
“Agr[ReO4]” using the multi anvil press can also be explored.’*! For this purpose, ReOs
and Ag> O were weighed stoichiometrically, finely ground and subsequently pressed with
an oil pressure of 500 bar with a power of 400 W. However, the expected reaction did not
occur. Instead, a mixture of Ag[ReOs], ReO> and Ag was formed. The corresponding

P-XRD pattern is shown in Figure 20.

ReO3; + Ag,0 (Experiment) ———
Ag[ReOy] (Literature)
ReO, (Literature)

Ag (Literature)
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Figure 20. Powder X-ray data of the experiment of heating ReO3 and Agz0O in the multi anvil press measured with

Mo-Ka radiation and literature data.[%5-%7]

When Ag,O and Ag[ReOs] are reacted in the press, Ag[ReOs] does not undergo any
reaction, whereas AgxO decomposes to form Ag, see P-XRD pattern in Figure 33 in the
Appendix. It cannot be excluded that an unstable intermediate product forms initially and
then decomposes. However, previous observations suggest that Ag[ReOs] is

thermodynamically stable and often remains unreactive.
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Table 5. Conducted multi anvil press experiments.

Starting materials Power Oil pressure  Pressure program [min]
[W] [bar] e — AN
Ag[ReO4] 300 400 300 65 600
ReO; + AgrO 400 500 300 65 600
Ag[ReO4] + Ag20 250 400 300 65 600
Re,07 + Ag20 +2 AgCl 250 400 300 65 600
H3BOs + 2 K»S,07 400 600 180 65 540
Ag>O + SnO» 300 900 180 65 600
Cu20 + PbO; 300 300 180 65 600

Since no single crystal structures of silver oxychlorides containing 7d elements are known,
an attempt was also made to react Re;O7, Ag>O and AgCl. Although Re,O7 underwent a
reaction, no new quaternary compound was formed. Instead, a reduction to ReO», as well
as a reaction to form Ag[ReO4], was observed. This once again highlights the high stability
of Ag[ReOq4], see Figure 21 for the corresponding P-XRD pattern. It has not yet been
determined how the reduction occurred, as none of the starting materials were oxidized.
However, it is known that the parts used for the octahedron can participate in the reaction,

which could provide an explanation for the reduction.

Re,O7 + Ag,0 + AgCl (Experiment)
Ag[ReOy] (Literature)

AgCI (Literature)

ReO,, (Literature)
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Figure 21. Powder X-ray data of the experiment of heating Re207, Ag20 and AgCl in the multi anvil press measured

with Mo-Ka radiation and literature data.[°6-8]

Huppertz et al. have described that the synthesis of new borates, such as Tb3B10017(OH)s
and Sc3Bs012, is possible under high pressure conditions using the multi anvil press.[®-7!
Since the synthesis of new borosulfates under extreme SO; conditions has been established
within the Wickleder group, the question arises whether borosulfates, similar to borates, can

also be synthesized using the multi anvil press.[**-1%"]
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To investigate this, experiments were conducted by reacting boric acid with various sulfur
sources in the press. A mixture of H3BO3 and K2S2Os in the press did not yield a borosulfate.
Nevertheless, the literature describes that K[B(SO4)2] can be obtained by reacting
K[B(S207)2] in oleum.!'°!! Therefore, another similar synthesis using the multi anvil press
was carried out using H3BOj; and two equivalents K»>S>07, resulting in the formation of
K[B(S04)2], KsH(SO4)> and KHSOs. The corresponding P-XRD pattern and the Rietveld
refinement is presented in Figure 22. The refinement factors are shown in Table 26 in the
Appendix. The Rietveld refinement is of limited quality due to a high background in the
P-XRD pattern. However, it still provides first insight into the composition of the product

mixture.
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Figure 22. Powder X-ray data measured with Mo-Ka radiation and Rietveld refinement pattern of the product mixture

from the multi anvil experiment with H;BO3 and K2S207.

These findings suggest that by varying the starting materials and optimizing the reaction

parameters, it will be possible to synthesize new borosulfates using the multi anvil press.

In addition to experiments aimed at synthesizing novel rhenium-containing oxides or new
borosulfates, further experiments were conducted building on the successful synthesis of
Ag>Pb0Os, see chapter 4.3.1. Instead of Ag>O and PbO;, Cu;0 and PbO; were used in an
attempt to synthesize the analogous product “Cu,PbOs”. However, the outcoming product
could not be analyzed via P-XRD, as the diffraction pattern showed that the product is
amorphous. Increasing the heating power could potentially resolve this problem, as
experience has shown that products synthesized at higher temperatures often exhibit higher
crystallinity. Additionally, Ag>O and SnO» were reacted, but this resulted in the formation
of Ag with SnO; remaining unreacted, see Figure 34 for the P-XRD pattern in the Appendix.
Further experiments using the multi anvil press could result in the formation of homologues
of Ag>Pb0Os3. The method is promising and continues to demonstrate significant potential for

the discovery of novel high pressure compounds.
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4.4 Intermediates During Ethylene Oxide Catalysis

Ethylene oxide is a key industrial chemical made through the gas phase oxidation of
ethylene using oxygen and a silver-based catalyst on an Al,O3 support, see chapter 2.4. In
2021, the EO market reached a volume of 30.7 million tons.['%) Commercial EO catalysts
also include alkali and transition metal promoters, such as Li, Cs and Re, to enhance
selectivity, activity and lifetime.[**!l The production of EO catalysts typically involves
vacuum impregnation of a silver complex solution on the Al,Os; support, followed by
thermal treatment.[*® Silver solutions with ethylenediamine and oxalic acid have been used
for decades, though excessive solubility can lead to unwanted crystal formation, reducing

production efficiency.[®”!

Karpov, Jansen et al. investigated the nature of crystals precipitating from aqueous silver
ethylenediamine oxalate solutions, which are used for producing supported EO catalysts.[®*!
They identified a crystalline compound, i.e. [Ag(p-en)]2(C204) - 2 H20O, where silver atoms
are bridged by ethylenediamine ligands, forming one-dimensional chains.!%! The oxalate
groups act as counterions without directly coordinating to the silver atoms, while weak
interactions with lattice water molecules slightly distort the silver-nitrogen bonds. Thermal
analysis shows that the compound decomposes endothermically between 130-160°C,

I'.[65

resulting in metallic silver.!% The characteristics of the compound make it ideal as a starting

material for catalyst production and offer useful insights for the industrial use.

This chapter discusses the crystal formation in ethylenediamine solutions which are used
for the catalyst preparation similar to Karpov and Jansen.[®! Besides the discussion of two
novel compounds which can occur during the preparation of the EO catalyst, the work
focuses on the key characteristics of the EO catalyst currently employed by BASF.
Furthermore, it explores various attempts to synthesize novel oxidic compounds that could
serve as alternative candidates for catalyst preparation or potentially form during the catalyst
production. In this context, solid state reactions from high pressure O» syntheses are

discussed.
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4.4.1 Characterization of Laboratory Model EO Catalytic Samples and

Intermediates

The first step for obtaining more information about the EO catalyst is to characterize fresh
and spent catalyst samples. For this purpose, P-XRD measurements of laboratory model
samples provided by BASF, available according to Patent EP3749450B1!%%), were carried
out. The diffractograms and Rietveld refinements of fresh and spent catalyst samples were
analyzed. In addition to the P-XRD data, EDX data and magnetization data were measured
for both samples. Since these results are subject to a confidentiality agreement, the

corresponding figures and analyses have not been included here.

Given the possibility that various ternary and quaternary oxide compounds may form during
the production of the EO catalyst, solid state reactions appeared to be a reasonable approach
for further investigation of the EO catalyst. Pure O is introduced in the industrial production
of EO leading to a significant increase in selectivity. Nevertheless, potential side reactions
of the EO catalyst with O2 cannot be excluded and need to be investigated. Therefore, solid
state syntheses under O, high pressures were carried out to obtain possible intermediates or
to identify side phases, see also experimental chapter 6.2.4. Table 6 lists selected
experiments which were conducted in high pressure O autoclaves. A selection of rhenium
and silver compounds were reacted with each other, as both Ag and Re have a significant

influence on catalytic activity.

Table 6. Selected Oz high pressure experiments with information about starting materials, O2 volume, temperatures and

products.
No. Starting materials O2 T Products
A B [ml]®  [°C] A B

1 1 eq Re 3eqAg0  11.2 300 Ag[ReO4] Ag0

2 1 eq ReOs 4eqAg0 112 300 Ag[ReO4] Ag0

3 1 eq ReO3 4 eq AgO 8.0 600 Ag[ReO4] Ag0O

4 1 eq ReO3 2 eq AgCl 5.0 400  Ag[ReO4] AgCl

5 1 eq Ag[ReO4] 1eqAg 8.0 550 Ag[ReOq4] unknown phase

6  1leqAg[ReOs] 5eqAgO 80 500 Ag[ReOq] Ag:0
*11.2 ml Oz at 300°C corresponds to about 2400 bar, 8.0 ml Oz at 600°C corresponds to about 1800 bar and 5.0 ml Oz at

400°C corresponds to about 620 bar pressure.

Compared to manganese chemistry, fewer ternary or quaternary rhenium compounds are
known. Since both can exhibit similar chemistry, previously known manganese compounds

can serve as references for synthesis attempts with rhenium.
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Several ternary silver-manganese compounds have already been characterized with
SC-XRD.P4 1063-1041 Ope example is AgxMnQs, which was obtained from an aqueous
solution.”* Another compound, e.g. AgaMn30s, was successfully synthesized using an O
high pressure autoclave by Jansen et al.l'’! Additionally, a modification of AgMn;012 was
obtained under high pressure and high temperature conditions.!'® Therefore, it seems

reasonable to conduct similar experiments with rhenium compounds.

If the individual experiments are now considered, the reaction of elemental rhenium with
3 eq of Agr0 at 300°C under an O; pressure of approximately 3800 bar can be examined
first, as represented by experiment No. 1 in Table 6. The associated P-XRD pattern is shown
in Figure 35 in the Appendix. Ag[ReO4] and Ag>O can be identified in the product mixture,
while an additional minor phase is also present that cannot be assigned based on literature
data. The addition of two drops of H,O or a KOH solution as mineralizers, a common O»
high pressure approach in crystallization, does not lead to the formation of a new phase as

single crystals.

It is conceivable to obtain a product with the composition “Ag[ReO4]”, as reactions
conducted under high O pressures do not necessarily lead to the oxidation of the transition
metal.['®*! To achieve this, ReO3 was reacted with Ag>O in an Ox high pressure atmosphere.
In Table 6, the reaction of ReO; with 4 eq Ag>O is presented, corresponding to experiment
No. 2. Additional experiments were conducted using 1.5 eq and 3 eq of Ag>0. All reactions
yielded the same product mixture, consisting of Ag[ReOs] and Ag>O, as shown in the
P-XRD pattern in Figure 23. Furthermore, a minor additional phase is observed again, which
cannot be assigned based on literature data. Similar to the reaction of elemental Re with
Ag>0, no single crystals suitable for SC-XRD analysis could be obtained. Using higher
temperatures, i.e. 600°C in experiment No. 3, also yielded the same product mixture, see

Figure 36 in the Appendix.

A literature search revealed that no single crystal structures of quaternary silver
oxychlorides containing 7d elements are known and it is conceivable that silver thenium
oxychlorides may also play a role as intermediates or side products in the synthesis of the
EO catalyst. Therefore, it appears reasonable to investigate the reaction of 1 eq ReOs; with
2 eq AgClunder high pressure O> conditions. However, this experiment once again resulted
in the formation of Ag[ReO4] along with unreacted AgCl, as shown in Figure 37 in the
Appendix.
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Figure 23. Powder X-ray data of the Oz high pressure experiment No. 2 of combining 1 eq ReOs with 4 eq Ag20 at

300°C measured with Mo-Ka radiation and literature data.[%¢ 193]

Starting from Ag[ReOys], reactions were conducted with elemental Ag (experiment No. 5)
and, in a separate experiment, with Ag>O (experiment No. 6). In both cases, the P-XRD
patterns reveal the presence of Ag[ReO4], as shown in Figure 38 and Figure 39 in the
Appendix. However, when using elemental Ag, an additional different unidentified phase
is observed. Unfortunately, no single crystals could be obtained and therefore, further
investigation of this reaction would be of great interest, potentially leading to the isolation

of single crystals for SC-XRD analysis.

All'in all, Ag[ReO]s is consistently formed as a reaction product. Regardless of whether the
starting material is elemental rhenium, ReOs or Ag[ReOys], silver perrhenate is obtained with
rhenium in the +VII oxidation state. In comparison, AgsMn30Os, for example could be
synthesized from Ag>O and MnO; in an O; autoclave without any oxidation of the transition
metals occurring.[') However, manganese stabilizes lower oxidation states due to
ligand-field effects, while rhenium is more readily oxidized to Re +VII due to its higher

oxidation potential.

In addition to synthesizing novel oxides that may form during EO production from solid
state reactions using O high pressures, as well as analyzing both fresh and spent catalyst
samples, systematic studies were conducted on various combinations of promoter solutions
involved in the catalyst production process. These combinations were analyzed and reacted
under varying conditions of pH, temperature and concentration. The focus therefore relied

on the use of Ag, Re and Cs containing compounds.
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Karpov, Jansen et al. already investigated a crystalline compound, i.e.
[Ag(pn-en)]2(C204) - 2 H2O, where silver atoms are bridged by ethylenediamine ligands,
forming one-dimensional chains.!%’! This compound may occur during the production of the
EO catalyst and gives insights into the production process. [Ag(u-en)]2(C204) - 2 H2O 1is
obtained from a solution of Ag>0, en and C2H204 - 2 H>O.

Since Cs plays an important role in EO catalysis and is added in the form of CsOH during
catalyst production®®), it seems reasonable to perform an analogous approach with CsOH,
en and CoH>O4 -2 HoO to obtain the analogous product “[Cs(p-en)]2(C204) - 2 H2O™.
Unfortunately, no crystallization occurred and the further analysis was not possible yet.
Nevertheless, the solution could also further be used for a combination with NH4[ReO4] and
Cs[ReOq4] respectively. Solutions of NH4[ReO4] are commonly used as promoters in the EO
production process. Both mixtures led to a precipitation of a colorless compound which
could be identified as Cs[ReO4] as shown in the P-XRD pattern in Figure 40 and Figure 41
in the Appendix.

Although no novel oxides were obtained, the findings nevertheless indicate that perrhenates,
particularly Ag[ReO4] and Cs[ReO4], exhibit high stability, as confirmed by experiments
conducted in high pressure O> autoclaves and approaches involving the combination of

promoter solutions.

In addition to the previously mentioned attempts at synthesizing new intermediates, two
further approaches using promoter solutions were conducted. These are presented separately
in the following two chapters 4.4.2 and 4.4.3, as they resulted novel single crystal structures

and were partially published.
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4.4.2 [Ag(p-en)][ReO4] Intermediate During Catalysis (Publication 6)

The preparation of a catalyst for EO production involves impregnating a porous AlO;
support with a silver ethylenediamine oxalate solution, including NH4[ReOs4]. From this
mixture, the title compound [Ag(u-en)][ReO4] precipitates. Structural analysis showed that
the [Ag(p-en)]” unit is similar to that in [Ag(p-en)]2(C204) - 2 H20%1 with Ag coordinating
to N atoms of the en ligands. The [ReO4]™ anions form hydrogen bonds with en rather than
silver. The thermal decompositions of both compounds begin at similar temperatures.[®’!

[Ag(p-en)][ReO4] decomposes to elemental Ag, in analogy with industrial processes for

Re-promoted catalysts.

Publication 6

[Ag(p-en)][ReO4]: An Intermediate during Preparation of the Ethylene Epoxidation
Catalyst

D. Badea, A. Karpov, M. Jansen and J. Bruns”
Z. Anorg. Allg. Chem. 2022, €202200267.

doi.org/10.1002/zaac.202200267

Explanation of the personal contribution to the previously mentioned publication:

The experiments were carried out by Désirée Badea. The first author synthesized the
analyzed product, performed the characterization experiments, evaluated the collected data
and prepared the corresponding plots for publication, unless otherwise noted below.
Thermal analysis was conducted by Dr. Christian Tobeck. Désirée Badea prepared the draft
of the manuscript with support of the co-authors. Supporting information is provided in the

Appendix on page 155.
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Preparation of a catalyst for the ethylene oxide production
requires impregnation of a porous corundum support with an
aqueous silver ethylene diamine oxalate complex solution, to
which among others NH,[ReO,] is added. Here we report on
[Ag(u-en)][ReO,] that precipitates from such a mixture. Single
crystal structure analysis has revealed a striking similarity of the
[Ag(p-en)]* entity with the same complex cation encountered
in

[Ag(u-en)],(C,0,) x 2H,0. Silver is coordinated end-on to the
nitrogen atoms of the en ligands. The [ReO,]” anions are not
bonded to the silver cations, but instead involved in N—H---O

Introduction

Optimizing heterogeneous catalysts is of key relevance for
improving the economic performance and environmental foot-
print of many large-scale industrial production processes. This
task, however, is posing quite demanding challenges since
various stages need to be considered, from preparing and
conditioning the catalyst to finally controlling and understand-
ing it “in operando”. A particular intricacy results from the
commonly multi-component nature of such catalyst systems,
which leads to a combinatorial explosion of the parameter
space to be examined in research and development. Prototypi-
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hydrogen bonds to the ethylene diamine molecules. The first
step of thermal degradation occurs at approximately the same
temperature for both, the main component precipitate [Ag(u-
en)],(C,0,) x 2H,0 and [Ag(u-en)][ReO,], warranting proximity of
the rhenium promoter and the elemental silver deposit. At
300 °C, the temperature at which the catalyst for EO synthesis is
commonly calcined, the decomposition product of plain [Ag(u-
en)][ReO,] under synthetic air is Ag[ReO,], in full analogy to
industrial manufacturing process for selected Re-promoted EO
catalyst formulations.

cally, this holds true for the catalyst used for producing
ethylene oxide (EO), a major intermediate in fine-chemical
production lines, by gas phase oxidation of ethylene with
oxygen. Here, a silver catalyst deposited on a porous a-Al,O;
support (EO catalyst) is employed.” In addition to submicron
sized silver plaquettes as the main catalytically active ingre-
dient, combinations of alkali and transition metal compounds
containing e.g. Li, Cs, Re, W, Mo, or Mn in concentration ranges
of 100-1000 ppmw are incorporated as promoters, boosting
product yields and catalyst selectivity.”!

The basic process of manufacturing an EO catalyst consists
of vacuum impregnation of the a-Al,O; support with an Ag
complex solution (Ag-CS), followed by drying and thermal
decomposition of the organic components? An aqueous
complex solution of silver with ethylenediamine (en) and oxalic
acid is the most widely applied silver precursor, to date.”? The
promoter additives are dissolved in the pristine Ag-CS. Since
even small pieces of firm knowledge of the complex catalyst
system may help to reduce the degrees of freedom to be
addressed in its optimization, we aim at identifying config-
uration and thermal decomposition behavior of the solid
phases that populate the a-Al,O; support after removing the
solvent, i.e. before starting pyrolysis. As a first result, it was
established that from plain Ag-CS crystalline [Ag(u-en)],(C,0,) x
2H,0 precipitates, which decomposes to elemental silver al-
ready at about 150°C.”!

Here, we report the results of a single-crystal structure
analysis of crystals precipitated from Ag en oxalate complex
solution after adding NH,[ReO,] in the same way as applied in
preparing the Ag-CS for impregnation of the a-Al,O; support.
The crystal structure analysis has revealed the composition as
[Ag(u-en)][ReO,]. DSC/TG analyses show that the first step of
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thermal decomposition occurs at approximately the same
temperature for the perrhenate and the respective oxalate.

Results and Discussion
Synthesis

Synthesis and crystal growth of [Ag(u-en)][ReO,] was achieved
by precipitation from combined aqueous solutions of Ag-CS
and NH,[ReO,] (see equation (1)). This procedure corresponds to
the preparation of an aqueous complex solution for impregna-
tion of an a-Al,0; support for EO catalysis.”

2 [Ag(p-en)]" + C,0,>” +2 NH,™ + 2 [ReO,]” —

2 [Ag(u-en)][Re0,] | +2 NH," + C,0,>~ M

Alternatively, the title compound can be prepared from
NH,[ReO,], AgNO; and en according to equation (2).

NH,* + [ReO,]” + Ag” + NO;~ +en —

[Ag(-en)][ReO,] | +NH," + NO,~ @

Crystal Structure Analysis

Single crystals of the title compound were grown from an
aqueous solution as described by reaction (1). [Ag(u-en)l[ReO,]
appears as block shaped crystals, see Figure S1 in the Support-
ing Information. The investigated crystal had a size of about
0.03 x 0.02 x 0.01 mm?®. The sample is stable in contact with air,
but decomposes when exposed to light. Therefore, storage in
the dark is required.

[Ag(u-en)][ReO,] crystallizes in space group P1 with cell
parameters of a=7.4566(7) A, b=8.1260(6) A, c=8.1597(7) A,
a=117.306(3)°, f=115.322(3)°, y=93.114(3)°, V=377.30(6) A
and Z=2, see Figures 1 and 2 for presentations of the crystal
structure, crystallographic and structural details are given in
Table 1 and Tables S1-S4. The asymmetric unit includes one Ag
atom, which is coordinated end-on by two en molecules. Each
of the two ligands is bridging to adjacent silver atoms, which
results in a zig-zag type one dimensional Ag(u-en) arrangement
extending along [110], see Figure 2. Noteworthy, the N—Ag—N
angle deviates significantly from linearity amounting to
168.8(1)° which is probably caused by the contact with
perrhenate anions, see Table S4. A similar zig-zag like arrange-
ment has been observed for the oxalate species [Ag(u-
en)1,(C,0,) x 2H,0.%

The Re—O distances fall into the narrow range of 1.723(3) to
1.735(3) A and correspond to 1.720(5) and 1.723(4) A as
reported for NH,[ReO,] and K[ReO,], respectively.”) The shortest
Ag—Ag distance of 3.2484(6) A is close to the sum of the van
der Waals radii of the element.”! The Ag—N distances amount to
2.134(3) and 2.141(3) A, whereas the shortest Ag—O distance is
as wide as 2.8 A.

0]

o000
TOZOxR®

01/70'
Q

Figure 1. Crystal structure of [Ag(u-en)][ReO,], N—H--O hydrogen
bonding is indicated by dashed lines.

C

b

Figure 2. Crystal structure of [Ag(u-en)][ReO,] in projection onto the
bc-plane.

All hydrogen atoms were freely refined, resulting in O—H
bond lengths of 0.9 A on average. The (N)-H atoms participate
in hydrogen bonding and coordinate to oxygen atoms of the
complex [ReO,]~ anions. The donor-acceptor distances N(H)—O
range from 2.911(5) to 3.041(4) A. According to Steiner, such
hydrogen bonds can be classified as of moderate strength.”

A phase pure bulk sample of [Ag(u-en)l[ReO,] has been
obtained according to the reaction described by equation (2).
Phase purity was confirmed by a Rietveld profile refinement of
a powder X-ray diffractogram using the data as obtained from
the single crystal structure determination as starting parame-
ters, see Figure 3, Table S5 and Table S6.

Thermal analysis (TGA/DSC)

The mass loss during thermal decomposition of the title
compound was monitored simultaneously with the heat flow
associated (TGA/DSC). The measurements were conducted on a
phase pure bulk sample either in a flow of argon or synthetic
air. When using argon gas, [Ag(u-en)l[ReO,] undergoes a multi-
step decomposition process which was monitored up to 995 °C
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fore, studying the decomposition of [Ag(u-en)l[ReO,] under

Table 1. Crystal data and structure refinement details for [Ag(u-
such a condition is of key relevance. Comparing the decom-

en)l[ReO,]. The lattice parameters at ambient temperature from a

Rietveld profile refinement are given in brackets.

position in a flow of argon gas to the decomposition under a
stream of synthetic air (20% O,, 80% N,), reveals differences in

Empirical formula C,HgAgN,O,Re

Formula weight 418.17 g/mol the decomposition process only above ~265°C (Figure S2 and
Temperature 100(2) K S5). Even under synthetic air the first decomposition step of
Crystal system triclinic [Ag(u-en)][ReO,] corresponds to the formation of NH,[ReO,] and
Space group P1 elemental silver (Figure 4), which has been corroborated by
a 7.4566(7) A (7.5396(2) A) PXRD (Figure 5a).

b 8.1260(6) A (8.2046(2) A) Further, the IR spectrum of the intermediate product
2 ?117523(6(;? 2?1261 ;g(z()zﬁ,; exhibits a characteristic  N—H absorption band around
B 115.322(3)° (115.557(2)°) 3195 cm™' and the strong [ReO,]” asymmetric stretching band
y 93.114(3)° (93.529(2)°) at 889cm™' (Figure S6).” The first decomposition step is
4 377.30(6) A’ (387.36(3) A°) accompanied by an exothermic heat tone as previously seen for
4 2 the decomposition under argon. The PXRD of the intermediate
Paic 36.81 g/cnj? of the thermal decomposition until 300°C (Figure 4) confirms
ﬁ(OOO) ;3658 mm presence of Ag[ReO,]"? and elemental silver (Figure 5b). The IR
Crystal size 0.03%0.02x0.01 mm? spectrum of this intermediate product exhibits no N-H bands,
Radiation Mo-K, (,.=0.71073) but still the strong characteristic Re—O band at 870 cm™
26 range for data collec- 5.94° to0 52.14° (Figure 57).@

tion

After multiple further steps, that cannot be unambiguously

Index ranges resolved, elemental silver was identified via PXRD as final

—9<h<9,-10<k<10,

—-10<1<10
Reflections collected 8593
Independent reflections 1472 [R;,,=0.0369, R,=0.0244]
Data/restraints/parameters  1472/0/124 T T T T T 2
Goodness-of-fit on F? 1.069 100
Final R indexes (,>20(,)) ~ Ri=00151, wR,=0.0348 o8 ] 0 lendo
Final R indexes (all data) R,=0.0155, wR,=0.0350
Largest diff. peak/hole 0.57/—0.84 e A3 96 | 03
CCDC number 1947598 g s
@ 94 - 0
= L 100 @
: 92 2
é Difference curve 90 4 B —150 exo
g 88
- : ; ; ; ; ; T T , . T -200
5 10 15 20 25 30 35 40 50 100 150 200 250 300

201 Temperature [°C]

Figure 3. Rietveld fit of the ambient temperature powder diffraction

Figure 4. TG-DSC trace for [Ag(p-en)][ReO,] in synthetic air stream
pattern of [Ag(p-en)][ReO,]. 9 [Ag(-emiiReO,] in sy

up to 300°C.

(a) + +  Experimental data

Calculated profile
— Difference curve
4+ 3 £ e e _i P
) & o

T T T T T T T
5 10 15 20 DLy 30 35 40

(Figure S2). After a first tiny endothermic signal in the DSC
trace, which is most likely due to release of small amounts of
adherent water or en inclusions, the first decomposition step at
170°C is accompanied by a strong exothermic heat tone. The
powder diffractogram of the residue formed after heating to
170°C exhibits NH,[ReO,] and elemental silver as intermediate ® = R——
products of decomposition (Figure S3). After heating to 1000°C, ﬁ S s
elemental silver and rhenium are the final residual products, . . i‘_ﬁ‘ T
which was confirmed by powder X-ray diffraction (Figure S4). e e m SR A
The total mass loss of 31% complies well with 29.9%, the value 5 10 15 20 2 30 35 a0
calculated for the degradation reaction assumed. The melting e
point of elemental silver can clearly be seen from the DSC curve
at about 960 °C, which may serve as an internal reference.”’ Figure 5. Rietveld fit of the ambient temperature powder diffraction
The technical process of conditioning the EO catalyst pattern of the decomposition products of [Ag(u-en)I[ReQ,], (a) at
includes treatment of the impregnated support in air.? There-  170°C (Ag-+NH,[ReO,]), and (b) at 300°C (Ag +Ag[ReO,]**"").

Intensity [a.u.]

Intensity [a.u.]
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residual product for the overall decomposition reaction (Fig-
ure S8). Thus, the multi-step decomposition under synthetic air
corresponds to a total experimental mass loss of 80.0% after
heating to 995 °C, which fits fairly well the calculated mass of
74.2%.

Infrared Spectroscopy

The IR spectrum and the assignment of the vibrational bands of
[Ag(u-en)][ReO,] are depicted in Figure 6 and Table S6, respec-
tively. The characteristic strong and weak asymmetric stretching
vibrations of [ReO,]” have been assigned according to literature
data of Ag[ReO,] and occur at 870cm™' and 890 cm™."®
Comparison with IR spectroscopic data of en confirms that all
other absorption bands between 3500 and 650 cm™' arise from
the organic substructure.™"

Conclusions

Ag-CS is the key precursor complex solution for producing
ethylene oxide catalysts, to which among others NH,[ReO,] is
added for introducing [ReO,]” as one of the promoting agents.
The reaction of Ag-CS with NH,[ReO,] results in crystallization of
[Ag(u-en)][ReO,]. This silver en perrhenate complex and its
decomposition behavior provides valuable insights into the
pathways and intermediates involved in loading and condition-
ing of the EO catalyst. The crystal structure of [Ag(u-en)l[ReO,]
was determined using SC-XRD at 100(2) K and shows similarities
with [Ag(u-en)]l,(C,0,) x2H,0. The two compounds display
similar 1D complex cations [Ag(u-en)]* as zig-zag chains of
alternating Ag* and en ligands. The complex [ReO,]” anions are
acceptors within N—H--O hydrogen bonds, however, do not
coordinate the silver cations.

[Ag(u-en)][ReO,] shows almost the same onset temperature
for the thermal decomposition as [Ag(u-en)],(C,0,) X 2H,0. Thus,

100
90
S
= 80
°
wv
o
=
(%]
S 704
©
-
60
50 T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

¥ [em™]

Figure 6. Infrared spectrum of [Ag(u-en)][ReO,].

the deposition of silver platelets from the latter accompanied
by the degradation of [Ag(u-en)][ReO,] is suited to generate an
active surface silver-rhenium species which is a crucial ingre-
dient of the catalyst for EO production.

Experimental Section

Sample preparation and crystal growth. For phase-pure synthesis of
[Ag(u-en)][ReO,] 0.035 ml of ethane-1,2-diamine (0.5 mmol, 1 eq,
Alfa Aesar 99%) were added under stirring to 1 ml of distilled H,0
at room temperature. After adding 90 mg AgNO; (0.5 mmol, 1 eq,
BASF), the mixture was stirred at room temperature for 1 h.
Subsequently, an aqueous solution of 138 mg NH,[ReO,] (0.5 mmol,
1eq, BASF) in 2 ml of distiled H,O was added slowly and the
reaction mixture stirred for another 30 minutes. The colorless
precipitate formed was separated by centrifugation and washed
with H,O (2x) and ethanol (1x) while avoiding exposure of the
product to light.

Thermal analysis. The thermal decomposition of the title compound
in argon atmosphere was studied using a differential scanning
calorimeter equipped with a STARe System of the company
METTLER TOLEDO. 11.6 mg of [Ag(u-en)][ReO,] powder were placed
in an ALO; sample pan and heated over a temperature range of
30-1000°C with a heating rate of 10°C/min under a constant gas
flow with a rate of 20 ml/min. The thermal decomposition in
synthetic air atmosphere was studied using a calorimeter of the
company Perkin ElImer. 10.8 mg of [Ag(u-en)][ReO,] were placed in
an AlLO; sample pan and heated over a temperature range of 30-
995°C with a heating rate of 5°C/min under a constant gas flow
with a rate of 20 ml/min.

X-Ray diffraction and structure analysis. Single crystal XRD data were
collected on a Bruker D8 Venture diffractometer using Mo-K,
radiation (A=0.71073 A) with a graphite monochromator and an
image plate detector. A suitable single crystal was prepared using a
polarization microscope, intensity data were measured at 100(2) K.
The lattice parameters, the refinement details, the atomic parame-
ters and selected bond lengths are given in Tables 1 and S1-S4.
The structure solution and refinement was carried out using
ShelXT/ShelXL in Olex2."” The graphical presentations of the
structure were created with the Diamond program."®

Deposition Number 1947598 contains the supplementary crystallo-
graphic data for this paper. These data are provided on request free
of charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

The powder XRD data was collected at room temperature on a Stoe
Stadi-P powder diffractometer (Mo-K, radiation) and on a Rigaku
MiniFlex diffractometer (Cu-K, radiation). For the measurements on
the Stoe Stadi-P powder diffractometer, the samples were ground
in an agate mortar and sealed in glass capillaries (@ =0.3 mm). The
samples which were measured on the Rigaku MiniFlex diffractom-
eter were placed on a flat-plate. All samples were measured with
typical recording times of 30 min with ranges of 20 =3-60° or 26 =
3-90°, respectively. The WinXPow and Gnuplot software were used
for data handling and visualization of the patterns."” The Rietveld
refinement was performed with the Topas software™ applying the
Thompson-Cox-Hastings profile function. The background was
described by 6 Chebychev polynomials and the graphical presenta-
tions of the final fits were created with the Origin software.!®

IR spectroscopy. The IR spectrum was recorded with the Spectrum
Two FT IR Spectrometer by Perkin Elmer at room temperature with
a maximal resolution of 1 cm™". The samples were ground in an
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agate mortar and directly placed on the spectrometer in air. The
visualization of the spectra was done with the Origin software.l"
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Results and Discussion

4.4.3 [Ag:(DHPP)|(C204) Possible Side Phase During Catalysis

Since promoters containing cesium and chloride are also used in EO catalysis along with
rhenium to improve selectivity, further experiments were conducted with modified
experimental conditions. In analogy to [Ag(u-en)][ReOs] which can be synthesized by
combining an Ag complex solution with NH4[ReO4], experiments with Cs[ReO4] instead of
NH4[ReO4] were carried out.'%! A combination of the Ag complex solution with Cs[ReO4]
appeared to be a promising experiment, as cesium promoters are also used in the production
of the EO catalysts. The Ag complex solution typically contains en, AgoO and
C2H204 - 2 H,0.P¥

Although the experiment aimed to obtain an en product with Cs as a cation, namely
“[Cs(u-en)][ReO4]”, the  by-product  decahydropyrazino[2,3-b]pyrazine (DHPP)
silver(I) oxalate [Agx(DHPP)](C20s4) was formed instead. Colorless needles of
[Ag2(DHPP)](C204) were measured by SC-XRD. The compound crystallizes in the space
group C2/m, see Table 7 and Table 27 in the Appendix. Figure 24 and Figure 25 show the
extended asymmetric unit of [Ag2(DHPP)](C204) and the cell along the c-axis and along

the b-axis.
Table 7. Selected crystallographic data of [Ag2(DHPP)](C204).
Crystal system monoclinic Space group C2/m
Lattice parameters  a = 10.485(2) A Formula units 2
b=9.339(2) A Ri1 (Ib 220 (10)) 0.0429
c=6.162(1) A wR2 (1o > 26 (1,)) 0.0941
L =103.495(7)° goof 1.049

V=586.8(2) A3

\ 2.240(6) A

1
1 \
At — — Qo
\

Figure 24. Extended asymmetric unit of [Ag2(DHPP)](C204) with thermal ellipsoids with a probability of 70%.
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Results and Discussion

[Ag2(DHPP)](C204) contains one crystallographically distinguishable silver atom Agl. The
DHPP molecule exhibits two distinguishable carbon atoms C1/C2 and one nitrogen atom
N1, whereas the oxalate anion contains one carbon atom C3 and one oxygen atom O1, see
Figure 24. Agl is coordinated by two DHPP ligands via one N1 atom each along the c-axis
without forming any layers or chains. The Ag-N distance amounts to 2.240(6) A and the
Ag-Ag distance to 2.852(1) A which is much shorter than the sum of the van der Waals radii
for silver (3.44 A). Therefore, Ag(I) d'°-d!” interactions can be assumed, which have been

(1971 Ag-Ag contacts

well documented, allowing for a comparison with the existing literature.
often exhibit bond lengths comparable to the interatomic distances observed in elemental
Ag (2.88 A), reaching up to 3.30 A.1107-1081 Ag[SC(NH>),]3C104, AgSC(CH3)(C2Hs), and
[Bis(diphenylphosphino)methane]bromosilver(I) are notable examples in which the Ag-Ag
distances are 2.845(1) A, 2.886(4) A and 2.964(8) A respectively.['”-!'!l Consequently, the
Ag-Ag distance of 2.852(1) A in [Ag2(DHPP)](C204) falls within the range of the literature

reported values.

When considering the bond lengths of DHPP and C204% in [Ag2(DHPP)](C204), literature
single crystal data of DHPP and Ag>C>Os serve as valuable data of comparison.!''>1'3] Table
8 shows selected bond lengths of [Ag>2(DHPP)](C204) and literature data of DHPP and
AgrC204.[1121131 Both the bond lengths in DHPP and those in the oxalate anion of
[Ag2(DHPP)](C204) are in complete agreement with the literature, taking the respective
uncertainties into account.l!''?131 Along the b-axis of the title compound it is noticeable that
the DHPP ligands are separated by unconnected layers of silver and oxalate fragments, see
Figure 25. Both the Ag(I) d'°-d'® interactions and the coordination of Agl to N1 of the
DHPP ligand appear to have no significant influence on the bond lengths in DHPP and
C204%.

Table 8. Selected bond lengths of [Aga(DHPP)](C204) and literature data of DHPP and AgoC2Q4.[112-113]

Fragment Atoms Bond length [A]
[Ag2(DHPP)](C204) Reference data

DHPP C1-C1 1.51(1) 1.508(5)
C2-C2 1.53(2) 1.520(5)
C1-N1 1.479(8) 1.463(5)
C2-N1 1.471(7) 1.452(4)

C04% C3-C3 1.58(1) 1.595(9)
C3-01 1.247(5) 1.230(9)-1.241(9)
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S S SO S

Figure 25. Crystal structure of [Ag2(DHPP)](C204) along the c-axis (above) and along the b-axis (below).

Notably, [Ag2(DHPP)](C204) exhibits similarities to the previously reported intermediate
[Ag(p-en)]2(C204) - 2 H20.191  As  stated before, [Ag(p-en)]2(C204) -2 HO  was
investigated as an intermediate during the production of the EO catalyst.[%] This suggests
that the novel DHPP containing product may also function as an intermediate in the
production of the EO catalyst. However, the analysis of the processes and mechanisms

involved in such a complex synthesis remains to be analyzed.

Without the use of DHPP during the reaction to [Ag2(DHPP)](C204), the question arises as
to how the product was formed. The synthesis of [Ag>2(DHPP)](C204) was carried out using
CoH204 - 2 H20, en and Agr0O. According to the literature, DHPP is typically synthesized
by heating 40% aqueous glyoxal with en at 78°C for 5 hours.!''* Given that C;H,04 - 2 H,0
was used instead of glyoxal, the reduction of oxalic acid to glyoxal must have occurred. As
the reaction to [Ag2(DHPP)](C204) seems to be a complex process, the exact mechanism

for this reaction needs further investigation.
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5 Conclusion and Outlook

The work successfully yielded various novel oxygen-containing compounds from ultra
alkaline conditions and through the use of the hydroflux method. A unique aspect of this
work was the use of starting materials containing technetium. By employing an appropriate
nitrogen source, specifically NH4", it was possible to precisely incorporate varying amounts
of nitrogen into oxoanions, demonstrating the control and specificity in the synthesis. As
this work covers approaches with radioactive technetium, the safe working with this element
was described and a review (Publication 1) summarizing the current chemistry of

technetium was collaborated on.!'!?!

Ba[TcO;N] K;[ReO,][ReO4N]
Rb,[ReO,][ReO;N]
< Cs;[ReO,][ReO;N]

@.

K,[ReO;N]
Cs,[ReO;N]

K;[TcO,][TcO;N]

Figure 26. Summary of the compounds containing the [MOsN]?~ anion (M = Tc, Re) obtained in this work.
Green: Te, purple: Re, blue: O, red: N, gray: Ba, black: K, light blue: Cs.[77-8]
The second outcome of this work (Publication 2) was the synthesis of Ba[TcO3N], a
compound featuring the nitridotrioxidotechnetate anion [TcOs;N]>-, prepared under ultra
alkaline conditions using NH4[TcO4] and Ba(OH): - 8 H2O at 200°C.*% The compound
crystallizes in the monoclinic space group P2i/n isotypic to the monazite structure and
contains isolated [TcO3N]*" tetrahedra surrounded by Ba?" cations.!''®! Raman and XANES

spectroscopy with the help of quantum chemical calculations confirmed the oxidation state
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+VII for technetium and the Tc-O and Tc-N bonding.®®! This work highlights the potential
of OH™ assisted ammonolysis as an efficient method for nitrogen incorporation into

oxometallates.

The third publication expands on this chemistry by exploring the synthesis of isotypic
compounds K3[TcO4][TcO3N] and K3[ReO4][ReO3N] through the reactions of NH4[MO4]
(M = Tc, Re) in KOH hydroflux (Publication 3).[”°) Both compounds crystallize in the

trigonal space group R3m and contain the anionic species [MO4]~ and [MOsN]>". Raman
and UV/vis spectroscopy confirmed the presence of M-O and M-N bonds, showing the
successful nitrogen incorporation from NH4" without additional nitrogen sources.[””! In
contrast to Ba[TcO3;N], a specific O/N ordering could not be observed as the nitrogen atoms

are distributed over all O positions.!”-*!

Besides of K3[TcO4][TcO3N] and K3[ReO4][ReO3N], the corresponding Rb and Cs salt of
the rhenium compound could be obtained from the respective alkali metal hydroxide and
were investigated by SC-XRD (Publication 4).7”! These compounds were further
characterized by Rietveld refinement and Raman spectroscopy to confirm the presence of
Re-O and Re-N bonds. The same publication reports the synthesis of the homoleptic
nitridotrioxidometallates K2[ReO3N] and Csz[ReO3N] from hydroflux reactions with KOH
and CsOH, using ammonium chloride as an additional nitrogen source.”’l Ko[ReO3N]
crystallizes in the monoclinic space group C2/m, while Cs2[ReO3N] shows an orthorhombic
structure in Pnma. Both compounds feature tetrahedral [ReOsN]*~ anions with Re-N and
Re-O bonds, as confirmed by Raman spectroscopy.l””) As with the previous mixed anionic
compound, the N positions could not be assigned, as they are distributed over all O

positions.

In addition to the previously mentioned nitrogen containing compounds, two other new
structures were obtained. Two hydroxide compounds which contain [Ir(OH)s]*~ anions were
characterized, i.e. Bas[Ir(OH)s](OH), (Publication 5) and Ba, 4Sr; ¢[Ir(OH)s](OH)e.”8 The
compounds were obtained from a Ba(OH), or Ba(OH)2/Sr(OH), hydroflux, respectively.
Bay[Ir(OH)s](OH), crystallizes in the orthorhombic space group Pbca and is isotypic with
the literature known compound Baz[Pt(OH)s](OH),.!'3 The Ir-O bond lengths align with
literature values of Nax[Ir(OH)s].[% In contrast, Bas4Sri6[Ir(OH)s](OH)s crystallizes in a

rhombohedral crystal structure with the space group R3. The asymmetric unit contains one
crystallographically distinguishable Ir atom, which is surrounded by six OH™ anions,

forming a slightly distorted octahedron. Both compounds exhibit iridium with the formal
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oxidation state of +IV. Since both compounds could not be obtained phase pure, further
attempts need to be carried out in order to verify the proposed oxidation state. IR
spectroscopy is useful for verifying OH vibrations, while XPS or XANES can provide
insights into the oxidation states. Furthermore, the distribution of Ba/Sr in

Bay 4Sr1.6[Ir(OH)s](OH)s needs to be confirmed by XPS.

In addition to hydroflux syntheses, attempts towards novel oxides from high pressure and
high temperature experiments in a Walker-type multi anvil press were presented.”®! Black
metallic crystals of AgoPbO3 could be grown at high pressures by starting from AgoPbO..
AgoPbOs crystallizes in the space group Fddd with one crystallographically distinguishable
Pb and two distinguishable Ag and O atoms each. Compared to NaCl, AgPbO; shows a
symmetry reduction from Fm3m to Fddd, resulting in a distorted rock-salt structure where
all atoms adopt an irregular octahedral coordination. Starting from a stoichiometric mixture
of Ag>O and PbO,, phase pure samples could be obtained. Figure 27 shows the extended
asymmetric unit of AgoPbO3 and the WC cubes with an octahedron which are used in the

multi anvil press.

Figure 27. Extended asymmetric unit of Ag2PbOs (left) and WC cubes with octahedron (right), which are used in the

multi anvil press. The octahedron contains a small picture of a microscopic picture of Ag2PbO:s.

Using the phase pure sample, XPS data could be obtained and the oxidation states of Ag"
and Pb*" could be verified. In addition to the Ag>PbOs, further attempts could be made to
exchange both Pb*" and Ag". It is quite conceivable that the corresponding products could

exist with Sn*" or Cu”, for example.

In the last part of this work, a significant advancement in the understanding of ethylene

oxide catalyst preparation was made. In the first step, the ethylene oxide catalyst was
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thoroughly examined to better understand its production process. P-XRD and EDX
spectroscopy measurements were performed on the fresh as well as on the spent catalyst

supplied in collaboration with BASF.

Furthermore, promoter solutions typically used for catalyst preparation were combined,

resulting in two novel structures. The new compound [Ag(p-en)][ReO4] crystallizes in the

1061 1t shows a zig-zag arrangement of alternating Ag ions

space group P1 (Publication 6).!
and ethylenediamine (en) ligands, forming one-dimensional chains. The silver ions are
coordinated end-on by the nitrogen atoms of the en ligands, while the [ReO4]™ anions are
not directly bonded to the Ag but instead participate in moderate hydrogen bonds. The
analysis of the crystal structure by SC-XRD, with thermal and spectroscopic data shows

that the compound can have a relevance in optimizing the EO catalyst.!!%®!

In another experiment, colorless needles of [Agx(DHPP)](C204) were measured by
SC-XRD. The compound crystallizes in the space group C2/m with isolated DHPP
(decahydropyrazino[2,3-b]pyrazine) molecules. The Ag-Ag distance of 2.852(1) A is
significantly shorter than the sum of the van der Waals radii for silver (3.44 A), suggesting
the presence of d!°-d'® interactions. However, the formation mechanism of DHPP during
the synthesis remains unclear. Consequently, further investigations are required to elucidate

this process.

All in all, by identifying and characterizing the possible intermediate compounds
[Ag(p-en)][ReO4] and [Ago(DHPP)](C20s4), insights into the thermal decomposition
pathways and the structural role of silver and rhenium components in EO catalyst production

could be given.
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6 Experimental

6.1 General Procedures and Analytic Methods

6.1.1 Hydroflux Technique

The syntheses were carried out using 23 ml high temperature stainless steel autoclaves from
Parr Instrument Company, utilizing alkali metal or alkaline earth metal hydroxides as melts.
A setup of the autoclave is presented in Figure 28. These general-purpose vessels featured
a spring-loaded closure within a stainless-steel casing, sealed by tightening the cap with a
spanner wrench. The PTFE inlays had a capacity of 23 ml, whereas for small-scale

syntheses, additional 1 ml or 5 ml PTFE beakers were placed inside the inlays.

Figure 28. Schematic of an autoclave (left) and a PTFE inlay (right).

6.1.2 Multi Anvil Press

High pressure experiments were performed using a Voggenreiter multi anvil press with a
standard Walker-type module.!*®! The powder samples were loaded in gold crucibles, which
were then positioned within a standard 14/8 assembly. A comprehensive description of the

Walker-type setup can be found in the work by Huppertz.[*"!

6.1.3 High Pressure O: Autoclave

The sample was placed in a corundum crucible and Oz was introduced by first condensing
a precisely defined volume into a glass finger using liquid nitrogen and then transferring it
to the autoclave. For details on the construction of the autoclaves and the filling system, see
chapter 2.3. The amount of O> was carefully controlled to achieve the required pressure.
Once the autoclave was sealed, it was heated in an oven to the target temperature according
to a defined heating and cooling program. After the reaction, the O2 was gradually released

and the final product was removed from the crucible.
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6.1.4 Chemicals

Table 9. List of used chemicals with information about supply source, form and purity.

Sum formula Supply source Form Purity [%]
AgCl abcr crystals 99
AgNOs BASF crystals not specified
Ba(OH); - 8 H,O Alfa Aesar powder 98
C>H204 - 2 H2O Sigma Aldrich crystals >99.5
Cu0 Alfa Aesar powder 97
Cs2COs Alfa Aesar powder 99.95
ethane-1,2-diamine Alfa Aesar liquid 99
H3BO3 stock powder not specified
HaWO4 BASF powder not specified
KOH Thermo Scientific pellets ~85
K2S,07 Sigma Aldrich powder 99
(NHa4)10(H2W12042) - 4 H2O BASF powder not specified
(NHa4)2[IrCls] not specified crystals not specified
PbO> Riedel-de Haén powder not specified
ReOs Sigma Aldrich powder 99.9
RexO7 abcr crystals 99.99
SnO» Alfa Aesar powder 99.9
Sr(OH); - 8§ H.O Riedel-de Haén powder 98

6.1.5 X-ray Single Crystal Diffraction

The data were collected using Bruker D8 Venture Dual Beam (Mo-Ka radiation, multilayer
mirror, Photon III detector). The samples were prepared under a polarization microscope
and measured at 100(2) K. Structural solutions and refinements were carried out with the

ShelX software package!®? in Olex 2.0%%, while Diamond"'"! was used for the visualization.

6.1.6 X-ray Powder Diffraction and Rietveld Refinement

The data were collected at room temperature using a Stoe Stadi-P powder diffractometer
(Mo-Kai radiation, Ge(111) monochromator, Mythen detector) or a RIGAKU MiniFlex
powder diffractometer (Cu-Ka; and Cu-Kar radiation, Bragg-Brentano geometry,
HyPix-400 MF 2D hybrid detector). The samples were ground in an agate mortar, sealed in
0.3 mm glass capillaries and measured over a 26 range of 3-60° using the Stoe Stadi-P

powder diffractometer. For sensitive samples, the preparation took place in an inert gas
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atmosphere using a glove box. Samples which were measured on the RIGAKU MiniFlex
were ground in an agate mortar, prepared on flat low background glass or monocrystalline
silicon holders and measured over a 26 range of 3-90°. Data processing and pattern

visualization were carried out using the WinXPow!''8) and Gnuplot''”! software.

[120-121] applying the

The Rietveld refinements were performed using Topas
Thompson-Cox-Hastings profile function with the background modeled by six or ten

Chebychev polynomials. The data were plotted using the Origin!'??! software.

6.1.7 IR Spectroscopy

The characterization was performed using a Bruker Optics Alpha IR spectrometer. The
measurements were obtained at room temperature with a diamond ATR module, achieving
a maximum resolution of 1 cm™'. Data visualization was carried out using Origint**

software.

6.1.8 Raman Spectroscopy

The Raman measurements were conducted using a Renishaw inVia Raman microscope, with
spectra collected from the single crystal using a 532 nm laser excitation at room temperature.

The data were analyzed and visualized with the Origin!'?* software.

6.1.9 X-ray Photoelectron Spectroscopy

XPS data were measured on an ESCA M-Probe from Surface Science Instruments with an
Al-Ka source. The data were analyzed with CasaXPS software (Casa Software Ltd.)!'**]

after calibration to the adventitious carbon signal at 284.8 eV.

6.1.10 Energy-dispersive X-ray Spectroscopy

Analyses utilizing EDX spectroscopy were carried out on a JEOL JEM-2200FS

transmission electron microscope, operated with an acceleration voltage of 200.0 kV.

6.1.11 Polynator

The program Polynator® was used to analyze the coordination polyhedra, identifying their
geometry and calculating distortion parameters (8). Unlike the rigid models of
SHAPE!"?*123] ' Polynator'®! allows dynamic fitting with adjustable parameters. A perfect
fit yields 6 = 0, while values above & = 30 are unreliable. The cif files served as an input for

the polyhedral analysis.
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6.1.12 CHARDI

51261271 anplying a

Madelung-type approach. The oxidation states of cations and anions were used to calculate

Charge distribution analysis was conducted using CHARDI201

charge distribution and the effective coordination number, which considers both bond

number and strength. The cif files with the oxidation states were used as input.
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6.2 Experimental Procedures

6.2.1 Ba24Srie[Ir(OH)s](OH)s

The synthesis of Baz 4Sri 6[Ir(OH)s](OH)s was carried out in a PTFE inlay with a capacity
of 23 ml. The sample contained of 22.05 mg (NH4)2[IrCls] (0.05 mmol, 1 eq), 433.79 mg
Ba(OH): - 8 H2O (1.38 mmol, 28 eq), 365.42 mg Sr(OH)> - 8 H>O (1.38 mmol, 28 eq) and
49.54 mg H>0 (2.75 mmol 55 eq). (NH4)>[IrCl¢] was first loaded into the PTFE inlay. After
adding the hydroxides and H>O, the closed autoclave was heated at 200°C for 10 h with a

heating rate of 2 °C/min and a cooling rate of 0.055 °C/min.

6.2.2 Ag:PbO;

The synthesis of Ag>PbOs is carried out using freshly precipitated Ag>O. Therefore, Ag,O
was obtained according to the literature with aqueous solutions of AgNOs3; and KOH.[!?8]
466.95mg of Ag>0O (2.01 mmol, 1 eq) and 481.27 mg PbO; (2.01 mmol, 1 eq) were milled
with a Retsch 400 MM mill using a steel ball and a 5 ml container, i.e. 20 min with 10 Hz
and additionally 45 min with 20 Hz. The mixture was filled in a gold foil and the octahedron
prepared as described in chapter 2.2. The experiment was conducted in a Voggenreiter multi
anvil press using a Walker-type module with a standard 14/8-assembly.[*”] The crucible
was compressed with an oil pressure of 300 bar and heated for 65 minutes with a heating
power of 600 W. See equation 3 in chapter 4.3.1 for a detailed pressure/heating program

which is given in minutes. Black metallic crystals of Ag>PbO3; were isolated from the gold

foil mechanically.

6.2.3 Further Synthesis Attempts in the Multi Anvil Press

The experiments were conducted in a Voggenreiter multi anvil press using a Walker-type
module with a standard 14/8-assembly.l?”! All mixtures were ground and filled in a gold
foil. The octahedra were prepared as described in chapter 2.2. The crucibles were
compressed with the targeted oil pressure and heated for 65 minutes with the targeted
heating power. The samples were subjected to a thermal program consisting of a 10 minute
heating phase, a 15 minute holding period and a 40 minute cooling phase. See Table 10 for
the detailed information about the starting materials and the used programs. Ag>O and

Ag[ReOs] were synthesized according to the literature.[!28-12]
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Table 10. Details about starting materials and conditions of selected experiments in the multi anvil press.

Starting materials Power Oil pressure Pressure program
[W] [bar] [min]
A B C 7 — 4
1 eq Ag[ReO4] 300 400 300 65 600
1 eq ReOs 1 eq Ag20 400 500 300 65 600
1 eq Ag[ReOs4] 1eqAgO 250 400 300 65 600
1 eq Re207 leqAgO  2eqAgCl 250 400 300 65 600
1 eq H3BOs3 2 eq K2S5:07 400 600 180 65 540
1 eq Ag20 1 eq SnO> 300 900 180 65 600
1 eq Cu20 1 eq PbO2 300 300 180 65 600

6.2.4 Characterization of the EO Catalyst

Several solid state reaction experiments in O high pressure autoclaves were conducted, see
Table 11 and Table 12 for information about starting materials, the heating programs and
products. The starting materials were ground in an agate mortar, filled into Al,Os3 crucibles
which are placed int the O autoclave according to the literature.l*”! For experiment No. 5 a
pellet was pressed of the mixed starting materials. The autoclaves were filled with a specific

volume of liquid O> according to the method described in chapter 2.3 and heated in furnaces.

Table 11. Information about starting materials and temperature program of selected experiments in Oz autoclaves.

No.  Starting materials (0)} T Program in day/s
A B [ml] [°C] S — D
1 1 eqRe 3eq Ag0 11.2 300 1 4 1
2 1 eq ReOs 4 eq Ag,0 11.2 300 1 4 1
3 1 eq ReOs 4 eq Ag20 8.0 600 125 6 11
4 1 eq ReO3 2 eq AgCl 50 400 1 3 1.7
5 1 eq Ag[ReO4] 1 eq Ag (pellet) 8.0 550 1 3 1.7
6 1 eq Ag[ReOq4] 5eqAg0O 8.0 500 1.7 1 2
Table 12. Information about starting materials and products of selected experiments in Oz autoclaves.
No. Starting materials Products
A B A B
1 1 eqRe 3eq Ag0O Ag[ReOq4] Ag0
2 1 eq ReO3 4 eq AgO Ag[ReOq4] Ag0
3 1 eq ReO3 4 eq AgO Ag[ReOq4] Ag0
4 1 eq ReOs 2 eq AgCl Ag[ReO4] AgCl
5 1 eq Ag[ReO4] 1 eq Ag (pellet) Ag[ReO4] unknown phase
6 1 eq Ag[ReO4] 5eq Ag0 Ag[ReO4] Ag0O
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6.2.5 [Ag:(DHPP)]|(C204)

Similar as known for [Ag(p-en)][ReOs], 0.070 ml of ethane-1,2-diamine (1.0 mmol, 2 eq)
were added to 1 ml of distilled H,O under stirring at room temperature.['%! After adding
63.0 mg CH»04-2HO (0.5 mmol, 1eq) and 1159 mg freshly precipitated AgrO
(0.5 mmol, 1 eq), the mixture was stirred at room temperature overnight. Ag>O was freshly
precipitated from AgNO; and KOH in H,O.!'?8) Subsequently, an aqueous solution of
127.7 mg freshly crystallized Cs[ReO4] (0.3 mmol, 1.5 eq) in 1 ml of distilled H>O was
added slowly to 0.66 ml of the en mixture. Cs[ReO4] was freshly precipitated from Cs>COs

e [129

and NHa4[ReO4] in H20 in analogy to literatur | The reaction mixture was stirred for

another 30 minutes and stored at 8°C for crystallization. Colorless needles were obtained.
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7 Appendix

7.1 Ba[TcOsN]

Supporting Information
of

Publication 2

Reaction of Pertechnetate in Highly Alkaline Solution: Synthesis and
Characterization of the Nitridotrioxotechnetate Ba|TcO:N]

D. Badea, K. Dardenne, R. Polly, J. Rothe, M. Hanrath, M. Reimer, K. Meerholz,
J.-M. Neudorfl, E. Strub and J. Bruns”
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doi.org/10.1002/chem.202201738
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A. Structure determination and crystallographic details

Table S1. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for Ba[TcOsN]. U(eq) is defined
as one third of the trace of the orthogonalized Uj; tensor.

Atom X y z U(eq)
Bal 3952.2(5) 8339.3(4) 2372.5(6) 19.8(3)
N1 7923(7) 3921(6) 4732(7) 22.3(9)
o1 4410(7) 4912(5) 2294(7) 24.1(9)
02 4925(6) 1578(5) 3775(7) 23.2(1)
03 7254(5) 2670(5) 1209(6) 22.6(8)
Tcl 6130.7(6) 3266.3(5) 2953.5(9) 19.4(3)

Table S2. Anisotropic displacement parameters (A2x103) for Ba[TcO3N]. The anisotropic displacement factor exponent takes the
form: -2m? [h?2 a”? Uy + 2 hk a* b* Uy, +...].

Atom Uiy Uz, Usz Uzz Uiz Uz
Bal 19.2(4) 21.6(3) 20.5(3) -0.11(2) 8.6(2) 0.41(9)
N1 25(2) 23(2) 20(3) -2.1(2) 7.8(2) -1.7(2)
o1 23.1(2) 23.3(2) 28(2) 4.1(2) 10.6(2) 4.4(2)
02 23(2) 28(2) 21(3) 1.6(1) 8.8(2) 0.8(1)
03 21.8(2) 26.3(2) 22(2) -0.4(2) 8.9(2) 0.1(2)
Tel 18.7(4) 21.5(4) 20.3(4) 0.29(1) 9.1(2) -0.09(1)

Table S3. Experimental and calculated bond lengths for Ba[TcO3N].

Atom Atom Length [A] Atom Atom Length [A]
experimental  calculated experimental calculated
Bal N1t 3.088(5) 2.92 Bal 03! 2.732(4) 2.76
Bal N13 3.337(5) 3.46 Bal 03° 2.727(4) 2.78
Bal N14 2.893(5) 2.92 Bal Tcl? 3.6166(5) 3.64
Bal o1 2.714(4) 2.80 Bal Tc12 3.6157(5) 3.64
Bal 01? 2.788(5) 2.85 Tcl N1 1.692(5) 1.69
Bal 02?2 3.049(4) 3.17 Tcl o1 1.776(4) 1.78
Bal 023 2.800(5) 2.85 Tcl 02 1.777(4) 1.78
Bal 026 2.775(4) 2.83 Tel 03 1.763(4) 1.79

13/2-x,1/2+y,1/2-7; 1/2-x,1/2+y,1/2-7; 31-X,1-y,1-Z; *-1/2+X,3/2-y,-1/2+Z; °1-X,1-y,-Z; 5+X,1+y,+Z



Table S4. Bond angles for Ba[TcOsN].

Atom Atom Atom Angle [7] Atom Atom Atom Angle []
Bal o1 Bal® 108.91(2) 026 Bal N13 64.89(1)
Bal® 02 Bal* 113.18(2) 02! Bal N14 56.69(1)
Bal® 02 Bal® 100.38(2) 024 Bal N14 53.33(1)
Ba1* 02 Bal® 106.99(2) 028 Bal N14 110.28(1)
Bal® 03 Bal’ 118.99(2) 026 Bal o1t 72.81(1)
Bal’ N1 Ba1* 135.85(2) 024 Bal 02! 108.26(1)
Bal’ Tcl Ba1* 108.146(2) 028 Bal 02! 130.66(9)
Bal® Tcl Bal* 79.526(1) 026 Bal 02* 66.82(2)
Bal® Tcl Bal’ 172.27(3) 02! Bal Tclt 29.39(8)
Bal® N1 Ba1* 91.61(1) 024 Bal Tcl! 95.78(9)
Bal® N1 Bal’ 111.26(2) 026 Bal Tclt 101.41(9)
N1 Tcl Bal* 63.25(2) 02! Bal Tc12 145.20(8)
N1 Tcl Bal’ 58.44(2) 024 Bal Tc1? 91.77(9)
N1 Tcl Bal® 127.86(2) 028 Bal Tc1? 83.07(9)
N1 Tcl o1 110.1(2) 02 Tel Bal’ 45.67(2)
N1 Tcl 02 107.3(2) 02 Tcl Bal’ 127.40(1)
N1 Tcl 03 105.3(2) 02 Tcl Bail® 57.33(1)
N12 Bal N14 151.04(1) 032 Bal N12 55.90(1)
N12 Bal Tc1t 145.51(1) o3 Bal N12 68.68(1)
N12 Bal Tc12 27.83(9) 032 Bal N13 118.21(1)
N13 Bal N12 68.74(2) 03° Bal N13 65.01(1)
N13 Bal N14 139.75(7) 032 Bal N14 99.95(1)
N13 Bal 02t 94.69(1) 03° Bal N14 113.76(1)
N13 Bal Tc1t 83.14(9) 032 Bal 01! 149.42(1)
N13 Bal Tc1? 93.23(9) 03 Bal 01! 98.25(1)
N14 Bal Tcl? 57.88(9) 032 Bal o2t 141.65(1)
N14 Bal Tcl? 126.68(9) o3 Bal o2t 62.78(1)
o1 Bal N12 91.57(1) 032 Bal 024 66.18(1)
o1 Bal N13 137.29(2) 03" Bal 02* 164.23(1)
o1 Bal N14 63.75(1) 032 Bal 026 83.87(1)
o1 Bal 0o1* 123.69(1) o3 Bal 028 128.95(1)
o1 Bal 02! 69.64(1) o3 Bal 032 111.89(1)
o1 Bal 02* 92.27(1) 032 Bal Tclt 157.76(9)
o1 Bal 02¢ 153.66(1) 03° Bal Tclt 81.76(8)
01 Bal 032 72.66(1) 03?2 Bal Tc1? 28.07(9)
01 Bal 03 72.62(1) 03 Bal Tc1? 90.53(8)
o1 Bal Tc1t 96.30(1) 03 Tel Bal’ 136.22(1)
o1 Bal Tc12 81.72(1) 03 Tel Bal’ 46.84(1)
01! Bal N12 137.85(1) o3 Tcl Ba1® 126.75(1)
011 Bal N13 69.48(1) 03 Tel o1 113.9(2)
011 Bal N14 71.10(1) 03 Tel 02 114.4(2)
01t Bal 021 57.86(1) Tclt Bal Tci? 172.27(3)
01t Bal 02* 86.22(1) Tel N1 Bal‘ 89.82(2)
011 Bal Tc1t 28.65(9) Tcl N1 Bal’ 93.73(2)
011 Bal Tc12 154.55(9) Tcl N1 Bal® 141.5(2)
o1 Tcl Bal* 109.56(2) Tcl o1 Bal 142.8(2)
o1 Tcl Bal’ 126.85(2) Tcl 02 Bal® 130.7(2)
o1 Tcl Bal® 48.84(2) Tcl 02 Bal’ 107.3(2)
o1 Tcl 02 105.7(2) Tcl 03 Bal1® 135.52(2)
02! Bal N12 131.15(1) Tel 03 Bal’ 105.08(2)
02* Bal N12 117.46(1) Tcl o1 Bal® 102.51(2)
028 Bal N12 84.80(1) Tcl 02 Bal® 93.28(2)

02* Bal N13 130.38(1)

11/2-x,1/2+y,1/2-7; 23/2-X,1/2+y,1/2-Z; 31-X,1-y,1-Z; *-1/2+X, 3/2-y,-1/2+Z; 51-X,1-y,-Z; ®+X,1+y,+Z; 71/2-X,-1/2+y,1/2-Z;
83/2-x,-1/2+y,1/2-Z; 91/2+X,3/2-y,1/2+Z; 10+X,-1+y,+Z



B. Experimental and calculated EXAFS data
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Figure S1. Tc K-edge EXAFS obtained for (A — top row) the title compound and (B — bottom row) an aqueous solution of Na[TcO,].
Left hand side panels: k?-weighted x(k) EXAFS signal (red symbols) and best fit (solid line), right hand side panels: R-space fit
results comprising Fourier transform (FT) magnitude of k?-weigthed (k) (red symbols), best fit FT magnitude (thick solid line), FT
imaginary part of EXAFS signal (open red symbols) and FT imaginary part of best fit (thin solid line).

Table S5. Structural parameters obtained from EXAFS evaluation of the titte compound (A) and an aqueous pertechnetate
reference sample (B).

Sample description Path CN R (A) k2 (A2 AE, (eV) R-factor
Sample A / Ba[TcOsN] cryst. solid Tc-O(N) 3.9(2) 1.733(5) 0.0014(5) -1.8 0.0024
Sample B / Na[TcO,4] ag. solution Tc-O 4* 1.732(5) 0.0012(6) -1.4 0.0012

*value fixed in fit, resulting in So?>=0.89 applied for sample A

Figure S1 depicts the Tc K-edge EXAFS fit results obtained for the title compound (top row) and an
aqueous pertechnetate reference solution (bottom row). The best fit results obtained by least-squares
fitting of the EXAFS x(k) signals using standard procedures as implemented in the Demeter program
package (https://bruceravel.github.io/demeter/) are summarized in Table S5. As in case of the
pertechnetate [Tc(VII)O,4]~ reference, the fit of the tetrahedral first shell coordination environment of Tc
in the TcOsN- entity requires only a single Tc-O(N) scattering path. Note that backscattering signals from
the Z-1 neighbor atoms oxygen and nitrogen cannot be differentiated. The EXAFS signatures of both
Tc(VIl) compounds - both in electron momentum (k-) and neighbor distance R-space (FT) - are almost
indiscernible. Hence, within the indicated EXAFS error margins, both fits point to the same coordination
environment for both samples.



Table S6. xyz coordinates from the geometry optimization of the solid state structure of Ba[TcO3N] with VASP.

Atom X y z
Ba 2.496201 6.691327 1.723694
Ba 2.957705 1.311558 5.665872
Ba 0.231638 2.689490 1.971010
Ba 5.222268 5.313394 5.418555
Tc 3.928080 2.624798 2.203276
Tc 1.525827 5.378087 5.186290
Tc 6.123627 6.626729 1.491388
Tc -0.669720 1.376156 5.898177
N 4.901930 3.156330 3.483446
N 0.551977 4.846556 3.906120
N 5.148702 7.156743 0.211368
N 0.305204 0.846142 7.178198
o 5.056780 2.171529 0.909827
o 0.397126 5.831357 6.479739
o 4.995308 6.173386 2.785025
o 0.458599 1.829499 4.604540
o 2.935057 1.267396 2.812761
(0] 2.518849 6.735488 4.576805
o -0.207611 5.269254 0.882170
o 5.661517 2.733631 6.507395
o 2.797045 3.912300 1.729274
o 2.656861 4.090585 5.660292
o -0.069080 7.914057 1.965308
o 5.522987 0.088828 5.424258
(0] 7.116532 5.269254 0.882170
o 7.255062 7.914057 1.965308
o -1.801156 0.088828 5.424258
(0] -1.662626 2.733631 6.507395

C. Calculated IR and Raman data
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Figure S2. IR spectrum of Ba[TcOsN] which was calculated by using the PBEsol density functional. Lorentzian line broadening
was applied and the highest intensity was arbitrarily set to 100%.
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Figure S3. Raman spectrum of Ba[TcO3N] which was calculated by using the PBEsol density functional. Lorentzian line broadening
was applied and the highest intensity was arbitrarily set to 100%.

Table S7. Calculated IR and Raman frequencies, irreducible representation of the vibration and mode classification for Ba[TcOsN].
The results were obtained with the PBEsol density functional. Abbreviations: v, stretching; , bending; s, symmetric; as, anti-
symmetric; A, active; |, inactive.

Frequency Irreducible IR Raman Mode
[em?] representation
40.83 Ag | A 6Iattit:e
42.27 Bg | A alattice
44.28 Ag | A alattice
54.22 By | A Oattice
57.42 Ay A | Oiatice
58.91 Ag | A 6Iattice
64.19 B. A I 5(O-Tc-N)
69.29 Ay A | Oiatice
73.87 Bu A | 6Iattice
74.63 Bg | A 6Iattice
94.54 Ay A | Oiatice
94.94 Bg | A 6Iattice
97.12 Aq [ A 5(0-Tc-0)
98.33 By A | Oiatice
115.54 Ay | A Bjatiice
116 . 97 Au A | 6Iattice
118.89 Bg | A 6Iattice
124.03 Aq | A Oattice
129 . 64 Au A | 6Iattice
135.43 Bg | A 6Iattice
142.68 Bu A | alamce
143.19 Ag | A alamce
145.47 Bu A | 6Iattice
153.96 Au A | alamce
154.59 Bg | A alamce
170.96 A A I 3(0-Tc-0)
179.79 By A | 8(O-Tc-N)
181.41 Bq [ A 5(0-Tc-0)
183.65 A, [ A 5(0-Tc-0)
189.37 Bq [ A 5(0-Tc-0)
199.41 A A I 5(O-Tc-N)




219.09
228.63
253.85
262.70
268.86
284.18
286.32
306.13
315.52
321.10
329.34
331.66
337.89
350.38
362.53
372.56
376.69
377.96
393.90
403.04
412.35
417.70
810.37
816.43
827.55
833.49
844.27
850.12
853.29
853.39
853.66
860.13
861.84
865.33
986.86
994.06
1021.00
1023.46
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Table S1 Atomic coordinates (x10%4) and equivalent isotropic displacement parameters (A2x103) for K3[TcO4][TcOsN]. Ufegq) is
defined as one third of the trace of the orthogonalized U;; tensor.

Atom x y z Uleq)

K1 0 0 0 41.0(4)
K2 0 0 8018.7(3)  16.5(1)
N1 4916(1)  -x 2343.7(6)  18.3(2)
N2 0 0 6757(1) 26.8(6)
01 4916(1)  -x 2343.7(6)  18.3(2)
02 0 0 6757(1) 26.8(6)
Tcl 0 0 5949.8(2)  9.96(7)

Table S2 Anisotropic displacement parameters (A2x103) for Ks[TcO4][TcO3N]. The anisotropic displacement factor exponent
takes the form: -2m2 [h2a"2 Uy + 2 hka* b* Upp +...].

Atom U U Uss Uz Uss U

K1 56.0(6) Uw 11.1(4) o0 0 28.0(3)
K2 195(2)  Un 107(2) 0 0 9.73(9)
N1 18.1(4)  Un 236(5) 02(2) -Us  12.7(5)
N2 32.009) Un 16(1) 0 0 16.0(4)
o1 18.1(4)  Un 23.6(5) 0.2(2) -Us  12.7(5)
02 32.009) Uy 16(1) 0 0 16.0(4)
Tcl 8.39(7) Un 13.1(1) 0 0 4.20(4)

Table S3 Bond lengths for K3[TcO4][TcO3N].

Atom Atom Length [A] Atom Atom  Length [A]
KL 0o1® 2.778(1) K2 016 3.0842(4)
KI 012  2.778(1) K2 01Y  3.0842(4)
K1 012'  2.778(1) K2 0118 3.0842(4)
KI 012  2778(1) K2 02 2.688(3)
KI 012  2.778(1) Tl KIS 3.7696(1)
K1 012 2.778(1) Tel K16 3.7696(2)
KI 025  3.4519(2) Tl K7 3.7696(1)
KI 022  3.4519(2) Tel K21 3.7025(3)
KI 027 3.4519(2) Tel K22 3.7025(3)
K1 0228 3.4519(2) Tcl K23 4.3738(4)
K2 N2 2.688(3) Tel K2 3.7025(3)
K2 o1  2.781(2) Tel N2 1.718(3)
K2 012  3.0842(4) Tl 018 1.737(1)
K2 013  2.781(2) Tl 019 1.737(1)
K2 014  3.0842(4) Tl 0110 1.737(1)
K2 o015 2.781(1) Tl 02 1.718(3)

11/3-x,-2/3-y,4/3-z; *1/3-x,1/3-y,4/3-z; 3-2/3+x,-1/3+y,-1/3+z; *2/3-x,1/3-y,4/3-z; °1/3+x,2/3+y,2/3+z; 5-2/3+x,-1/3+y,2/3+z; 71/3+x,-
1/3+y,2/3+z; 8-1/3+x,1/3+y,1/3+z; °-1/3-y,-2/3+x-y,1/3+z; °2/3+y-x,1/3-x,1/3+2; 114/3+y-x,2/3-x,2/3+2; ?-x,-1-y,1-z; 13-2/3-y,-4/3+x-y,2/3+z;
¥1-x,-y,1-z; 5-2/3+x,2/3+y,2/3+z; 61+y,1-x+y,1-z; Y+y,1-x+y,1-z; B-1-y+x,-1+x,1-z; 9-4/3-y+x,-2/3+x,1/3-z; 2°-2/3-y,-4/3+x-y,-1/3+z;
222/3+y,4/3-x+y,1/3-z; 224/3+y-x,2/3-x,-1/3+z; 232/3-x,-2/3-y,1/3-z; 2*-2/3+x,2/3+y,-1/3+z; 25-2/3-x,-1/3-y,2/3-z; 25-1/3+x,-2/3+y,-2/3+z;
272 /3+x,1/3+y,-2/3+z; 21/3-x,2/3-y,2/3-z



Table S4 Bond angles for K3[TcO4][TcO3N].

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°]
K127 N1 K214 99.88(3) N2 K2 0111  139.41(3)
K127 N1 K215 99.88(3) N2 K2 012  75.51(3)
K127 N1 K226 98.75(4) N2 Tel 01° 109.54(5)
K15 N2 K16 119.696(9) 016 K1 017  180.00(6)
K15 N2 K17 119.694(9) 01 K1 017  68.69(4)
K16 N2 K17 119.694(9) 019 K1 017  111.31(4)
K127 01 K214 99.88(3) 0120 K1 017  111.31(4)
K127 01 K215 99.88(3) 0121 K1 017  68.69(4)
K127 01 K226 98.75(4) 018 K1 0119  111.31(4)
K15 02 K16 119.696(9) 0120 K1 0119  68.69(4)
K15 02 K17 119.694(9) 01% K1 022 111.55(4)
K16 02 K17 119.694(9) 017 K1 022 68.45(4)
K16 Tcl K15 104.711(4) 01 K1 022 68.45(4)
K15 Tel K17 104.710(4) 019 K1 022 52.53(5)
K16 Tcl K17 104.710(4) 0120 K1 022 111.55(4)
K1° Tcl K24 61.895(7) 012 K1 0222 127.47(5)
K16  Tel  K2*  127.561(2) 0110 K2 011  68.60(5)
K17 Tel K24 127.560(2) o110 K2 012  136.57(2)
K215 N1 K214 150.83(5) o111 K2 0112 102.02(3)
K226 N1 K215 77.98(3) 018 K2 0122 68.62(5)
K226 N1 K214 77.98(3) o114 K2 01122  113.96(2)
K2 N2 K15 93.18(4) o115 K2 012 54.72(5)
K2 N2 K16 93.18(4) 018 Tel 01° 109.40(5)
K2 N2 K17 93.18(4) 0223 K1 022 119.696(9)
K215 01 K214 150.83(5) 0224 K1 0222 60.304(9)
K226 01 K215 77.98(3) 02 K2 011  139.41(3)
K226 01 K214 77.98(3) 02 K2 0112 75.51(3)
K2 02 K16 93.18(4) 02 Tcl 01° 109.54(5)
K2 02 K15 93.18(4) Tc1% N1 K127 111.12(6)
K2 02 K17  93.18(4) Tc1 N1 K214 96.32(3)
K21 Tcl K15 73.883(5) Tc1% N1 K215 96.32(3)
K22 Tcl K15 177.54(1) Tc1% N1 K226 150.13(7)
K23 Tcl K1° 73.884(5) Tcl N2 K1° 86.82(4)
K21 Tcl K16 177.54(1) Tcl N2 K16 86.82(4)
K22 Tcl K16 73.883(5) Tcl N2 K17 86.82(4)
K23 Tcl K16 73.884(5) Tcl N2 K2 180

K21 Tcl K17 73.884(5) Tc1s 01 K127  111.12(6)
K22 Tcl K17 73.884(5) Tc1s 01 K214 96.32(3)
K22 Tel K17 177.54(1) Tc1® 01 K215 96.32(3)
K21 Tcl K22 107.45(1) Tc1s 01 K226 150.13(7)
K2t Tel K23 107.45(1) Tel 02 K15 86.82(4)
K22 Tel K23 107.45(1) Tel 02 K16 86.82(4)
K21 Tcl K24 53.722(5) Tcl 02 K17 86.82(4)
K22 Tcl K24 120.570(7) Tcl 02 K2 180

K23 Tcl K24 53.723(5)

11/3-x,-2/3-y,4/3-z; 22/3-x,1/3-y,4/3-z; 3-1/3-x,1/3-y,4/3-z; *-2/3+x,-1/3+y,-1/3+z; °-2/3+x,-1/3+y,2/3+z; ©1/3+x,2/3+y,2/3+z; 71/3+x,-
1/3+y,2/3+z; 81/3+x,1/3+y,1/3+z; °2/3+y-x,1/3-x,1/3+z; °-2/3+x,2/3+y,2/3+z; “4/3+y-x,2/3-x,2/3+z; *-1-y+x,-1+x,1-z; '3-2/3-y,-4/3+x-
v,2/3+2; ¥1-x,-y,1-z; 5-x,-1-y,1-z; 6-4/3-y+x,-2/3+x,1/3-z; Y4/3+y-x,2/3-x,-1/3+z; 18-2/3+x,2/3+y,-1/3+z; °2/3+y,4/3-x+y,1/3-z; °2/3-x,-2/3-
v,1/3-z; 2-2/3-y,-4/3+x-y,-1/3+z; 221/3-x,2/3-y,2/3-z; 3-2/3-x,-1/3-y,2/3-z; 2*2/3+x,1/3+y,-2/3+z; 1/3+x,-1/3+y,-1/3+z; 262/3+x,-2/3+y,-
2/3+z; 772/3+x,-2/3+y,1/3+z




Table S5 Atomic occupancy for Ks[TcO4][TcOsN].

Atom Occupancy Atom Occupancy
o1 0.875 N1 0.125
02 0.875 N2 0.125

Table S6 Atomic coordinates (x104) and equivalent isotropic displacement parameters (A2x103) for K3[ReO4][ReOsN]. Ufeg) is
defined as one third of the trace of the orthogonalized Uj; tensor.

Atom  x y z Uleq)
K1 0 0 0 34.1(5)
K2 0 0 8028.9(5) 18.0(2)
N1 4906(2) =« 2348(1) 18.2(4)
N2 0 0 6774(2) 30(1)
01 4906(2)  x 2348(1) 18.2(4)
02 0 0 6774(2) 30(1)
Rel 0 0 5959.4(2) 8.55(7)

Table S7 Anisotropic displacement parameters (A2x103) for K3[ReO4][ReO3N]. The anisotropic displacement factor exponent
takes the form: -2m2[h2a"2 Uy + 2 hka* b* Ugp +...].

Atom Ui U, Uss Uas U3 Uz

K1 45.0(8) Un 12.3(6) 0 0 22.5(4)
K2 20.7(3) Un 12.6(3) 0 0 10.3(2)
N1 17.3(7) Un 25.2(9) -0.5(3) -Uss 12.7(8)
N2 39(2) Un 12(2) 0 0 19.6(9)
01 17.3(7) Un 25.2(9) -0.5(3) -Us 12.7(8)
02 39(2) Un 12(2) 0 0 19.6(9)
Rel 7.07(8) Un 11.52(9) 0 0 3.53(4)

Table S8 Bond lengths for K3s[ReO4][ReO3N].

Atom Atom Length [A] Atom Atom Length [A]
K1 o1 2.782(2) K2 016 3.1152(8)
K1 0120 2.782(2) K2 01v  3.1152(8)
K1 012 2.782(2) K2 01 3.1152(8)
K1 012 2.782(2) K2 02 2.661(5)
K1 012 2.781(2) Rel KI5  3.7848(3)
K1 012  2.781(2) Rel KI5  3.7848(3)
K1 025 3.4822(5) Rel K17  3.7849(3)
K1 0226 3.4822(5) Rel  K2!  3.7422(5)
K1 027 3.4822(5) Rel K22 3.7422(5)
K1 028 3.4822(5) Rel K23  4.3891(8)
K2 N2 2.661(5) Rel K24 3.7422(5)
K2 o1l 2.783(3) Rel N2 1.729(4)
K2 012  3.1152(8) Rel 018 1.742(2)
K2 013 2.783(3) Rel  01°  1.742(2)
K2 0114  3.1152(8) Rel 0110  1.742(2)
K2 015 2.783(3) Rel 02  1.729(4)

1-1/3-x,-2/3-y,4/3-z; -1/3-x,1/3-y,4/3-z; 3-2/3+x,-1/3+y,-1/3+z; *2/3-x,1/3-y,4/3-z; °1/3+x,2/3+y,2/3+z; 5-2/3+x,-1/3+y,2/3+z; 71/3+x,-
1/3+y,2/3+z; 82/3+y-x,1/3-x,1/3+z; °-1/3+x,1/3+y,1/3+z; 1°-1/3-y,-2/3+x-y,1/3+z; 4/3+y-x,2/3-x,2/3+z; 2-1-y+x,-1+x,1-z; 13-2/3-y,-4/3+x-
V,2/3+z; Y14y, 1-x+y,1-z; 15-2/3+x,2/3+y,2/3+z; ®¥+y,1-x+y,1-z; V1-x,-y,1-z; ¥-x,-1-y,1-z; 19-4/3-y+x,-2/3+x,1/3-z; 20-2/3-y,-4/3+x-y,-1/3+z;
12/3+y,4/3-x+y,1/3-z; 24[3+y-x,2/3-x,-1/3+z; 232/3-X,-2/3-y,1/3-z; 24-2/3+x,2/3+y,-1/3+z; 25-2/3-x,-1/3-y,2/3-z; 6-1/3+x,-2/3+y,-2/3+z;
272/3+x,1/3+y,-2/3+z; #1/3-x,2/3-y,2/3-z



Table S9 Bond angles for K3s[ReO4][ReO3N].

Atom Atom Atom Angle[°] Atom Atom Atom Angle[°]
K126 N1 K222 97.46(7) K22 Rel  K2¢ 120.54(1)
K126 N1 K224 99.92(5) K23 Rel  K2¢ 53.532(8)
K126 N1 K225 99.92(5) N2 K2 010  138.74(5)
K15 N2 K16 119.57(2) N2 K2 012  75.12(5)
K15 N2 K17 119.57(2) N2 Rel 018  109.78(8)
K16 N2 K17 119.57(2) o183 K1 014  69.69(8)
K126 01 K224 99.92(5) o115 K1 014  69.69(8)

K128 01 K225 99.92(5) 0116 K1 014  110.31(8)

K126 01 K23 97.46(7) 017 K1 014  110.31(8)

K15 02 K16 119.57(2) 0118 K1 014  180.00(7)

K15 02 K17 119.57(2) 015 K1 016  110.31(8)
(2)

K16 02 K17 119.57(2 o1v K1 01  69.69(8)

K16  Rel K15  105.324(5) 013 K1 021  127.52(9)
K15  Rel K17  105.323(5) 014 K1 0219  67.76(6)
K16  Rel K17  105.323(5) 015 K1 021  67.76(6)
K15  Rel  K2¢  61.01(1) 01 K1 0219 52.48(9)
K16  Rel  K2¢  127.273(2) 017 K1 021  112.24(6)
K17  Rel  K2¢  127.272(2) 0118 K1 021  112.24(6)
K22 N1 K224 77.66(5) 01° K2 010  69.66(8)
K225 N1 K224 150.0(1) 010 K2 0112 102.34(5)
K223 N1 K225 77.66(5) 0111 K2 012 68.34(9)
K2 N2 K15 93.77(7) 01° K2 0122 137.25(3)
K2 N2 K16 93.77(7) 022 K1 021  119.57(2)
K2 N2 K17 93.77(7) 022 K1 021  60.43(2)
K23 01 K224 77.66(5) 02 K2 0110  138.74(5)
K25 01 K224 150.0(1) 02 K2 0112 75.12(5)
K23 01 K225 77.66(5) 02 Rel 018  109.78(8)
K2 02 K15 93.77(7) Rel2 N1 K223 151.0(1)
K2 02 K16 93.77(7) Rel2 N1 K224 96.68(5)
K2 02 K17 93.77(7) Re12 N1 K225 96.68(5)
K21 Rel K15  73.80(1) Rel2 N1 K126 111.5(1)
K22 Rel K15  178.44(2) Rel N2 K15 86.23(7)
K22 Rel K15  73.80(1) Rel N2 K16 86.23(7)
K21 Rel K16  178.44(2) Rel N2 K17  86.23(7)
K22 Rel K16  73.80(1) Rel N2 K2 180

K22 Rel  KI1¢  73.798(9) Re12 01 K22 151.0(1)
K21 Rel K17  73.798(9) Re12 01 K224 96.68(5)
K22 Rel K17  73.80(1) Re12 01 K25 96.68(5)
K22 Rel K17  178.44(2) Rel2 01 K126 111.5(1)
K21 Rel K22  107.05(2) Rel 02 K15 86.23(7)
K21  Rel K23  107.05(2) Rel 02 K16  86.23(7)
K22 Rel K23  107.05(2) Rel 02 K17  86.23(7)
K21  Rel  K2*  53.531(8) Rel 02 K2 180

1-1/3-x,-2/3-y,4/3-z; 22/3-x,1/3-y,4/3-z; 3-1/3-x,1/3-y,4/3-z; *-2/3+x,-1/3+y,-1/3+z; >-2/3+x,-1/3+y,2/3+z; ©1/3+x,2/3+y,2/3+z; 71/3+x,-
1/3+y,2/3+z; 82/3+y-x,1/3-x,1/3+z; °-2/3+x,2/3+y,2/3+z; °4/3+y-x,2/3-X,2/3+Z; *1-2/3-y,-4/3+x-y,2/3+2; ?-1-y+X,-1+x,1-z; 3-2/3-y,-4/3+x-y,-
1/3+z; 1*4/3+y-x,2/3-x,-1/3+z; 15-2/3+x,2/3+y,-1/3+2z; 2/3+y,4/3-x+y,1/3-2; 72/3-x,-2/3-y,1/3-z; 8-4/3-y+x,-2/3+x,1/3-z; *°1/3-x,2/3-y,2/3-z;
20.2/3-x,-1/3-y,2/3-z; 22/3+x,1/3+y,-2/3+2; 21/3+x,-1/3+y,-1/3+2z; 32/34x,-2/3+y,-2/3+2; 2*1-x,-y,1-2; 2-X,-1-y,1-z; 252 /3+x,-2/3+y,1/3+z

Table S10 Atomic occupancy for K3[ReO4][ReO3N].

Atom Occupancy Atom Occupancy
o1 0.875 N1 0.125
02 0.875 N2 0.125




Table S11 Examples of coloring variants for Bas[PO.]), / K2Pb[SO4], type representatives (space group R3m, Pearson code
hR39 and Wyckoff sequence hc3a).

Compound 3a 6C 6C 18h 6C Ref.
Baz[PO4]» Ba Ba 0 o [33a)
Eus[PO4), Ba Ba 0] 0] [33b]
K>Pb[BeFa], Pb K Be F F (33¢]
K3[Re(Oo.875No.125)al2 K K Re o O/N this work
Bas[(Ti/M0)0a), Ba Ba Ti/Mo o] o] 133d]
Bas[MoOsN], Ba Ba Mo O/N O/N (17a)
Bas[WO:N]; Ba Ba w O/N O/N (172)
BazMo0,06.04N1.96 Ba Ba Mo O/N O/N [17b]
BaszW,06.27N1.73 Ba Ba w O/N O/N [17b]
SrRb[SO4]2 Sr Rb S 0 0 (33¢)
SrRb[Se04]> Sr Rb Se 0] 0] 133f]
SrT15[SO4]2 Sr Tl S 0} 0} 33€]
SnT1,[S04]> Sn Tl S 0 0 [33¢)
PbRb,[SO4]; Pb Rb S 0 0 (33h)
Bas[VOa4), Ba Ba Vv 0} 0} 1331]
Pb3[VOa4]; Pb Pb % o] o] (337
K>Pb[SO4], Pb K S 0 0 (33]
NaBalLa[VO4], Na/Ba/la Na/Ba/La Y 0] 0] [33k]
Bas[CrO4)> Ba Ba Cr 0] 0] 1331
K2Pb[CrOa), Pb K Cr 0} 0} 1331]
K2Ba[MoOQ4], Ba K Mo 0} 0} 133m]




B. Spectroscopic Methods
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Figure S1 XPS core level spectrum of K3s[ReO4][ReOsN] powder on a carbon coated Cu film.
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Figure S2 IR spectrum of K;[ReO3N], synthesized according to the literature.!*2]
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Figure S3 IR spectrum of K3[ReO,][ReO3N].
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Figure S4 Raman spectrum of K,[ReOsN], synthesized according to the literature. (121



C. Powder X-ray diffraction and Rietveld refinement details
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Figure S5 Powder X-ray diffraction pattern of K;[ReOsN], synthesized according to the literature. [12]

Table S12 Lattice parameters and refinement factors for the Rietveld fit of the ambient temperature powder diffraction
pattern of K3s[ReO4][ReOsN].

Lattice parameters a=6.0674(1) A Refinement factors Rwp =9.83
c=21.3109(8) A Rexp = 9.44
V=679.42(4) A3 Rp=7.79

gof=1.04




Appendix

7.3 A3[ReO4][ReOsN] and A"2[ReO:3N] (4 = Rb, Cs; A' = K, Cs)
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Figure S1. Raman spectra of K;[ReO3N] synthesized from a KOH hydroflux, of K;[ReO3N] synthesized in liquid NH; according to

a literature procedure and of Cs;[ReOsN] from a CsOH hydroflux.l¥! The cutouts of the spectra were measured using the same
samples but at a higher resolution compared to the overall measurement range.
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Figure S2. Powder X-ray diffraction pattern of K;[ReO3N] synthesized in liquid NH; according to a literature procedure and
calculated pattern of single crystal data of K;[ReOsN] synthesized from a KOH hydroflux.™

Table S1. Lattice parameters and refinement factors for the Rietveld fit of the ambient temperature powder diffraction pattern of
Rbg[ReO4][Re03N]

Lattice parameters a=6.2208(2) A Refinement factors Rwp =5.87
¢ =22.2003(9) A Rexp = 6.63
V = 744.02(6) A R, = 4.61

gof = 0.89




Table S2. Lattice parameters and refinement factors for the Rietveld fit of the ambient temperature powder diffraction pattern of
Cs3[ReO4][ReOsN].

Lattice parameters a=6.4468(3) A Refinement factors Rwp = 18.05
c=23.284(2) A Rexp = 18.68

V =838.1(1) A3 R, =14.12

gof = 0.97

C. Structure determination and crystallographic details

The structures of A;[ReO,][ReOsN] (A = Rb, Cs) were refined with a 7 : 1 O/N ratio and the structures of A';[ReO4] (A’ = K, Cs)
were refined with a 3 : 1 O/N ratio using EADP and EXYZ with ShelX in Olex2.

Rbs[Re0,][ReO:N]

Table S3. Atomic coordinates (x10%), equivalent isotropic displacement parameters (A?x10% and Wyckoff positions for
Rbs[ReO4][ReOsN]. U(eq) is defined as one third of the trace of the orthogonalized Uj tensor.

Atom Wyckoff X y z U(eq)
position
N1 18h 4866(4) 5134(4) 2343(2) 20.6(9)
N2 6C 0 0 6725(4) 36(2)
o1 18h 4866(4) 5134(4) 2343(2) 20.6(9)
02 6¢ 0 0 6725(4) 36(2)
Rb1 3a 0 0 0 33.4(4)
Rb2 6C 0 0 8005.3(4) 16.8(2)
Rel 6¢ 0 0 5950.0(2) 12.9(1)

Table S4. Anisotropic displacement parameters (A2x10%) for Rbs[ReO,4][ReOsN]. The anisotropic displacement factor exponent
takes the form: -2m? [ h? a2 Uy + 2 h k a* b* U, +...].

Atom Ui Uz Usz Uz Uiz U,

N1 19(2) 19(2) 29(2) -0.9(8) 0.9(8) 13(2)
N2 47(4) 47(4) 15(4) 0 0 23(2)
o1 19(2) 19(2) 29(2) -0.9(8) 0.9(8) 13(2)
02 47(4) 47(4) 15(4) 0 0 23(2)
Rb1 43.1(6) 43.1(6) 13.8(6) 0 0 21.6(3)
Rb2 17.1(3) 17.1(3) 16.3(4) 0 0 8.6(2)
Rel 11.3(2) 11.3(2) 16.1(2) 0 0 5.65(8)

Table S5. Bond lengths for Rbs[ReO4][ReOsN].

Atom Atom Length [A] Atom Atom Length [A]
Rb1 01%® 2.912(4) Rb2 0173 3.185(1)
Rb1 01 2.912(4) Rb2 o1 2.936(4)
Rb1 012 2.912(4) Rb2 01 3.185(1)
Rb1 012 2.912(4) Rb2 o1 3.185(1)
Rb1 012 2.912(4) Rb2 01% 3.185(1)
Rb1 017 2.912(4) Rb2 02 2.825(8)
Rb1 02% 3.5673(4) Rel N2 1.710(8)
Rb1 02% 3.5673(4) Rel o1’ 1.747(4)
Rbl 02% 3.5673(4) Rel 018 1.747(4)
Rbl 027" 3.5673(4) Rel 01° 1.747(4)
Rb1 022 3.5673(4) Rel 02 1.710(8)
Rb1 022 3.5673(4) Rel Rb1* 3.8998(2)
Rb2 N2 2.825(8) Rel Rb15 3.8998(2)
Rb2 01° 2.936(4) Rel Rb1° 3.8999(2)
Rb2 o1 2.936(4) Rel Rb2! 3.8199(4)
Rb2 o1t 3.185(1) Rel Rb2? 3.8199(4)
Rb2 o012 3.185(1) Rel Rb23 3.8199(4)

1.1/3-x,-2/3-y,4/3-z; 22/3-X,1/3-y,4/3-z; 3-1/3-x,1/3-y,4/3-z; *1/3+X,2/3+y,2/3+Z; 5-2/3+X,-1/3+y,2/3+Z; 51/3+x,1/3+y,2/3+z; -1/3+y-
X,1/3-x,1/3+z; 8-1/3+x,2/3+y,1/3+z; °2/3-y,1/3+x-y,1/3+z; °1/3+y-X,2/3-X,2/3+Z; 11-X,1-y,1-z; 12-1+y,-x+y,1-z; B+y,-x+y,1-z; 1*1/3-
V,-1/3+X-y,2/3+Z; -y+x,-1+X,1-Z; 10-x,-y,1-z; Y-y+x,+X,1-z; 8-1/3+y,1/3-x+Yy,1/3-z; 1°1/3+y-X,2/3-X,1/3+Z; °1/3-y,-1/3+X-y,-1/3+Z;
212/3-X,1/3-y,1/3-z; 22-2/3+X,-1/3+y,-1/3+Z; Z-1/3-y+X,-2/3+X,1/3-z; ?*-2/3-X,-1/3-y,2/3-z; B5-1/3+X,-2/3+y,-2/3+Zz; 5-1/3+x,1/3+y,-
2/3+z; 271/3-x,2/3-y,2/3-z; 82/3+x,1/3+y,-2/3+Z; 1/3-x,-1/3-y,2/3-z.



Table S6. Bond angles for Rbs[ReO,][ReO:N].

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°]
N2 Rb2 o1% 139.01(9) 01° Rel Rb1* 124.68(4)
N2 Rb2 o1 76.03(8) 01’ Rel Rb1° 124.68(4)
N2 Rb2 o1v 76.03(8) 018 Rel Rb1° 124.68(4)
N2 Rel o1’ 110.2(2) 0o1° Rel Rb1° 44.12(14)
o1 Rb1 o1 180.0(1) 01’ Rel Rb18 124.68(4)
o1 Rb1 012 69.9(1) 018 Rel Rb1® 44.1(1)
o1% Rb1 012 110.1(1) 01° Rel Rb1® 124.68(4)
o1 Rb1 o1z 110.1(1) 01’ Rel Rb2! 55.81(3)
o1® Rb1 o1z 69.9(1) 018 Rel Rb2! 138.8(2)
01% Rb1 01% 110.1(1) 01° Rel Rb2! 55.81(3)
012 Rb1 o1z 180.0(1) 01’ Rel Rb22 138.8(2)
o1= Rb1 o1z 69.9(1) 018 Rel Rb22 55.81(3)
o1 Rb1 012 69.9(1) 01° Rel Rb2? 55.81(3)
o1% Rb1 012 110.1(1) 01’ Rel Rb23 55.81(3)
o1® Rb1 012 69.9(1) 018 Rel Rb23 55.81(3)
01% Rb1l 012 110.1(1) 01° Rel Rb23 138.8(2)
o1 Rb1l 01% 110.1(1) 022 Rb1l 02% 60.13(2)
o1 Rb1 01= 69.9(1) 02% Rb1 02% 60.13(2)
01% Rb1 01= 180.0(1) 2% Rb1 02% 119.87(2)
o1 Rb1l 022 111.0(1) 02% Rb1l 02% 180

o1%® Rb1 022 69.1(1) 02% Rb1 02% 119.87(2)
o1® Rb1 022 111.0(1) 02% Rb1 02% 119.87(2)
o1 Rb1l 022 129.3(2) 02% Rb1l 02% 60.13(2)
01% Rb1l 022 50.7(2) 022 Rb1l 027 60.13(2)
01% Rb1 022 69.1(1) 02% Rb1 027 180

o1 Rb1 02% 129.3(2) 02% Rb1 027 119.87(2)
o1% Rb1l 02% 50.7(2) 02 Rb1l 02% 119.87(2)
o1® Rb1 02% 69.1(1) 02% Rb1 02% 119.87(2)
o1% Rb1 02% 111.0(1) 2% Rb1 02% 60.13(2)
01% Rb1l 02% 69.1(1) 02% Rb1l 02% 60.13(2)
01% Rb1l 02% 111.0(1) 022 Rb1l 02% 180

o1 Rb1 022 111.0(1) 02 Rb2 014 139.02(9)
o1 Rb1l 022 69.1(1) 02 Rb2 o1 76.03(8)
01% Rb1l 022 50.7(2) 02 Rb2 o1t 139.01(9)
o1# Rb1 022 69.1(1) 02 Rb2 01 76.03(8)
01% Rb1 022 111.0(1) 02 Rb2 o1® 76.03(8)
01% Rb1l 022 129.3(2) 02 Rb2 o1* 76.03(8)
o1 Rb1l 027 69.1(1) 02 Rb2 o1® 139.01(9)
o1 Rb1 02?7 111.0(1) 02 Rb2 01 76.03(8)
01% Rb1l 027 129.3(2) 02 Rb2 o1 76.03(8)
o1z Rb1l 027 111.0(1) 02 Rb2 Re1! 68.95(1)
01% Rb1 027 69.1(1) 02 Rel 01’ 110.2(2)
01= Rb1 027 50.7(2) 02 Rel 018 110.2(2)
o1 Rb1l 022 50.7(2) 02 Rel 01° 110.2(1)
o1 Rb1 022 129.3(2) 02 Rel Rb1* 66.083(5)
01% Rb1 022 111.0(1) 02 Rel Rb1° 66.083(5)
o1z Rb1l 022 69.1(1) 02 Rel Rb18 66.083(6)
012 Rb1l 022 111.0(1) 02 Rel Rb2! 111.05(1)
01= Rb1 022 69.1(1) 02 Rel Rb2? 111.05(1)
o1 Rb1 022 69.1(1) 02 Rel Rb23 111.05(1)
o1 Rb1l 022 111.0(2) Rb13 N1 Rb212 98.71(8)
01% Rb1 022 69.1(1) Rb13% N1 Rb2*  98.71(8)
o1% Rb1 022 50.7(2) Rb13% N1 Rb2?°  97.6(1)
01% Rb1l 022 129.3(2) Rb1* N2 Rb1° 119.87(2)
01% Rb1l 022 111.0(2) Rb1® N2 Rb1° 119.87(2)
o1t Rb2 0o1% 102.22(8) Rb1* N2 Rb1® 119.87(2)
o1 Rb2 01% 67.5(2) Rb13 o1 Rb212 98.71(8)
o116 Rb2 01% 63.1(2) Rb13 o1 Rb2*  98.71(8)
014 Rb2 0o1% 135.90(3) Rb13% o1 Rb2?°  97.6(1)
o1 Rb2 o1t 69.2(1) Rb1* 02 Rb1° 119.87(2)




o1° Rb2 017 69.2(1) Rb1° 02 Rb1S  119.87(2)

0110 Rb2 01t 114.37(6) Rb1* 02 Rb1®  119.87(2)
o1 Rb2 01t 67.5(2) Rb1° Rel Rb1’  104.683(6)
o1 Rb2 o1t 135.90(3) Rb1* Rel Rb1®  104.682(6)
0116 Rb2 01t 53.0(2) Rb1° Rel Rb1S  104.682(6)
o1* Rb2 01t 102.22(8) Rb2 02 Rb1*  92.1(1)
0110 Rb2 o1t 151.6(2) Rb2 02 Rb1s  92.1(1)
o1 Rb2 o1t 102.22(8) Rb2 02 Rb1®  92.1(1)
012 Rb2 o1 63.14(16) Rb2 N2 Rb1*  92.1(1)
014 Rb2 o1t 114.37(6) Rb2 N2 Rb1S  92.1(1)
o1 Rb2 o1t 135.90(3) Rb2 N2 Rb1®  92.1(1)
0116 Rb2 o1 114.37(6) Rb22° N1 Rb22  77.78(8)
o1* Rb2 o1 67.5(2) Rb212 N1 Rb2¥  151.6(2)
0110 Rb2 01 53.0(2) Rb22 N1 Rb2%  77.78(8)
o1 Rb2 01 135.90(3) Rb22 o1 Rb22  77.78(8)
012 Rb2 01 151.6(2) Rb212 o1 Rb2%  151.6(2)
o1 Rb2 01 67.5(2) Rb22 o1 Rb2%  77.78(8)
0116 Rb2 01 114.37(6) Rb2! Rel Rb1*  73.684(8)
o1° Rb2 o1 102.22(8) Rb22 Rel Rb1*  177.14(2)
o1° Rb2 o1 69.22(14) Rb23 Rel Rb1*  73.684(7)
o1 Rb2 o1 67.5(2) Rb2! Rel Rb1S  73.685(7)
o1 Rb2 o116 102.22(8) Rb22 Rel Rb1S  73.684(8)
o1° Rb2 0116 135.90(3) Rb23 Rel Rb1S  177.14(2)
0110 Rb2 o1 114.37(6) Rb2! Rel Rb1®  177.14(2)
o1 Rb2 o1 135.90(3) Rb22 Rel Rb1®  73.684(8)
012 Rb2 o1 114.37(6) Rb23 Rel Rb1®  73.685(7)
o011 Rb2 o1 52.95(16) Rb2! Rel Rb2?2  107.85(2)
014 Rb2 o1 63.14(16) Rb2! Rel Rb2®  107.85(2)
o1 Rb2 o1 102.22(8) Rb22 Rel Rb2®  107.85(2)
0116 Rb2 o1 151.6(2) Re1% N1 Rb13  111.2(2)
o1* Rb2 o1 67.5(2) Re1% N1 Rb22  97.21(8)
0110 Rb2 Rel! 87.43(8) Re1% N1 Rb2%  97.21(9)
o1 Rb2 Rel! 70.07(9) Re1% N1 Rb22®  151.2(2)
012 Rb2 Rel! 26.98(8) Rel N2 Rb1*  87.9(1)
011 Rb2 Rel! 87.43(8) Rel N2 Rb1®  87.9(1)
o011 Rb2 Rel! 132.52(8) Rel N2 Rb1®  87.9(1)
o1 Rb2 Rel! 125.25(2) Rel N2 Rb2 180

0116 Rb2 Rel! 26.98(8) Re1% o1 Rb13  111.2(2)
o1 Rb2 Rel! 132.52(8) Re1% o1 Rb22  97.21(8)
o1 Rb2 Rel! 125.25(2) Re1% o1 Rb2¥  97.21(9)
o1’ Rel 018 108.7(2) Re1% o1 Rb22  151.2(2)
o1’ Rel 01° 108.7(2) Rel 02 Rb1*  87.9(1)
018 Rel 01° 108.7(2) Rel 02 Rb1S  87.9(1)
o1’ Rel Rb1* 44.1(1) Rel 02 Rb1®  87.9(1)
018 Rel Rb1* 124.68(4) Rel 02 Rb2 180

1.1/3-x,-2/3-y,4/3-z; 22/3-x,1/3-y,4/3-z; 3-1/3-X,1/3-y,4/3-2; 4-2/3+X, 1/3+y,2/3+Z; 51/3+X,-1/3+y,2/3+z; 61/3+x,2/3+y,2/3+Z; "-1/3+y-
X,1/3-X,1/3+z; 82/3-y,1/3+x-y,1/3+Z; °-1/3+X,-2/3+y,1/3+Z; 1+y,-x+y,1-z; 11/3-y,-1/3+x-y,2/3+Z; 12-X,-y,1-Z; 1B-1+y -x+y,1-7; 41-x,1-
V,1-z; B1/3+y-X,2/3-X,2/3+Z; 18-y+X,-1+X,1-Z; Y-y+X,+X,1-z; 182/3-x,1/3-y,1/3-z; 1°-2/3+x,-1/3+y,-1/3+Z; 2°-1/3+y,1/3-x+y,1/3-Z;
211/3+y-X,2/3-X,-1/3+2; 22-1/3-y+X,-2/3+X,1/3-z; 21/3-y,-1/3+x-y,-1/3+z; 24-2/3-X,-1/3-y,2/3-z; #-1/3+x,1/3+Yy,-2/3+z; 2°1/3-x,2/3-
V,2/3-2; 27-1/3+X,-2/3+y,-2/3+Z; 281/3-X,-1/3-y,2/3-z; 2°2/3+X,1/3+y,-2/3+Z; °1/3+X,2/3+y,-1/3+Z; 312/3+x,1/3+y,1/3+z.

Table S7. Atomic occupancy for Rbs[ReO,4][ReOsN].

Atom Occupancy Atom Occupancy
o1 0.875 02 0.875
N1 0.125 N2 0.125




CS3[REO4][REO3N]

Table S8. Atomic coordinates (x10%), equivalent isotropic displacement parameters (A2x10% and Wyckoff positions for
Cs3[ReO4][ReOsN]. U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom Wyckoff X y z U(eq)
position

Csl 3a 0 0 0 36.0(2)
Cs2 6¢c 0 0 7985.2(2) 15.33(13)
N1 18h 4816(3) 5184(3) 2343(1) 20.2(6)
N2 6c 0 0 6680(2) 38(2)

o1 18h 4816(3) 5184(3) 2343(1) 20.2(6)
02 6¢c 0 0 6680(2) 38(2)
Rel 6c 0 0 5933.5(2) 13.9(1)

Table S9. Anisotropic displacement parameters (A2x103) for Css[ReO4][ReOsN]. The anisotropic displacement factor exponent
takes the form: -2m? [ h? a2 Uy; + 2 h k a* b* U, +...].

Atom U]_l U22 U33 U23 U13 U12
Csl 47.2(3) 47.2(3) 13.7(3) 0 0 23.6(2)
Cs2 14.1(2) 14.1(2) 17.9(2) 0 0 7.02(8)
N1 18(1) 18(1) 28(1) 0.6(6) -0.6(6) 11(1)
N2 49(3) 49(3) 17(2) 0 0 25(1)
o1 18(1) 18(1) 28(1) 0.6(6) -0.6(6) 11(2)
02 49(3) 49(3) 17(2) 0 0 25(1)
Rel 12.1(1) 12.1(1) 17.4(2) 0 0 6.07(7)
Table S10. Bond lengths for Cs3[ReO4][ReO3N].
Atom Atom Length [A] Atom Atom Length [A]
Csl 0o1# 3.076(3) Cs2 o1 3.2927(7)
Csl 0o1» 3.076(3) Cs2 o1 3.2927(7)
Csl 01% 3.076(3) Cs2 01% 3.2927(7)
Csl 017 3.076(3) Cs2 o1 3.2927(7)
Csl 0o1% 3.076(3) Cs2 o1 3.135(3)
Csl o1® 3.076(3) Cs2 02 3.023(6)
Csl 028 3.6921(1) Rel Cs1* 4.0637(2)
Csl 02 3.6921(1) Rel Cs1° 4.0637(2)
Csl 02% 3.6921(1) Rel Cs1°® 4.0637(2)
Csl 02# 3.6921(1) Rel Cs2! 3.9331(2)
Csl 02% 3.6921(1) Rel Cs2? 3.9331(2)
Csl 02% 3.6921(1) Rel Cs23 3.9331(2)
Cs2 N2 3.023(6) Rel N2 1.728(6)
Cs2 016 3.135(3) Rel o1’ 1.747(3)
Cs2 01% 3.2927(7) Rel 018 1.747(3)
Cs2 o1t 3.135(3) Rel 01° 1.747(3)
Cs2 012 3.2927(7) Rel 02 1.728(6)

1.1/3-x,-2/3-y,4/3-z; 22/3-x,1/3-y,4/3-z; 3-1/3-X,1/3-y,4/3-z; *1/3+x,2/3+y,2/3+z; 51/3+X,-1/3+y,2/3+z; ©-2/3+x,-1/3+y,2/3+z; "2/3-
V,1/3+x-y,1/3+Z; 8-1/3+X,-2/3+y,1/3+Z; %-1/3+y-X,1/3-X,1/3+Z; 10-1+y,-x+y,1-z; 11/3+y-X,2/3-X,2/3+Z; 1?-X,-y,1-Z; B¥+y,-x+y,1-z; -
Y+X,-1+X,1-z; B-y+x,+x,1-z; °1-x,1-y,1-z; 71/3-y,-1/3+x-y,2/3+z; 81/3-X,-1/3-y,2/3-z; 1°-2/3-x,-1/3-y,2/3-z; °2/3+x,1/3+Yy,-2/3+z,
21/3-X,2/3-y,2/3-Z; 22-1/3+X,-2/3+Y,-2/3+2; -1/3+x,1/3+y,-2/3+Z; 24-2/3+X,-1/3+y,-1/3+Z; 5-1/3-y+X,-2/3+X,1/3-Z; 261/3-y,-1/3+X-Y,-
1/3+z; 271/3+y-x,2/3-X,-1/3+z; #-1/3+y,1/3-x+y,1/3-z; 2°2/3-x,1/3-y,1/3-z.

Table S11. Bond angles for Cs3[ReO4][ReOsN].

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°]
Cs1® N1 Cs2tt 97.53(5) 01Y Cs2 01 114.84(4)
Cs1® N1 Cs2v 97.53(5) 014 Cs2 o1u 66.72(9)
Cs1% N1 Cs2% 97.40(8) o1t Cs2 01 114.84(4)
Cs1* N2 Cs1° 119.994(3) o1= Cs2 o1% 66.72(9)
Cs1* N2 Cs18 119.993(3) 0116 Cs2 01% 102.42(5)
Cs1® N2 Csl1® 119.993(3) o1Y Cs2 01 51.2(1)
Cs1% o1 Cs21 97.53(5) 014 Cs2 01 134.77(2)




Cs1®
Cs1%
Cs14
Cs14
Cs1°
Cs1°
Cs14
Cs1°
Cs2Y’
Cs2%
Cs2%°
Cs2
Cs2
Cs2
Cs2Y7
Cs2%
Cs2%°
Cs2
Cs2
Cs2
Cs2!
Cs2?
Cs2®
Cs2!
Cs2?
Cs2®
Cs2!
Cs2?
Cs2®
Cs2!
Cs2!
Cs2?
N2
N2
N2
N2
0124
0126
0128
0129
0128
0129
0124
0125
0126
0128
0129
0110
Olll
0113
0115
0116

o1
o1
02
02
02
Rel
Rel
Rel
N1
N1
N1
N2
N2
N2
o1
o1
o1
02
02
02
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Cs2
Cs2
Cs2
Rel
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Cs2
Cs2
Cs2
Cs2
Cs2

Cs2'7
Cs2%
Cs1°®
Cs1®
Cs1°
Cs1t
Cs1®
Cs1®
Cs2u!
Cs2u!
Cs2Y7
Cs1t
Cs1°®
Cs1®
Cs2t
Cs2u!
Cs2Y7
Cs1?*
Cs1°®
Cs1®
Cs1?*
Cs1?4
Cs1*
Cs1®
Cs1®
Cs1°®
Cs1®
Cs1°
Cs1®
Cs2?
Cs2?
Cs2?
0114
0115
0116
018
0125
0125
0125
0125
0126
0126
0127
0127
0127
0127
0127
0114
0114
0114
0114
0114

97.53(5)
97.40(8)
119.994(3)
119.993(3)
119.993(3)
103.778(4)
103.777(5)
103.777(4)
152.4(1)
77.58(5)
77.58(5)
90.47(9)
90.47(9)
90.47(9)
152.4(1)
77.58(5)
77.58(5)
90.47(9)
90.47(9)
90.47(9)
73.596(3)
175.469(9)
73.597(3)
175.469(9)
73.596(3)
73.597(3)
73.597(3)
73.597(3)
175.469(9)
108.769(7)
108.768(7)
108.768(7)
76.65(5)
76.65(5)
139.18(5)
109.93(9)
109.52(8)
70.48(8)
109.52(8)
70.48(8)
109.52(8)
70.48(8)
70.48(8)
180.00(7)
109.52(8)
70.48(8)
109.52(8)
51.2(1)
65.2(1)
134.77(2)
152.4(1)
102.42(5)

014
01’
0218
0218
0219
0218
0219
0220
0218
0219
0220
0221
0223
0218
0219
0220
0221
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
Re1%
Re1%
Re1%
Re1%
Rel
Rel
Rel
Rel
Re1%
Re1%
Re1%
Re1%
Rel
Rel
Rel
Rel

Cs2
Rel
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Csl
Cs2
Cs2
Cs2
Cs2
Cs2
Cs2
Cs2
Cs2
Cs2
Cs2
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
N1
N1
N1
N1
N2
N2
N2
N2
o1
o1
o1
o1
02
02
02
02

0116
018
0219
0220
0220
0221
0221
0221
0222
0222
0222
0222
0222
0223
0223
0223
0223
014
0110
0111
0112
0113
0114
0115
0116
0117
Rel!
Cs1*
Cs1®
Cs1®
Cs2!
Cs2?
Cs28
o1’
018
01°
Cs1%
Cs2t
Cs2v
Cs2%
Cs1*
Csl®
Cs16
Cs2
Cs1*
Cs2t
Cs2
Cs2¥
Cs1*
Cs1®
Cs1®
Cs2

68.96(8)
109.01(9)
180
119.994(3)
60.006(3)
60.006(3)
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89.53(9)
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1.1/3-x,-2/3-y,4/3-z; 22/3-X,1/3-y,413-z; 3-1/3-X,1/3-y,4/3-7; 4-2/3+X,-1/3+Yy,2/3+Z; 51/3+X,2/3+y,2/3+Z; 81/3+X,-1/3+y,2/3+Z; "-1/3+X,-
2/3+y,1/3+z; 8-1/3+y-x,1/3-x,1/3+z; °2/3-y,1/3+x-y,1/3+Z; 0-1+y,-x+y,1-z; 111-X,1-y,1-Z; 2+y,-x+y,1-z; ¥1/3-y,-1/3+x-y,2/3+z; -
VX, +X,1-Z; -y+x,-1+%,1-z; 161/3+y-X,2/3-X,2/3+Z; Y'-X,-y,1-z; 18-2/3-X,-1/3-y,2/3-z; 1°2/3+x,1/3+y,-2/3+Z; %1/3-X,2/3-y,2/3-z; ?-
1/3+x,-2/3+y,-2/3+z; 22-1/3+X,1/3+y,-2/3+z; 2°1/3-X,-1/3-y,2/3-z; 2*1/3-y,-1/3+X-y,-1/3+Z; 5-1/3-y+x,-2/3+x,1/3-z; 26-1/3+y,1/3-
X+Y,1/3-7; 771/3+y-X,2/3-X,-1/3+2; 28-2/3+x,-1/3+y,-1/3+2; 2°2/3-X,1/3-y,1/3-z; 3°1/3+x,2/3+y,-1/3+Z; 312/3+x,1/3+y,1/3+z.



Table S12. Atomic occupancy for Csz[ReO4][ReOsN].

Atom Occupancy Atom Occupancy
o1 0.875 02 0.875

N1 0.125 N2 0.125
Kz[REOgN]

Table S13. Atomic coordinates (x10%), equivalent isotropic displacement parameters (A?x103%) and Wyckoff positions for
K2[ReO3N]. U(eq) is defined as one third of the trace of the orthogonalized U; tensor.

Atom Wyckoff X y z U(eq)
position

K1 4 5068.6(9) 5000 2364(1) 10.2(2)
K2 4i 8396.1(9) 5000 2557(1) 11.0(2)
N1 8] 8583(2) 7389(4) 9253(4) 12.0(5)
N2 4 9212(3) 5000 6460(5) 12.7(7)
N3 4i 6766(3) 5000 6168(5) 18.3(8)
o1 8j 8583(2) 7389(4) 9253(4) 12.0(5)
02 4i 9212(3) 5000 6460(5) 12.7(7)
03 4i 6766(3) 5000 6168(5) 18.3(8)
Rel 4i 8289.7(2) 5000 7762.6(2) 6.83(7)

Table S14. Anisotropic displacement parameters (A2x103) for K,JReOsN]. The anisotropic displacement factor exponent takes the
form: -2m? [h? a? Uy + 2 hk a* b* Ug, +...].

Atom Uy Uz, Usz Uzs Uiz U
K1 8.8(5) 13.0(5) 8.8(5) 0 3.6(4) 0
K2 8.2(5) 14.3(5) 9.4(5) 0 2.6(4) 0

N1 10(1) 10(1) 14(1) -1(2) 3(2) -1(1)
N2 9(2) 20(2) 9(2) 0 5(1) 0

N3 16(2) 23(2) 13(2) 0 4(2) 0

o1 10(1) 10(1) 14(1) -1(2) 3(2) -1(1)
02 9(2) 20(2) 9(2) 0 5(1) 0

03 16(2) 23(2) 13(2) 0 4(2) 0
Rel 6.0(1) 7.7(1) 6.8(1) 0 2.60(7) 0

Table S15. Bond lengths for K;[ReOsN].

Atom Atom Length [A] Atom Atom Length [A]
K1 K1° 3.463(2) K2 0272 2.727(4)
K1 N3 2.737(4) K2 03! 3.196(1)
K1 o1! 2.897(3) K2 03? 3.196(1)
K1 01° 2.772(2) Rel K1t 3.6578(6)
K1 o1’ 2.772(2) Rel K12 3.6578(6)
K1 o1° 2.897(3) Rel K2! 3.6163(6)
K1 02! 3.165(1) Rel K22 3.6163(6)
K1 02? 3.165(1) Rel K23 3.528(1)
K1 03 2.737(4) Rel N1 1.765(2)
K1 03° 2.898(4) Rel N2 1.780(3)
K2 N2 2.658(3) Rel N3 1.756(4)
K2 o1 2.741(3) Rel o1 1.765(2)
K2 01 2.949(3) Rel 014 1.765(2)
K2 o1t 2.949(3) Rel 02 1.780(3)
K2 018 2.741(3) Rel 03 1.756(4)
K2 02 2.658(3)

13/2-x,3/2-y,1-z; 23/2-X,1/2-y,1-Z; 3+X,+y,1+Z; *+X,1-y,+Z; 51-X,1-y,-Z; -1/2+X,-1/2+y,-1+Z; "-1/2+x,3/2-y,-1+Z; 83/2-X,-1/2+y,1-Z; °1-
X,1-y,1-z; 104x,1-y,-1+7; 114x,+y,-1+7; 122-x,1-y,1-Z.



Table S16. Bond angles for K;[ReOsN].

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°]
K1% K1 Rel! 76.44(2) o1 K2 Re1? 126.63(5)
K1% K1 Rel? 76.44(2) o1+ K2 Re12 77.32(5)
K1B N1 K1t 75.28(7) 01’ K2 Rel? 28.17(5)
K1t N1 K23 150.94(9) o1 Rel K1t 51.12(8)
K1 N1 K23 80.34(7) 014 Rel K1t 136.13(8)
K1t N2 K12 145.0(1) o1 Rel K12 136.13(8)
K1 N3 K1° 90.8(1) 014 Rel K12 51.12(8)
K1 N3 K2! 101.16(7) o1 Rel K2t 47.17(8)
K1° N3 K2! 74.41(7) 014 Rel K2t 133.17(8)
K1 N3 K22 101.16(7) o1 Rel K22 133.17(8)
K1° N3 K22 74.41(7) 014 Rel K22 47.17(8)
K1 o1 K1t 75.28(7) o1 Rel K23 56.53(8)
K1t o1 K23 150.94(9) 014 Rel K23 56.53(8)
K1B o1 K23 80.34(7) o1 Rel 014 109.6(2)
K1t 02 K12 145.0(1) o1 Rel 02 109.6(1)
K1 03 K1° 90.8(1) 014 Rel 02 109.6(1)
K1 03 K2! 101.16(7) 02! K1 K1° 99.89(6)
K1° 03 K2! 74.41(7) 022 K1 K15 99.89(6)
K1 03 K22 101.16(7) 02! K1 022 145.0(1)
K1° 03 K22 74.41(7) 02! K1 Rel! 29.11(6)
K1t Rel K12 111.20(3) 022 K1 Rel! 134.43(7)
K2! N1 K1! 91.72(7) 02! K1 Rel? 134.43(7)
K2t N1 K1s 103.15(8) 022 K1 Rel? 29.11(6)
K2t N1 K23 109.22(8) 02 K2 o1t 113.10(8)
K2 N2 K1* 103.79(6) 022 K2 o1* 140.66(6)
K22 N2 K1* 77.23(6) 02 K2 o1’ 113.10(8)
K2 N2 K12 103.79(6) 0212 K2 o1’ 140.66(6)
K22 N2 K12 77.23(6) 02 K2 o1v 142.36(7)
K2 N2 K22 99.6(1) 022 K2 o1v 76.79(8)
K2t N3 K22 141.6(1) 02 K2 o1t 142.36(7)
K2t o1 K1t 91.72(7) 0212 K2 o1t 76.79(8)
K2! o1 K1® 103.15(8) 02 K2 022 80.4(1)
K2! o1 K23 109.22(8) 02 K2 03! 73.45(7)
K2 02 K1t 103.79(6) 0212 K2 03t 96.61(7)
K22 02 K1t 77.23(6) 02 K2 03?2 73.45(7)
K2 02 K12 103.79(6) 022 K2 03?2 96.61(7)
K212 02 K12 77.23(6) 02 K2 Rel! 90.93(4)
K2 02 K212 99.6(1) 0212 K2 Re1! 123.07(2)
K2! 03 K22 141.6(1) 02 K2 Rel? 90.93(4)
K2! Rel K1t 67.61(2) 0212 K2 Re1? 123.07(2)
K22 Rel K1t 175.10(2) 02 K2 Rel° 161.80(8)
K23 Rel K1t 103.88(2) 022 K2 Rel 81.42(7)
K2! Rel K12 175.10(2) 02 Rel K1t 59.90(4)
K22 Rel K12 67.61(2) 02 Rel K12 59.90(4)
K23 Rel K12 103.88(2) 02 Rel K2t 116.46(4)
K22 Rel K2! 113.14(3) 02 Rel K22 116.46(4)
K23 Rel K2! 81.00(2) 02 Rel K23 142.5(1)
K23 Rel K22 81.00(2) 03 K1 K1° 138.50(9)
N1 Rel N2 109.6(1) 03° K1 K15 132.25(8)
N2 K2 03! 73.45(7) 03 K1 o1* 96.27(9)
N3 Rel N1 107.9(1) 03 K1 018 145.25(5)
N3 Rel N2 112.2(2) 03 K1 o1’ 96.27(9)
01! K1 K15 50.73(5) 03 K1 018 145.25(5)
018 K1 K15 53.99(5) 03 K1 02! 73.00(6)
o1’ K1 K15 50.73(5) 03° K1 02! 93.87(7)
018 K1 K15 53.99(5) 03 K1 022 73.00(6)
018 K1 01! 104.72(7) 03° K1 022 93.87(7)
018 K1 01! 68.61(9) 03 K1 03° 89.2(1)
01! K1 01’ 65.9(1) 03 K1 Rel! 80.50(5)
018 K1 01’ 68.61(9) 03° K1 Rel! 122.55(2)




01° K1 o1’ 104.72(7) 03 K1 Rel? 80.50(5)

016 K1 018 69.3(1) 03° K1 Re1? 122.55(2)
o1t K1 02t 56.88(8) o3t K2 032 141.6(1)
01° K1 o2t 141.76(8) o3t K2 Rel! 29.04(7)
o1’ K1 02t 119.43(8) 032 K2 Rel! 134.58(7)
018 K1 02t 72.61(8) o3t K2 Re1° 108.79(6)
o1t K1 022 119.43(8) 032 K2 Rel1® 108.79(6)
01° K1 022 72.61(8) o3t K2 Rel? 134.58(7)
o1’ K1 022 56.88(8) 032 K2 Re1? 29.04(7)
o1¢ K1 022 141.76(8) 03 Rel K1t 115.48(5)
o1t K1 03° 146.43(5) 03 Rel K12 115.48(5)
016 K1 03° 88.25(8) 03 Rel K2t 62.08(4)
o1’ K1 03° 146.43(5) 03 Rel K22 62.08(4)
o1¢ K1 03° 88.25(8) 03 Rel K22 105.3(1)
o1t K1 Rel! 28.31(5) 03 Rel o1 107.9(1)
016 K1 Rel! 128.83(6) 03 Rel o1 107.9(1)
o1’ K1 Rel! 91.00(5) 03 Rel 02 112.2(1)
o1¢ K1 Rel! 71.87(5) Rel! K1 Rel? 111.20(3)
o1t K1 Re1? 91.00(5) Re110 K2 Rel! 99.01(2)
016 K1 Re1? 71.87(5) Re1? K2 Rel! 113.14(3)
o1’ K1 Rel? 28.31(5) Rel1® K2 Rel? 99.01(2)
018 K1 Re1? 128.83(6) Rel N1 K1t 100.6(1)
o1’ K2 o1t 70.2(1) Rel N1 K11 152.0(1)
o1t K2 0110 70.78(8) Rel N1 K2t 104.7(1)
o1 K2 0110 58.55(9) Rel N1 K22 93.52(9)
o1’ K2 0110 103.48(5) Rel N2 K1t 90.99(7)
o1t K2 o1 103.48(5) Rel N2 K12 90.99(7)
o1’ K2 o1 70.78(8) Rel N2 K2 124.3(2)
01! K2 03! 56.66(8) Rel N2 K212 136.1(2)
011 K2 03t 79.87(8) Rel N3 K1 147.4(2)
o1 K2 o3t 138.39(8) Rel N3 K1° 121.8(2)
o1’ K2 o3t 122.43(9) Rel N3 K2t 88.88(8)
o1t K2 032 122.43(9) Rel N3 K22 88.88(8)
0110 K2 032 138.39(8) Rel o1 K1t 100.6(1)
o1 K2 032 79.87(8) Rel o1 K113 152.0(1)
o1’ K2 03? 56.66(8) Rel o1 K2t 104.7(1)
o1t K2 Rel! 28.17(5) Rel o1 K23 93.52(9)
0110 K2 Rel! 77.32(5) Rel 02 K1t 90.99(7)
o1 K2 Rel! 126.63(5) Rel 02 K12 90.99(7)
o1’ K2 Rel! 94.48(6) Rel 02 K2 124.3(2)
o1t K2 Re110 81.46(5) Rel 02 K212 136.1(2)
0110 K2 Re110 29.95(5) Rel 03 K1 147.4(2)
o1 K2 Re110 29.95(5) Rel 03 K1° 121.8(2)
o1’ K2 Re110 81.46(5) Rel 03 K2! 88.88(8)
o1t K2 Rel? 94.48(6) Rel 03 K22 88.88(8)

13/2-x,3/2-y,1-z; 23/2-X,1/2-y,1-Z; 3+X,+Y,1+Z; “+X,1-y,+Z, 51-X,1-y,-Z; ®-1/2+X,-1/2+y,-1+Z; "3/2-X,-1/2+y,1-Z; 8-1/2+x,3/2-y,-1+Z; °1-
X, 1-y,1-7; 104, +y,-1+7; 14X, 1-y,-1+7; 122-x,1-y,1-7; B1/2+x,1/2+y,1+2.

Table S17. Atomic occupancy for K;[ReOsN].

Atom Occupancy Atom Occupancy Atom Occupancy
o1 0.75 02 0.75 03 0.75
N1 0.25 N2 0.25 N3 0.25




CSz[REO;J,N]

Table S18. Atomic coordinates (x10%), equivalent isotropic displacement parameters (A?x103%) and Wyckoff positions for
Cs,[ReO3N]. U(eq) is defined as one third of the trace of the orthogonalized U; tensor.

Atom Wyckoff X y z U(eq)
position

Csl 4c 5120.8(3) 7500 7025.7(2) 9.41(7)
Cs2 4c 1691.0(3) 2500 5854.4(2) 10.15(7)
N1 8d 7998(3) 4746(3) 6494(2) 15.3(4)
N2 4c 5247(5) 2500 5820(3) 20.5(8)
N3 4c 7927(4) 2500 4344(3) 13.8(6)
o1 8d 7998(3) 4746(3) 6494(2) 15.3(4)
02 4c 5247(5) 2500 5820(3) 20.5(8)
03 4c 7927(4) 2500 4344(3) 13.8(6)
Rel 4c 7281.2(2) 2500 5798.5(2) 6.45(6)

Table S19. Anisotropic displacement parameters (A2x10%) for Cs,[ReOsN]. The anisotropic displacement factor exponent takes
the form: -2m? [ h2a? Uy + 2 hk a* b* U, +...].

Atom Uy Uz, Usz Uzs Uiz U,
Csl 8.6(1) 12.8(1) 6.9(1) 0 0.02(8) 0

Cs2 8.9(1) 10.1(2) 11.4(1) 0 1.41(8) 0

N1 19(1) 11(1) 16(1) -4.5(8) -3.7(9) -1.8(9)
N2 16(2) 24(2) 22(2) 0 4(1) 0

N3 12(1) 18(2) 12(1) 0 4(1) 0

o1 19(1) 11(1) 16(1) -4.5(8) -3.7(9) -1.8(9)
02 16(2) 24(2) 22(2) 0 4(1) 0

03 12(1) 18(2) 12(1) 0 4(1) 0

Rel 7.55(9) 6.76(8) 5.05(8) 0 0.09(5) 0

Table S20. Bond lengths for Cs,[ReOsN].

Atom Atom Length [A] Atom Atom Length [A]
Csl N1 3.097(3) Cs2 o™ 3.550(3)
Csl N2 3.527(2) Cs2 02 3.036(4)
Csl o1 3.097(3) Cs2 03! 3.2651(4)
Csl o1¢ 3.097(3) Cs2 03¢ 3.2651(4)
Csl o1’ 3.061(2) Cs2 03® 3.653(4)
Csl o1? 3.061(2) Rel Cs1t 3.8422(3)
Csl 02 3.527(2) Rel Cs2! 3.8585(2)
Csl 02! 3.289(4) Rel Cs2? 3.7654(3)
Csl 021 3.527(2) Rel Cs2° 3.8837(3)
Csl 03! 3.042(4) Rel Cs2* 3.8585(2)
Csl 03° 3.146(3) Rel N1 1.771(2)
Cs2 N2 3.036(4) Rel N2 1.737(4)
Cs2 o1! 3.249(2) Rel N3 1.761(3)
Cs2 o1? 3.559(2) Rel o1 1.771(2)
Cs2 o1 3.249(2) Rel o1° 1.771(2)
Cs2 012 3.559(2) Rel 02 1.737(4)
Cs2 o1 3.550(3) Rel 03 1.761(3)

11-%,1-y,1-7; 214+X,+y,+Z; 31/2+X,+y,3/2-Z; *1-X,-y,1-Z; 5+X,1/2-y,+Z; 5+X,3/2-y,+z; "-1/2+X,3/2-y,3/2-Z; 8-1/2+x,+y,3/2-Z; °3/2-X,1-
V,1/2+7; 04x,1+y,+27; 111-X,-1/2+y,1-7; 12-1/2+X,1/2-y,3/2-z; 1B-1+X,+y,+Z; 1-1+X,1/2-y,+Z.



Table S21. Bond angles for Cs,[ReO3N].

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°]
Cs1® N1 Csl 91.37(6) 02 Cs2 o1* 84.69(8)
Csl N1 Cs2! 84.98(6) 02 Cs2 o1’ 72.41(8)
Cs1® N1 Cs2! 95.39(6) 02 Cs2 o1t 152.97(5)
Csl N1 Cs28 79.51(6) 02 Cs2 012 72.41(8)
Cs1® N1 Cs28 86.99(6) 02 Cs2 o1s 152.97(5)
Csl N1 Cs2* 169.00(8) 02 Cs2 o1 84.69(8)
Cs1® N1 Cs24 80.13(6) 02 Cs2 o3t 84.21(7)
Cs1t N2 Csl 112.87(6) 02 Cs2 03?2 84.21(7)
Cs1 N2 Csl 133.5(1) 02 Cs2 o3* 150.86(9)
Cs1t N2 Cs1t® 112.87(6) 02 Cs2 Re1!t 178.28(8)
Cs1t N3 Cs1?®® 90.79(9) 02 Rel Cs1* 58.56(13)
Cs1t N3 Cs2! 92.82(7) 02 Rel Cs2* 103.56(7)
Cs1%® N3 Cs2! 83.55(6) 02 Rel Cs2? 103.56(7)
Cs1t N3 Cs2? 92.82(7) 02 Rel Cs2® 81.7(1)
Cs1?®® N3 Cs2? 83.55(6) 02 Rel Cs2* 178.2(1)
Cs1t N3 Cs2* 177.2(1) 02 Rel 01° 109.8(1)
Cs1® N3 Cs2* 86.39(8) 02 Rel 03 109.1(2)
Cs1® o1 Csl 91.37(6) 03! Csl Rel! 26.53(6)
Csl o1 Cs2! 84.98(6) 03! Csl 01° 77.39(7)
Cs1® o1 Cs2? 95.39(6) 03t Csl o1’ 77.39(7)
Csl o1 Cs23 79.51(6) 03! Csl 018 125.17(6)
Cs1® o1 Cs23 86.99(6) 03! Csl 02 79.76(7)
Csl o1 Cs2* 169.00(8) 03° Csl 02 108.51(7)
Cs1® o1 Cs2* 80.13(6) 03t Csl 02! 53.3(1)
Cs1t 02 Csl 112.87(6) 03° Csl 02! 153.5(1)
Cs1'® 02 Csl 133.5(1) 03! Csl 02w 79.76(7)
Cs1? 02 Cs1% 112.87(6) 03° Csl 02 108.51(7)
Cs1t 03 Cs1?® 90.79(9) 03! Csl 03° 153.21(9)
Cs1t 03 Cs2! 92.82(7) 03° Csl Rel! 179.74(7)
Cs1® 03 Cs2? 83.55(6) 03t Cs2 o1’ 67.83(7)
Cs1? 03 Cs2? 92.82(7) 032 Cs2 o1’ 115.77(7)
Cs1®® 03 Cs2? 83.55(6) 03! Cs2 o1t 72.32(7)
Cs1? 03 Cs2* 177.2(1) 032 Cs2 o1t 120.69(7)
Cs1® 03 Cs2* 86.39(8) 03! Cs2 012 115.77(7)
Cs1t Rel Cs2! 72.820(5) 03?2 Cs2 01 67.83(7)
Cs1t Rel Cs2? 72.820(5) 03! Cs2 o1® 120.69(7)
Cs1? Rel Cs2® 140.287(7) 032 Cs2 o1= 72.32(7)
Cs2! N1 Cs2® 164.37(9) 03t Cs2 032 166.0(1)
Cs2* N1 Cs23 106.76(6) 03! Cs2 o3 93.13(7)
Cs2? N1 Cs2* 88.86(6) 032 Cs2 o3% 93.13(7)
Cs2 N2 Csl 87.96(7) 03! Cs2 Re1!! 95.67(7)
Cs2 N2 Cs1t 85.27(11) o34 Cs2 Rel®* 27.41(5)
Cs2 N2 Cs1'® 87.96(7) 03?2 Cs2 Rel* 95.67(7)
Cs2? N3 Cs2? 166.0(1) 03 Rel Cs1? 50.5(1)
Cs2! N3 Cs2* 86.87(7) 03 Rel Cs2! 57.37(1)
Cs2? N3 Cs2* 86.87(7) 03 Rel Cs2? 57.37(1)
Cs2? o1 Cs2? 164.37(9) 03 Rel Cs23 169.2(1)
Cs2* o1 Cs2? 106.76(6) 03 Rel Cs24 72.8(1)
Cs2! o1 Cs2* 88.86(6) 03 Rel 01° 108.8(1)
Cs2 02 Csl 87.96(7) Rel N1 Csl 106.8(1)
Cs2 02 Csl1? 85.3(1) Rel N1 Cs1® 159.3(1)
Cs2 02 Cs1t® 87.96(7) Rel N1 Cs2! 95.96(9)
Cs2! 03 Cs2? 166.0(1) Rel N1 Cs2® 86.72(8)
Cs2? 03 Cs2* 86.87(7) Rel N1 Cs24 82.87(8)
Cs2? 03 Cs2* 86.87(7) Rel N2 Csl 92.07(9)
Cs2* Rel Cs1t 123.238(6) Rel N2 Cs1t 94.7(1)
Cs2? Rel Cs2! 114.255(8) Rel N2 Cs1t® 92.07(9)
Cs2* Rel Cs2! 77.352(5) Rel N2 Cs2 179.9(2)
Cs2* Rel Cs2? 77.352(5) Rel N3 Cs1t 103.0(2)
Cs2! Rel Cs23 121.210(4) Rel N3 Cs1'® 166.2(2)




Cs2? Rel Cs2? 121.210(4) Rel N3 Cs2! 95.61(6)

Cs2* Rel Cs2? 96.476(6) Rel N3 Cs2? 95.61(6)
N1 Csl 02t 83.06(8) Rel N3 Cs2* 79.8(1)

N2 Rel N3 109.1(2) Rel o1 Csl 106.8(1)
016 Csl o1 156.26(5) Rel o1 Cs13 159.3(1)
o1’ Csl o1 104.09(7) Rel o1 Cs2! 95.96(9)
o1 Csl o2t 83.06(8) Rel o1 Cs2? 86.72(8)
01° Csl o2t 119.81(7) Rel o1 Cs2¢ 82.87(8)
o1’ Csl 02t 119.81(7) Rel 02 Csl 92.07(9)
o1¢ Csl o2t 83.06(8) Rel 02 Cs1t 94.7(2)

01° Rel o1 110.6(2) Rel 02 Cs11 92.07(9)
02t Csl 02 67.13(6) Rel 02 Cs2 179.9(2)
0210 Csl 02 133.5(1) Rel 03 Csi! 103.0(2)
o2t Csl 0210 67.13(6) Rel 03 Cs1ts 166.2(2)
02 Csl Rel! 71.56(7) Rel 03 Cs2! 95.61(6)
02t Csl Rel! 26.78(8) Rel 03 Cs2? 95.61(6)
0210 Csl Rel! 71.56(7) Rel 03 Cs2¢ 79.8(1)

11-x,1-y,1-7; 21-X,-y,1-z; 31/2+X,+Y,3/2-Z; *1+x,+Y,+Z, >+X,1/2-y,+Z; 8-1/2+X,3/2-y,3/2-z; "-1/12+X,+y,3/2-Z; 8+Xx,3/2-y,+z; °3/2-x,1-
Y, 12+2; 104,14y, +7; 114X, +y,+7; 12-1/2+X,1/2-y,3/2-7; 3-1+X,1/2-y,+2; 141-X,-1/2+y,1-7; 153/2-X,1-y,-1/2+7; 1¥+X,-1+y,+Z.

Table S22. Atomic occupancy for Cs;[ReO3N].

Atom Occupancy Atom Occupancy Atom Occupancy
o1 0.75 02 0.75 03 0.75
N1 0.25 N2 0.25 N3 0.25




D. Calculated Raman data

T T T
N1%in K,[ReO,N] solved in space group C2

N1 in K,[ReO,N] solved in space group C2
N2 in K,[ReO;N] solved in space group C2/m
N3 in K,[ReO;N] solved in space group C2/m
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Figure S3. Calculated Raman spectra for K;[ReO3N] solved in the space group C2/m with nitrogen on oxygen position O3 (yellow),
solved in the space group C2/m with nitrogen on oxygen position O2 (blue), solved in the space group C2 (to make the two
positions 1 crystallographically independent) with nitrogen on oxygen position O1 (green) and solved in the space group C2 with
nitrogen on oxygen position 012 (purple). For naming details see Figure S4.

Figure S4. Structure of the coordination of O/N atoms by K in K;[ReO3N] solved in the space group C2/m (left) and C2 (right) with
different position naming.



Table S23. Calculated Raman frequencies, irreducible representation and intensities for K,[ReO3N] solved in the space group
C2/m with nitrogen on position O3, see Figure S4. w wagging, & bending, v stretching, as asymmetric, s symmetric, lattice.

# Irreducible Wavenumber Intensity Mode
Representation [cm™ Total Parallel Perpendicular

1 By 40.08 0.14 0.08 0.06 lattice

2 Ag 57.8 2.45 1.69 0.75 lattice

3 Aq 62.97 1.07 0.7 0.37 lattice

4 By 73.96 0.67 0.38 0.29 lattice

5 Ag 92.22 3.18 2.14 1.05 lattice

6 By 97.83 8.14 4.65 3.49 lattice

7 By 120.77 2.96 1.69 1.27 lattice

8 Aq 130.06 3.76 2.15 1.61 lattice

9 Aq 159.7 0.54 0.31 0.23 lattice
10 By 170.01 1.65 0.94 0.71 lattice
11 Aq 170.61 3.55 3.15 0.4 lattice
12 Ag 200.91 7.07 4.52 2.55 lattice
13 By 299.74 63.91 36.52 27.39 5(0-Re-0)
14 Aq 315.14 80.11 46.89 33.22 5(0-Re-0)
15 Ay 362.83 37.24 22.97 14.27 8(0-Re-0)
16 By 372.36 73.69 42.11 31.58 5(0-Re-N)
17 Aq 379.07 80.07 46.53 33.53 w(O-Re-N)
18 By 838.62 76.05 43.46 32.59 Vas(O-Re-0)
19 Aq 856.45 110.11 65.3 44.81 Vas(O-Re-0)
20 Aq 887.82 347.89 301.01 46.88 vs(O-Re-0O)
21 Ay 1019.42 1000 956.77 43.23 vs(Re-N)

Table S24. Calculated Raman frequencies, irreducible representation and intensities for K,J[ReO3N] solved in the space group
C2/m with nitrogen on position O2, see Figure S4. w wagging, & bending, v stretching, as asymmetric, s symmetric, lattice.

# Irreducible Wavenumber Intensity Mode
Representation [cm™] Total Parallel Perpendicular

1 By 41.32 0.01 0 0 lattice

2 Ay 49.89 2.96 2.01 0.95 lattice

3 Aq 62.34 0.71 0.47 0.24 lattice

4 By 81.2 1.98 1.13 0.85 lattice

5 Ay 98.32 2.67 1.53 1.14 lattice

6 By 103.01 6.6 3.77 2.83 lattice

7 By 128.18 2.39 1.37 1.03 lattice

8 Aq 146.61 1.49 0.85 0.63 lattice

9 By 148.84 0.85 0.49 0.37 lattice
10 Aq 155.8 3.9 251 1.39 lattice
11 Ag 168.74 2.58 241 0.17 lattice
12 Ay 193.75 2.85 1.66 1.19 lattice
13 By 304.42 73.01 41.72 31.29 5(0-Re-0)
14 Aq 321.82 101.63 58.53 43.1 5(0-Re-0)
15 Ay 354.86 44.92 26.69 18.22 8(0-Re-0)
16 By 367.77 86.45 49.4 37.05 8(0-Re-N)
17 Aq 380.72 83.66 48.78 34.88 w(O-Re-N)
18 By 834.86 79.16 45.23 33.92 Vas(O-Re-0)
19 Ag 854.98 125.12 76.1 49.02 Vas(O-Re-0)
20 Aq 885.52 425.9 374.14 51.77 Vs(O-Re-0)
21 Aq 1025.38 1000 958.14 41.86 vs(Re-N)




Table S25. Calculated Raman frequencies, irreducible representation and intensities for K,[ReO3N] solved in the space group C2
with nitrogen on position O1, see Figure S4. w wagging, & bending, v stretching, as asymmetric, s symmetric, lattice.

# Irreducible Wavenumber Intensity Mode
Representation [cm™] Total Parallel Perpendicular

1 B 46.06 0.22 0.13 0.1 lattice

2 A 48.19 0.48 0.28 0.2 lattice

3 A 53.56 121 0.71 0.49 lattice

4 A 73.58 0.72 0.42 0.31 lattice

5 B 76.9 1.01 0.57 0.43 lattice

6 B 88.03 0.42 0.24 0.18 lattice

7 A 101.45 1.95 1.16 0.79 lattice

8 A 104.94 0.67 0.62 0.06 lattice

9 B 111.52 0.15 0.09 0.07 lattice

10 B 125.12 0.62 0.35 0.26 lattice

11 B 132.18 2.07 1.18 0.89 lattice

12 A 137.07 0.85 0.49 0.36 lattice

13 B 140.24 0.41 0.24 0.18 lattice

14 A 142.6 0.84 0.51 0.33 lattice

15 A 151.86 1.56 0.91 0.66 lattice

16 B 154.58 1.01 0.58 0.43 lattice

17 A 169.01 2.56 221 0.36 lattice

18 B 175.05 0.1 0.06 0.04 lattice

19 A 176 0.92 0.7 0.22 lattice

20 A 191.24 2.28 1.34 0.94 lattice

21 A 296.3 23.7 13.57 10.13 5(0-Re-0)

22 B 297.86 62.38 35.65 26.73 5(0-Re-0)

23 B 314.91 6.47 3.7 2.77 8(0-Re-0)

24 A 319.62 12.16 7.07 5.09 5(0-Re-0)

25 B 324.3 13.09 7.48 5.61 w(O-Re-0)

26 A 328.5 54.39 33.85 20.54 w(O-Re-0)

27 B 376.61 73.31 41.89 31.42 5(0-Re-N)

28 A 385.2 82.18 47.06 35.12 5(O-Re-N)

29 B 395.08 0.41 0.23 0.18 5(0-Re-N)

30 A 398.85 54.45 31.41 23.05 5(0-Re-N)

31 A 828 70.47 40.62 29.85 Vas(O-Re-0)

32 B 831.77 5.65 3.23 2.42 Vas(O-Re-0)

33 B 837.9 9.08 5.19 3.89 Vas(O-Re-0)

34 A 849.02 92.94 57.67 35.27 Vas(O-Re-0)

35 B 867.28 63.57 36.32 27.24 vs(O-Re-0)

36 A 876.61 317.91 302.4 15.52 vs(O-Re-0)

37 B 1038.6 73.42 41.95 31.46 vs(Re-N)

38 A 1039.11 1000 969.4 30.6 vs(Re-N)




Table S26. Calculated Raman frequencies, irreducible representation and intensities for K,[ReO3N] solved in the space group C2
with nitrogen on position 012, see Figure S4. w wagging, d bending, v stretching, as asymmetric, s symmetric, lattice.

# Irreducible Wavenumber Intensity Mode
Pepresentation [cm™] Total Parallel Perpendicular

1 B 46.05 0.22 0.13 0.1 lattice

2 A 48.15 0.47 0.28 0.19 lattice

3 A 53.34 1.25 0.74 0.51 lattice

4 A 73.46 0.72 0.42 0.31 lattice

5 B 76.75 0.99 0.57 0.42 lattice

6 B 87.77 0.44 0.25 0.19 lattice

7 A 101.35 1.97 1.17 0.8 lattice

8 A 104.93 0.69 0.63 0.06 lattice

9 B 111.57 0.15 0.08 0.06 lattice
10 B 124.73 0.62 0.35 0.26 lattice
11 B 132.09 211 121 0.9 lattice
12 A 136.86 0.87 0.5 0.37 lattice
13 B 140.34 0.4 0.23 0.17 lattice
14 A 142.77 0.82 0.5 0.32 lattice
15 A 151.8 1.6 0.93 0.67 lattice
16 B 154.57 1.01 0.58 0.43 lattice
17 A 168.99 2.63 2.26 0.36 lattice
18 B 175.02 0.1 0.06 0.04 lattice
19 A 175.9 0.89 0.68 0.21 lattice
20 A 191.24 2.29 1.35 0.94 lattice
21 A 296.35 23.52 13.47 10.05 5(0-Re-0)
22 B 297.84 62.73 35.85 26.89 8(0-Re-0)
23 B 314.9 6.51 3.72 2.79 8(0-Re-0)
24 A 319.64 12.47 7.25 5.23 5(0-Re-0)
25 B 324.34 13.12 7.5 5.62 w(0-Re-0)
26 A 328.5 54.55 33.94 20.61 w(0-Re-0)
27 B 376.57 73.63 42.07 31.56 5(O-Re-N)
28 A 384.66 83.17 47.62 35.55 5(O-Re-N)
29 B 394.58 0.44 0.25 0.19 8(0-Re-N)
30 A 398.77 54.3 31.32 22.97 5(O-Re-N)
31 A 827.96 70.76 40.69 30.07 Vas(O-Re-0)
32 B 830.73 9.16 5.24 3.93 Vas(O-Re-0)
33 B 837.21 8.4 4.8 3.6 Vas(O-Re-0)
34 A 846.53 94.8 60.97 33.83 Vas(O-Re-0)
35 B 866.07 60.3 34.46 25.84 vs(O-Re-0)
36 A 876.26 323.64 306.57 17.07 vs(O-Re-0)
37 B 1041.35 74.67 42.67 32 vs(Re-N)
38 A 1041.86 1000 969.17 30.83 vs(Re-N)

[1] a) A. F. Clifford, R. R. Olsen, Inorg. Synth. 1960, 6, 167; b) D. Badea, S. Olthof, J. Neudorfl, R. Glaum, R. Péttgen, M.
Reimann, K. Meerholz, M. Reimer, C. Logemann, E. Strub, J. Bruns, Eur. J. Inorg. Chem. 2023, 26, €202300160.
[2] a) O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Crystallogr. 2009, 42,

339-341; b) G. Sheldrick, Acta Crystallogr. 2015, C71, 3-8.



Appendix

7.4 Baz[Ir(OH)s](OH);

Figure 29. Microscopic image of brown single crystals of Bax[Ir(OH)s](OH)2 in a Ba(OH)2 hydroflux (left) and enlarged
section (right).

Figure 30. Unit cell of the crystal structure of Baz[Ir(OH)s](OH)2 viewed along the a-axis with pink Ir(OH)e
octahedra.l”®]
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Figure 31. 3D stacking of layers with grey Ba(OH)o polyhedra (left) and extended asymmetric unit of
Baz[Ir(OH)s](OH)2 with thermal ellipsoids with a probability of 70% (right).[7®]
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Appendix

7.5 Baz4Sri6[Ir(OH)s](OH)s

Table 13. Crystallographic data of Baz.4Sr1.6[Ir(OH)s](OH)e.

Empirical formula

Bas 4Sr1.6[Ir(OH)s](OH)s

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
F(000)

Crystal size

20 range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to 6

Absorption correction

Maximum / minimum transmission
Data / parameters

Goodness-of-fit on F*

Final R indices [/,>20 (1,)]

Final R indices (all data)

Largest diff. peak and hole

866.10 g/mol
100(2) K
0.71073 A
trigonal

R3 (no. 148)
a=6.3403(2) A
c=26.430(1) A
920.12(7) A3

3

4.69 g-cm™
1141

0.10 x 0.10 x 0.05 mm?
4.62° to 59.78°
-8<h<§,
-8<k<S8,
-36</<36
21067

598 [Rint = 0.0395, Rs = 0.0123]
100%
multi-scan
0.7474 / 0.4157
598 /35

1.049

R1=0.0158, wR,=0.0334

R1=0.0159, wR,=0.0334
1.77/-1.05 - A3

Table 14. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10%) for

Baz.4Sr1.6[Ir(OH)6](OH)s. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Atom X y z Uleq)
Bal 6666.67 333333  5408.4(2)  5.04(8)
Ba2 0 0 6451.8(2)  7.69(9)
Irl 0 0 5000 4.33(8)
Ol 2187(4) 3028(4) 5398.9(9) 7.1(4)
02 -210(4) 3681(4) 6193.1(8) 8.2(4)
Srl 0 0 6451.8(2)  7.69(9)
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Table 15. Anisotropic displacement parameters (A2x10%) for Baz4Sr1.6[Ir(OH)s](OH)s. The anisotropic displacement

factor exponent takes the form: -27% [ h? 2™ U1 +2 hka*b* U +...].

Atom U Uxn Uss Uzs Uis Un
Bal 4.7(1) 4.7(1) 5.7(1) 0 0 2.36(5)
Ba2 5.6(1) 56(1) 11902 0 0 2.79(6)
Irl 3.9709)  3.97(9)  5.0(1) 0 0 1.99(4)
01 6.5(9) 8.1(9) 6.2(9) -3.3(8) -0.3(8) 3.1(8)
02 10(1) 9(1) 6.19) 0.1(8) 1.1(8) 4.7(9)
Srl 5.6(1) 5.6(1) 11.9(2) 0 0 2.79(6)

Table 16. Bond lengths for Baz.4Sr1.6[Ir(OH)s](OH)e.

Atom Atom Length [A] Atom Atom  Length [A]
Bal 0l 2.748(2) Irl o1’ 2.014(2)
Bal o1* 2.954(2) Irl 018 2.014(2)
Bal 01° 2.954(2) Irl o1’ 2.014(2)
Bal 01" 2.748(2) 0l Ba2 3.270(2)
Bal o1'" 2.954(2) 02 Ba2 2.499(2)
Bal 012 2.748(2) Srl 01 3.270(2)
Bal 026 2.799(2) Srl 01° 3.270(2)
Bal 02'3 2.799(2) Srl o1’ 3.270(2)
Bal 02'4 2.799(2) Srl 02 2.499(2)
Irl Bal 3.8164(1) Srl 02°¢ 2.499(2)
Irl Bal' 3.8164(1) Srl 02’ 2.499(2)
Irl Bal? 3.8164(1) Srl 02 2.616(2)
Irl Bal? 3.8164(1) Srl 02'3 2.616(2)
Irl Bal* 3.8164(1) Srl 02" 2.616(2)
Irl Bal® 3.8164(1) Srl Sr1's  3.8328(3)
Irl 01 2.014(2) Srl Sr1'¢  3.8328(3)
Irl 012 2.014(2) Srl Sr1'7  3.8328(3)
Irl 01° 2.014(2)

1_1+x7+y7+z; 2‘xa‘ya1‘Z; 3 l-xa-yal_z; 41'X,1'y,1'Z; 5_1+x7-1+y7+z; 6+y_x7-x7+z; 7_y7+x-y7+z; 8.
yHx,4x,1-z; Oy -ty -z -y 4y 4z M ptx 4, 1=z P 14y-x, L-x, 4z Bl +p,+z; 141-
v 4=y, +z; 5-1/3-x,1/3-y,4/3-z; 16-1/3-x,-2/3-y,4/3-z; 172/3-x,1/3-y,4/3-z; 182/3-
y+x,1/3+x,4/3-z; 1°-1/3+y,-2/3-x+y,4/3-z.

Table 17. Bond angles for Baz.4Sr1.6[Ir(OH)s](OH)s.

Atom  Atom  Atom  Angle [°] Atom Atom Atom Angle [°]
Ball®  Ba2 Bal! 126.992(6) Ol Srl Sr1'7 137.55(4)
Bal Irl Bal? 112.335(4) 01 Srl Sr1'® 96.75(4)
Bal Irl Bal* 67.665(4) o1’ Srl 01° 54.08(6)
Bal Irl Bal® 180 o1’ Srl Sr16 137.55(4)
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Bal!
Bal!
Bal!
Bal'
Bal'
Bal?
Bal?
Bal?
Bal?
Bal?
Bal’®
Bal’®
Bal
Bal
Bal*
Bal
Bal*
Irl
Ir1'°
Ir1'°
Irl
Irl
Irl
Irl
Irl
Irl
o1
012
013
014
o14
01°
o1
012
013
014
o14
01°
o1
012
013

Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
o1
o1
o1
o1
o1
Bal
Bal
Bal
Ba2
Ba2
o1
o1
o1
o1
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal

Bal?
Bal*
Bal
Bal’®
Bal?
Bal?
Bal*
Bal’
Bal
Bal*
Bal*
Bal?
Bal*
Ba2
Ba2
Srl
Srl
Ir1"
Ir1!"
Irl
Bal!
Bal'®
Bal
Bal*
Ba2
Srl
Irl
Irl
Irl
Irl
Irl
Irl
Ir1'°
Ir1'°
Ir1'°
Ir1'°
Ir1'°
Ir1'°
Ir1"
Ir1"
Ir1"

180
67.665(4)
112.335(4)
67.665(4)
112.335(4)
67.665(4)
112.335(4)
112.335(4)
67.665(4)
180
112.334(4)
67.666(4)
96.29(7)
98.84(7)
160.01(8)
98.84(7)
160.01(8)
112.336(4)
112.336(4)
112.336(4)
53.007(6)
180
105.47(9)
98.61(8)
89.89(8)
89.89(8)
30.58(5)
93.21(5)
142.87(5)
103.90(5)
90.00(4)
31.46(4)
142.87(5)
30.58(5)
93.21(5)
31.46(4)
103.90(4)
90.00(4)
93.21(5)
142.87(5)
30.58(5)

o1’
o1’
01°
01°
01°
0210
0213
02°
0210
0213
02°
0210
0213
02°
0210
0213
02°
0210
0213
02°
0210
0213
02°
0210
0210
02°
02
0218
0219
0220
02’
02°
02
0218
0219
0220
02’
02°
02
0218
0219

Srl

Srl

Srl

Srl

Srl

Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2

Sr1"7
Sr1'8
Sr1'®
Sr1"7
Sr1'8
Irl
Irl
Irl
Ir1'°
Ir1'°
Ir1'°
Ir1!!
Ir1!!
Ir1!!
o14
o14
o14
01°
01°
01°
014
014
014
02°
0213
0213
Bal!
Bal!
Bal!
Bal!
Bal!
Bal!
Bal'®
Bal'®
Bal'®
Bal'®
Bal'®
Bal'®
Irl
Irl
Irl

96.75(4)
84.34(4)
96.75(4)
84.34(4)
137.55(4)
142.87(5)
98.28(5)
71.78(5)
71.78(5)
142.87(5)
98.28(5)
98.28(5)
71.78(5)
142.87(5)
125.84(7)
96.32(6)
155.48(7)
155.48(7)
125.84(7)
96.32(7)
96.32(6)
155.48(7)
125.84(7)
71.13(7)
71.13(7)
71.13(7)
32.05(5)
87.32(5)
160.41(5)
111.11(5)
82.66(5)
118.78(5)
105.88(5)
45.93(5)
45.93(5)
45.93(5)
105.88(5)
105.88(5)
74.12(5)
134.07(5)
134.07(5)
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o1
or*
01°
012
01"
Ol
0112
018
o1
01°
Ol
012
018
o1
0112
Ol
012
01"
o1
0112
018
Ol
012
01"
o1
0112
018
Ol
o1’
o1°
o1
o1’
or1°
Ol
o1’
o1°
o1
o1
o1’
Ol
o1’

Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Irl

Irl

Ir1!"
Ir1"
Ir1"
(0]
(0]
o14
o14
o14
o14
o14
o1°
o1°
01°
01°
0183
014
014
014
02°
02°
02°
0210
0210
0210
0213
0213
0213
Bal'
Bal'
Bal'
Bal'®
Bal'®
Bal'®
Irl
Irl
Irl
o1’
or’
or’
Bal
Bal

90.00(4)
31.46(4)
103.90(4)
119.991(2)
119.992(2)
83.71(7)
129.58(3)
56.81(8)
73.60(7)
73.60(7)
56.81(8)
83.71(7)
129.58(3)
73.60(7)
119.992(2)
129.58(3)
56.81(8)
83.71(7)
72.24(7)
69.36(7)
132.67(7)
132.67(7)
72.24(7)
69.36(7)
69.36(7)
132.67(7)
72.24(7)
51.33(4)
36.34(4)
83.91(4)
148.33(4)
148.33(4)
148.33(4)
31.67(4)
31.67(4)
31.67(4)
54.08(6)
54.08(6)
54.08(6)
43.95(6)
136.05(6)

0220
02’
02°
02
02
0219
0220
02’
02°
02
02
0219
0220
02’
02°
02
02
0219
0220
02’
02°
02
02
02’
02
0219
0220
02’
02°
02
02’
02°
02
0219
02’
02°
02
0218
0219
0220
02’

Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Ba2
Srl

Srl

Srl

Srl

Srl

Irl
Irl
Irl
o1
o1
o1
o1
o1
o1
o1’
o1’
o1’
o1’
o1’
o1’
or°
or°
or°
o1’
o1’
o1’
02’
02°
02°
0218
0218
0218
0218
0218
0219
0219
0219
0220
0220
0220
0220
o1
o1
o1
o1
o1

134.07(5)
74.12(5)
74.12(5)
54.81(7)
136.26(6)
146.43(7)
102.72(6)
105.03(6)
67.55(7)
67.55(7)
102.72(6)
136.26(7)
146.43(7)
54.81(7)
105.03(6)
105.03(6)
146.43(7)
102.73(6)
136.26(7)
67.55(7)
54.81(7)
112.81(5)
112.81(5)
112.81(4)
82.97(8)
76.96(8)
76.96(8)
79.2(1)
151.69(5)
151.69(5)
82.97(8)
79.2(1)
79.2(1)
76.96(8)
151.69(5)
82.97(8)
54.81(7)
136.26(6)
146.43(7)
102.72(6)
105.03(6)
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01°¢
o1’
0o1®
01°
01

o1’
01°¢
o1’
o1®
01°
01

o1’
01°¢
o1’
o1®
01°
01

o1’
01°¢
o1’
o1®
01°
01

o1’
01°¢
o1’
o1®
01°
01

o1’
01°¢
o1’
o1®
01°
o1’
016
o1’
o1®
01°
o1°
o1°

Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl

Bal
Bal
Bal
Bal
Bal'
Bal'
Bal!
Bal!
Bal!
Bal'
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal?
Bal*
Bal*
Bal*
Bal*
Bal*
Bal*
Bal’®
Bal’®
Bal’
Bal’
Bal’
Bal’®
0Ol
0Ol
01
01
01
01°
o1’

49.93(7)
130.07(7)
111.58(7)
68.42(7)
68.42(6)
111.58(6)
136.05(6)
43.95(6)
49.93(6)
130.07(6)
111.58(6)
68.42(6)
43.95(6)
136.05(6)
130.07(6)
49.93(6)
130.06(6)
49.93(6)
111.58(6)
68.42(6)
136.05(7)
43.95(7)
49.94(6)
130.07(6)
68.42(6)
111.58(6)
43.95(7)
136.05(7)
136.05(6)
43.95(6)
130.07(7)
49.93(7)
68.42(7)
111.58(7)
180
84.88(9)
95.12(9)
84.88(9)
95.12(9)
95.12(9)
84.88(9)

02°
02
0218
0219
0220
02’
02°
02
0218
0219
0220
02’
02°
02
02
02’
02
0219
0220
02’
02°
02
02’
02°
02
0219
02’
02°
02
02
0219
0220
02’
02°
02
02
0219
0220
02’
02°
02

Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl
Srl

Ol
o1’
o1’
o1’
o1’
o1’
o1’
0o1°
01°
o1°
or°
or°
01°
02’
02°
02°
0218
0218
0218
028
0218
0219
0219
0219
0220
0220
0220
0220
Sr1'®
Sr1'®
Sr1'®
Sr1'®
Sr1'®
Sr1'®
Sr1"7
Sr1"7
Sr1"7
Sr1"7
Sr1"7
Sr1"7
Sr1'8

67.55(7)
67.55(7)
102.72(6)
136.26(7)
146.43(7)
54.81(7)
105.03(6)
105.03(6)
146.43(7)
102.73(6)
136.26(7)
67.55(7)
54.81(7)
112.81(5)
112.81(5)
112.81(4)
82.97(8)
76.96(8)
76.96(8)
79.23(10)
151.69(5)
151.69(5)
82.97(8)
79.23(10)
79.2(1)
76.96(8)
151.69(5)
82.97(8)
97.19(6)
114.83(6)
73.98(6)
40.32(5)
148.62(5)
42.65(5)
148.62(6)
73.98(5)
40.32(5)
114.83(6)
42.65(5)
97.19(5)
42.65(5)
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01°¢
o1°
01°¢
o1’
o1’
016
o1’
o1®
Ol

01

01

Irl
Irl
Irl
Irl
Irl
Irl
Irl
Irl
Srl
Srl
Srl

o1’
o1®
0o1®
01®
01°
01°
01°
01°
o1’
01°

180.00(8) 0218
95.12(9) 021
95.12(9) 0220
84.88(9) 02’
84.88(9) 02°
84.88(9) Srl
95.12(9) Sr1!8
180.0(1) Srl
54.08(6) Sr1!6
54.08(6) Sr1!6

Sr1'e  84.34(4)

Sr1'7

Srl
Srl
Srl
Srl
Srl
02
02
02
Srl
Srl
Srl

Sr1'8
Sr1'8
Sr1'8
Sr1'8
Sr1'8
Bal!
Bal!
Sr1'8
Sr1"7
Sr1'8
Sr1'8

40.32(5)
114.83(6)
73.98(5)
97.19(5)
148.62(5)
119.68(9)
91.88(7)
97.03(8)
111.61(1)
111.61(1)
111.61(1)

1 +x,ty,+z; 21 -X,-y,1-z; 31 +x,-1+y,+z; 4 -x,1-,1-z; 3 -X,-y,1-z; 6-i-y,-)chy, 1-z; 7-y,+x-y,+z; 8

ytx,+x,1-z; 9+y-x,-x,+z; 101 +x,+y,+z; M +y, I+y,+z; 121 -y, Hx-y,tz; 13 1+y-x,1-x,4z; 147 _
yHx,4x,1-z; By, 14x-y,+2z; 192/3-x,1/3-y,4/3-z; V7-1/3-x,-2/3-y,4/3-z; 18-1/3-x,1/3-y,4/3-z; 1*-
1/3+y,-2/3-x+y,4/3-z, 207/3 -y+x,1/3+x,4/3-z.

Table 18. Hydrogen atom coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
Baz.4Sr1.6[Ir(OH)s](OH)s. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor
Baz.4Sr1.6[Ir(OH)6](OH)s.

Atom X v z Uleq)
HI 1560(100)  3290(90) 5630(20) 18(12)
H2 610(100) 4970(110)  6240(20) 20(13)

Table 19. Atomic occupancy for Ba, 4St; ¢[Ir(OH)s](OH)s.

Atom  Occupancy Atom Occupancy

Srl 0.8 Ba2 0.2
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7.6 Ag:PbOs

Table 20. Crystallographic data of Ag2PbOs.

Empirical formula AgrPb0Os
Formula weight 470.93 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system orthorhombic
Space group Fddd (no. 70)
Unit cell dimensions a=17.0352(5 A

b=9.4729(6) A
c=20.126(1) A

Volume 1341.3(2) A3
Z 16
Density (calculated) 9.33 g:em™
F(000) 3200
Crystal size 0.05 x 0.04 x 0.03 mm?
26 range for data collection 7.49° to 62.97°
Index ranges -10<h <10,
-13<k<13,
-29<1<29
Reflections collected 9111
Independent reflections 565 [Rint = 0.0437, Rs = 0.0199]
Completeness to 6 100%
Absorption correction multi-scan
Maximum / minimum transmission  0.7470 / 0.4547
Data / parameters 565 /31
Goodness-of-fit on > 1.117
Final R indices [/,>26 (1,)] R1=0.0268, wR> =0.0639
Final R indices (all data) R1=10.0326, wR> = 0.0675
Largest diff. peak and hole 3.09/-2.77 e-A3

Table 21. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A2x10%) for AgoPbOs. Ufeg) is
defined as one third of the trace of the orthogonalized Uij tensor.

Atom X y z Uleq)
Agl 8750 -1250 6192.2(6) 22.9(3)
Ag? 8750 3750 8024.4(5) 6.8(2)
0O1 8243(13) 1250 6250 12(2)
02 6171(10)  3559(7) 7202(3) 12(1)
Pbl 6250 1250 7100.3(2) 6.6(2)
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Table 22. Anisotropic displacement parameters (A2x10°) for Ag2PbOs. The anisotropic displacement factor exponent

takes the form: -2n% [ h? a™ Ui +2 hka* b* U +...].

Atom U Uxn Uss Uzs Uis Un
Agl 2007 1735 9305 0 0 16.5(5)
Ag2 5.1(4) 9.1(4) 6.3(4) 0 0 “1.7(3)
o1 10(4) 12(4) 12(4) 0(3) 0 0
02 11(3) 10(3) 14(3) 2(2) 402) 0(3)
Pbl 7.6(2) 6.6(2) 5.8(2) 0 0 0.42)

Table 23. Bond lengths for AgPbOs.

Atom Atom Length [A] Atom Atom  Length [A]
Ag2 Agl!? 3.3449(7) Ag2 02° 2.590(7)
Ag2 Agl! 3.2416(6) 01 Agl 2.398(1)
Ag2 Agl’ 3.3449(7) 01 Agl!'? 2.398(1)
Ag2 Agl® 3.2416(6) 02 Agl?  2.562(7)
Ag2 Ag2* 2.921(2) Pbl 0l 2.212(6)
Ag2 01’ 2.571(8) Pbl o1' 2.212(6)
Ag2 o018 2.571(8) Pbl 02 2.198(7)
Ag2 02 2.462(7) Pbl 02! 2.198(7)
Ag2 023 2.590(7) Pbl 022 2.214(7)
Ag2 02° 2.462(7) Pbl 02° 2.214(7)

15/4-x,1/4-y +z; 21-x,1/2-y,3/2-2; *1/4+x,-1/4+,3/2-z; *T/4-x,+y,7/4-z; 37/4-x,3/4-y,+z; ©3/2-
x,1-9,3/2-z; 12-x,1/2-y,3/2-z; 8-1/4+x,1/4+7,3/2-z; °1/4+x,-p,1 /4+z; 1°3/2-x,-,3/2-z; '1-
1/4+x,1/2-y,1/4+z; 27/4-x,1/2+y,5/4-z.

Table 24. Bond angles for Ag2PbOs.

Atom  Atom  Atom  Angle [°] Atom Atom Atom Angle [°]
Agl®  Ag2 Agls  64.70(1) o1! Pbl 02° 167.9(3)
Agl”  Ag2 Agl®  92.09(2) 01 Pbl 02} 167.9(3)
Agl®  Ag2 Agl”  131.01(5) o1' Pbl 02} 90.2(3)
Agl®  Ag2 Agl®  92.09(2) 023 Agl Ag2®  90.5(2)
Agl®  Ag2 Agl®  123.75(5) 02'8 Agl Ag2° 130.8(2)
Agl”  Ag2 Agl®  64.70(1) 023 Agl Ag28 130.8(2)
Agl®  Ag2 Pbl 116.33(1) 02'% Agl Ag28  90.5(2)
Agl®  Ag2 Pbl 175.90(4) 023 Agl Ag2*  51.4(2)
Agl”  Ag2 Pbl 89.92(1) 02'8 Agl Ag2'™  92.4(2)
Agl®  Ag2 Pbl 60.36(2) 023 Agl A2 92.4(2)
Agl 0l Agl'?  162.9(4) 02'8 Agl A2 51.4(2)
Agl 01 Ag2®  84.6(2) 02'8 Agl 021 90.7(3)
Agl? 01 Ag2®  81.4(2) 023 Agl Pb1® 134.6(2)
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Agl
Agl?
Agl?
A2
Ag2"
A2
Ag2!7
Ag2b
Ag2!7
A2
Ag2"
Ag2®
Ag28
Ag2'
Ag2!7
Ag2®
Ag2®
Ag2'
Ag2!7
Ag2b
Ag28
Ag2'
Ag2"
Ag2®
Ag28
Ag2*
Ag2*
Ag2?
Ag2?
Ag2?
Ag2b
Ag2

01
0119
01
0119
0Ol
0119
01
0119

Ag2M
Ag2M
Ag2’
Ag2®
Ag2®
Ag2®
Ag28
Ag28
Ag2M
Pb1®
Pb1®
Pb1®
Pb1®
Pb1 '3
Pb1 '3
Pb1"
Pb1"
Pb1'®
Pb1 '
Pb1 '
Pb1'
Pb1'e
Pb1'e
Pb1'e
Pb1!
Agl®
Agl®
Agl’
Agl®
Pbl
Ag2M
Aglh
Ag2’
Ag2®
Ag2®
Ag2®
Ag28
Ag2M
Ag2M
Ag2"
Ag2"

81.42)
84.6(2)
78.0(2)
52.62(3)
176.37(4)
176.37(4)
52.62(3)
123.75(5)
131.01(4)
114.49(2)
114.50(2)
61.87(2)
61.87(2)
64.62(1)
91.96(2)
90.00(1)
116.643(7)
91.96(2)
64.62(1)
116.643(7)
90.00(1)
116.228(8)
89.70(1)
88.19(2)
62.29(2)
65.51(2)
61.87(2)
65.51(2)
61.87(2)
122.23(2)
69.2(2)
86.8(2)
91.7(2)
49.9(2)
126.7(2)
126.7(2)
49.9(2)
51.6(2)
131.4(2)
131.4(2)
51.6(2)

0218
0215
0218
0215
0218
0215
0218
02
0210
02?2
02°
02
0210
02?
02°
02
0210
02?2
02°
02
0210
02?2
02°
02
0210
02?
02°
02
0210
02
0210
02
0210
02
0210
02?2
02
02
0210
02?2
02°

Pb1®
Pb1"3
Pb1"3
Pb1P
Pb1P
Pb1'®
Pb1!®
Agl’®
Agl’®
Agl®
Agl®
Agl®
Agl®
Agl®
Agl®
Agl’
Agl’
Agl’
Agl’
Agl?®
Agl?®
Agl?®
Agl?®
Ag2?
Ag2*
Ag2*
Ag2*
01°
01°
o1
01!
02?
02?
02°
02°
02°
0210
Pbl
Pbl
Pbl
Pbl

134.6(2)
95.0(2)
41.0(2)
41.0(2)
95.0(2)
87.9(2)
141.0(2)
86.1(2)
128.7(2)
141.3(2)
50.6(2)
139.1(2)
83.02)
142.3(2)
51.3(2)
128.7(2)
86.1(2)
50.6(2)
141.3(2)
83.0(2)
139.1(2)
51.3(2)
142.3(2)
132.2(2)
132.2(2)
100.2(2)
100.2(2)
171.2(2)
77.0(2)
77.0(2)
171.2(2)
78.1(2)
88.3(2)
88.3(2)
78.1(2)
159.7(3)
95.6(3)
38.8(2)
93.6(2)
39.4(2)
125.8(2)
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0119
0Ol
0119
01
0119
01
0119
0Ol
0119
01
0119
01
0119
0111
01°¢
0111
o1°
0111
01°¢
0111
01°¢
0111
o1°
o1°
0111
01°¢
0111
o1°
0111
o1°
0Ol
0Ol

Ag?
Pbl
Pbl

Ol
0215
0215
028
028
Pb1®
Pb1®
Pb1 '3
Pb1 '3
Pb1'
Pb1'®
Pb1'e
Pb1!
Agl®
Agl®
Agl®
Agl®
Agl’
Agl’
Agl8
Agl8
Ag2?
Ag2?
o1
02?
02?
02°
02°
Pbl
Pbl
o1!
02?

174.44(5)
102.1(2)
81.9(2)
81.9(2)
102.1(2)
87.22(3)
87.22(3)
41.2(1)
143.0(2)
143.0(2)
41.2(1)
136.4(1)
39.2(1)
47.00(1)
102.18(8)
99.49(9)
45.53(2)
102.18(8)
47.00(1)
45.53(2)
99.49(9)
55.4(1)
55.4(1)
110.8(2)
94.7(2)
94.7(2)
96.8(2)
94.7(2)
83.57(9)
135.89(3)
78.7(4)
90.2(3)

02
02!
02
02!
02
02
02!
02
02!
02?2
Pb1"3
Pb1’
Pb1"
Pb1"3
Pb1"
Pb1®
Pbl
Pb1"3
Pbl
Pb1"3
Pbl
Pb1"3
Pbl
Pb1"3
Pb1"3
Pbl
Pb13
Pbl
Pb1?
Pbl
Pb13
Pbl

Pbl
Pbl
Pbl
Pbl
Pbl
Pbl
Pbl
Pbl
Pbl
Pbl

02
02
02
02
02
02

Ol
Ol
o1'
01!

02°
02°
02’
02’
02’
Pb1®
Pb1®
Pb1 "
Pb1'
Pb1'
Pb1'®
Agl
Agl
Aglh
Aglh
Ag2°
Ag2®
Ag2™
Ag2™
Pbl
Aglh
Aglh
Ag2
Ag2
Ag2°
Ag2’
Pbl?

95.1(2)
93.2(2)
93.2(2)
95.1(2)
169.3(4)
92.4(2)
80.8(3)
80.8(3)
92.4(2)
101.3(4)
118.40(2)
118.40(2)
123.20(3)
176.62(3)
60.18(1)
58.22(2)
97.6(1)
93.3(1)
93.3(1)
97.6(1)
94.71(7)
164.0(3)
164.0(3)
94.71(7)
101.3(4)
89.2(2)
169.8(3)
96.7(3)
97.7(2)
164.3(3)
92.8(2)
99.2(3)

15/4-x,1/4-y,+z; 21/4+x,-1/44y,3/2-2; >1-x,1/2-,3/2-2; *7/4-x,+7,7/4-z; >-1/4+x,1/2-
Y144z, 02-x,1/2-,3/2-z; T1/4+x,-y,1/4+z; 83/2-x,-y,3/2-z; °3/2-x,1-y,3/2-z; 1°7/4-x,3/4-

oz W1/44x,1/4+49,3/2-z2; 127/4-x,1/24,5/4-z; 135/4-x,+7,5/4-z; 1*1/4+x,1/2-y,-

1/4+z; 157/4-x,-1/2—|—y,5/4-z; 161/2-|—x,-1/2-|—y,+z; 17-1/4-1—)c,-y,-1/4+z; 18+x,1/4-y,5/4-z; 197/4-

X,-1/4-y,+z.
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Table 25. Lattice parameters and refinement factors for the Rietveld fit of the ambient temperature powder diffraction

pattern of AgoPbO:s.

Lattice parameters  a = 6.9760(5) A Refinement factors  Rwp =2.73
b=19.6095(7) A Rexp=1.74
c=20.065(1) A R,=2.07
V=1345.12) A3 goof=1.57

7.7 Further Synthesis Attempts in the Multi Anvil Press

Ag[ReOy] (Experiment) ——
Ag[ReQy] (Literature)

Intensity [a.u.]

20 25 30 35 40 45 5

10 15 0

20 [°]

Figure 32. Powder X-ray data of the experiment of heating Ag[ReO4] in the multi anvil press measured with Mo-Kai

radiation and literature data.[%¢]

Ag[ReOy4] + Ag,0 (Experiment) ———
Ag[ReOy] (Literature)
Ag (Literature)

Intensity [a.u.]

?
i s N

26 [°]

Figure 33. Powder X-ray data of the experiment of heating Ag[ReO4] and Ag>O in the multi anvil press measured with

Mo-Ka radiation and literature data.[°% 1301
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Table 26. Lattice parameters and refinement factors for the Rietveld fit of the ambient temperature powder diffraction

pattern of the product mixture from the multi anvil experiment with H3BO3 and K2S207.

Lattice parameters  a = 8.989(3) A Refinement factors  Rwp=11.37
for K[B(SO4)2] c=17.4103) A Rexp = 7.30
V=1598(4) A* R,=8.78
goof =1.56

Ag,0 + SnO, (Experiment) ——

Ag (Literature)
SnO, (Literature)

Intensity [a.u.]

5 10 15 20

A e

0
260 [°]

Figure 34. Powder X-ray data of the experiment of heating Ag>O and SnOz in the multi anvil press measured with

Mo-Kai radiation and literature data.[> 1311
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7.8 Characterization of the EO Catalyst

Re + 3 Ag,0 (Experiment) ———
Ag[ReQy] (Literature)
Ag,0 (Literature)

Intensity [a.u.]

10 15 20 25
26 [°]

il

0

Figure 35. Powder X-ray data of the Oz high pressure experiment No. 1 of combining 1 eq elemental Re with 3 eq Ag20

measured with Mo-Kai radiation and literature data.[®¢ 105

ReO3 + 4 Ag,0 (Experiment) ——
Ag[ReQy] (Literature)
Ag,0 (Literature)

Intensity [a.u.]

WWM WP MMMWWWMMWWWWMM ‘
26 [°]

Figure 36. Powder X-ray data of the Oz high pressure experiment No. 3 of combining 1 eq ReOs with 4 eq Ag20 at

600°C measured with Mo-Ka radiation and literature data.[%¢ 193]
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ReOj; + 2 AgCI (Experiment) ——
Ag[ReOy] (Literature)
AgCI (Literature)

Intensity [a.u.]

1 )

T i L 1 T I L T oo
5 10 15 20 25 30 35 40 45 50
26 [°]

Figure 37. Powder X-ray data of the Oz high pressure experiment No. 4 of combining ReOs3 with 2 eq AgCl measured

with Mo-Ka radiation and literature data.[°% %8

Ag[ReOQy4] + Ag (Experiment) ———
Ag[ReQy] (Literature)

Intensity [a.u.]

| | WMWWMWWMWMWW

. . |

7 T T I T T T T T T T

5 10 15 20 25 30 35 40 45 50
26 [°]

Figure 38. Powder X-ray data of the Oz high pressure experiment No. 5 of combining Ag[ReO4] with 1 eq elemental Ag

measured with Mo-Kai radiation and literature data.[%
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Ag[ReOy4] + 5 Ag,0 (Experiment) ——
Ag[ReOy] (Literature)
Ag,0 (Literature)

Intensity [a.u.]

5 10 1

0
26 [°]

Figure 39. Powder X-ray data of the Oz high pressure experiment No. 6 of combining Ag[ReO4] with 5 eq Ag20

measured with Mo-Kai radiation and literature data.[%¢ 10]

Cs complex solution + NH4[ReO4] (Experiment) ———
Cs[ReQy] (Literature)

Intensity [a.u.]

26 [°]

Figure 40. Powder X-ray data of the experiment of combining Cs complex solution with NH4[ReO4] measured with

Mo-Kai radiation and literature data.[%]
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Intensity [a.u.]

Cs complex solution + Cs[ReQ4] (Experiment) ———
Cs[ReQy] (Literature)

WMJ WL

5 10

15 20 25

30 35 40 45
26 [°]

50

Figure 41. Powder X-ray data of the experiment of combining Cs complex solution with Cs[ReO4] measured with

Mo-Ka radiation and literature data.[f]
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7.9 [Ag(p-en)][ReOq]
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Supporting Information

[Ag(p-en)][ReO4]: An Intermediate during Production of the Ethylene Epoxidation Catalyst

Désirée Badea, Andrey Karpov*, Martin Jansen*, and J6rn Bruns*

Table of Contents

A. Structure determination, crystallographic details and Rietveld data

B. Data for decomposition of [Ag(u-en)][ReO4] in argon
C. Data for decomposition of [Ag(u-en)][ReO,] in synthetic air
D. IR spectroscopy of [Ag(u-en)][ReO4]

A. Structure determination, crystallographic details and Rietveld data

Figure S1. Microscopic picture of [Ag(en)][ReO,] single crystals in drops of the crystallization solution.

Table S1. Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10%) for [Ag(en)][ReO,]. Ueq

is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)
Agl 6575.6(4) 1048.1(4) 7564.7(4) 11.87(8)
c1 10240(6) 4423(6) 9122(6) 10.9(7)
c2 4046(6) 215(6) 9380(6) 11.4(7)
N1 9648(5) 2332(5) 8376(6) 11.2(6)
N2 3826(5) -247(5) 7308(5) 11.8(6)
o1 1315(4) 1951(4) 5518(4) 15.6(6)
02 5182(5) 3551(4) 6163(5) 19.8(6)
03 2372(5) 5722(4) 6228(5) 18.9(6)
04 1462(5) 2345(4) 2329(5) 20.3(6)
Rel 2569.6(2) 3409.4(2) 5057.0(2) 9.16(6)

Table S2. Anisotropic displacement parameters (A2x103) for [Ag(en)][ReQ.]. The anisotropic displacement factor exponent takes
the form: -2m?[h?a*?Uy +2hka*b*Uy,+...].

Atom Unr Uz, Uss Uos Uiz Uz
Agl 12.8(2) 11.2(2) 12.5(2) 2.5(1) 7.1(1) 6.5(1)
C1 10(2) 10(2) 10(2) 0(2) 6(2) 3(2)
C2 14(2) 7(2) 14(2) 4(2) 7(2) 6(2)
N1 14(2) 13(2) 11(2) 6(1) 7(1) 9(1)
N2 11(2) 10(2) 13(2) 3(2) 5(1) 7(1)
O1 18(2) 16(1) 19(1) 7(2) 12(1) 11(1)
02 12(1) 23(2) 27(2) 6(1) 8(1) 18(1)
03 21(2) 12(1) 25(2) 4(1) 13(1) 9(1)
04 28(2) 18(2) 13(1) 4(1) 9(2) 8(1)
Rel 9.63(9) 8.49(9) 9.62(9) 2.58(6) 4.36(6) 5.54(6)




Table S3. Bond lengths for [Ag(en)][ReO,].

Atom Atom Length [A] Atom Atom Length [A]
Agl Aglt 3.2484(6) N2 c2 1.483(5)
Agl N1 2.141(3) Rel o1 1.735(3)
Agl N2 2.134(3) Rel 02 1.732(3)
c1 c1® 1.518(7) Rel 03 1.723(3)
c2 c22 1.522(8) Rel 04 1.723(3)
N1 c1 1.481(5)

11-x,-y,1-Z; 21-X,-y,2-Z; 32-x,1-y,2-2

Table S4. Bond angles for [Ag(en)][ReO4].

Atom Atom Atom Angle [] Atom Atom Atom Angle []
C1 N1 Agl 116.7(2) 02 Rel 01 108.8(1)
c1? C1 N1 109.7(4) 02 Rel 03 109.1(1)
c2t c2 N2 110.3(4) 04 Rel o1 108.6(1)
c2 N2 Agl 114.6(2) 04 Rel 02 109.0(2)
N2 Agl N1 168.8(1) 04 Rel 03 110.9(1)
01 Rel 03 110.4(1)

11-%,-y,2-7; 22-X,1-y,2-z

Table S5. Lattice parameters and refinement factors for the Rietveld fit of the ambient temperature powder diffraction pattern of
[Ag(u-en)l[ReO,].

Lattice parameters a=7.5396(2) A a=116.902(2)° Refinement factors Rwp = 5.95
b=8.2046(2) A B =115.557(2)° Rexp = 5.97
c=8.21282) A  y =93.529(2)° R, = 4.68
V = 387.36(3) A® Goof = 1.00

Table S6. Fractional atomic coordinates obtained from the Rietveld refinement of [Ag(u-en)][ReO,].
Atom X y z

Agl 0.6628(8)  0.1080(7)  0.7658(8)
c1 1.061(9) 0.442(8) 0.925(8)
c2 0.42(1) 0.06(1) 0.98(1)
H1 0.29(6) -0.23(6) 0.75(7)
H2 0.47(9) 0.14(7) 1.06(7)
H3 0.26(8) 0.22(7) 0.43(8)
H4 0.55(7) 0.00(7) 0.89(7)
H5 1.16(6) 0.21(5) 0.97(6)
H6 0.86(7) 0.31(7) 0.80(7)
H7 1.27(7) 0.76(5) 1.10(6)
H8 0.74(7) 0.39(6) 0.72(6)
N1 0.960(8) 0.214(7) 0.823(7)
N2 0.394(7) -0.025(7)  0.728(8)
o1 0.124(5) 0.197(5) 0.529(6)
02 0.472(6) 0.348(5) 0.6133(6)
03 0.254(5) 0.547(6) 0.611(6)
04 0.158(7) 0.268(5) 0.284(5)

Rel 0.2568(6)  0.3394(5)  0.5086(6)




B. Data for decomposition of [Ag(p-en)][ReO,] in argon
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Figure S2. TG-DSC plot of [Ag(u-en)][ReO4] in argon.

170 °C Ar (Experiment) ———
NH4[ReQy] (Literature)
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Figure S3. X-ray diffraction pattern of TG-DSC residue after heating at 170 °C in Ar steam with Mo-Kg, radiation. The data of
NH,[ReO,] and elemental Ag were calculated from literature.™




1000 °C Ar (Experiment) ——

Re (Literature)
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Intensity [a.u.]
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Figure S4. X-ray diffraction pattern of TG-DSC residue after heating at 1000 °C in Ar steam with Cu-K, radiation. The data of
elemental Re and elemental Ag were calculated from literature.*2 2

C. Data for decomposition of [Ag(p-en)][ReQO,] in synthetic air
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Figure S5. TG-DSC plot of [Ag(u-en)][ReO,] in synthetic air.
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Figure S6. Infrared spectrum of the decomposition product of [Ag(u-en)][ReO4] at 170 °C with background correction.
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Figure S7. Infrared spectrum of the decomposition product of [Ag(p-en)][ReO4] at 300 °C with background correction.

1000 °C Air (Experiment) ———
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Figure S8. X-ray diffraction pattern of TG-DSC residue after heating at 995 °C in synthetic air steam with Cu-K, radiation. The
data of elemental Ag was calculated from literature.a



D. IR spectroscopy of [Ag(u-en)][ReO.]

Table S7. Wavenumbers, vibrational modes and assignment from spectrum of [Ag(u-en)][ReO,] &

Wavenumber [cm™] Vibrational mode Assignment
3298 Vas NH:
3245 Vas NH,
3145 Vs NH:
2918 Vas CH;
2868 Vs CH;
1613 9] NH.
1588 9] NH.
1460 9] CH;
1373 w CH;
1290 w NH.
1149 T NH.
1083 T NH,
1014 Vs C-N

964 p NH,
890 Vas ReO,
870 Vas ReO,
802 p CH,
656 p NH.
614 v Ag-N

Abbreviations: v, stretching; 9, scissoring; p, rocking; w, wagging; T, twisting; s, symmetric; as, anti-symmetric.

[1] a) H. E. Swanson, E. Tatge, Natl. Bur. Stand. Circ. 1953, 359, 1-95; b) E. M. Reynolds, M. Yu, G. J. Thorogood, H. E.
A. Brand, F. Poineau, B. J. Kennedy, J. Solid State Chem. 2019, 274, 64-68.

[2] V. A. Finkel, M. |. Palatnik, G. P. Kovtun, Phys. Met. Metallogr. 1971, 32, 231-235.

[3] a) K. Ulbricht, H. Kriegsmann, Z. Anorg. Allg. Chem. 1968, 358, 193-209; b) Y.-l. Lam, H. H. Huang, J. Mol. Struct.

1997, 412, 141-152.
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7.10 [Ag2(DHPP)](C204)

Table 27. Crystallographic data of [Ag2(DHPP)](C204).

Empirical formula

CsH14AgaN4O4

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
F(000)

Crystal size

26 range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to 6

Absorption correction

Maximum / minimum transmission
Data / parameters

Goodness-of-fit on F2

Final R indices [/,>20 (1,)]

R indices (all data)

Largest diff. peak and hole

445.97 g/mol

100(2) K

0.71073 A

monoclinic

C2/m (no. 12)
a=10.4852) A
b=9.3392) A
c=6.162(1) A

L =103.495(7) °

586.8(2) A3

2

2.52 g-cm™

432

0.02 x 0.02 x 0.10 mm?
5.92° to 54.72°

-13<h <13,

-12<k<11,

1<I1<7

3339

699 [Rint = 0.0839, Rs = 0.0592]
100%

multi-scan

0.607 / 0.746

699 / 48

1.049

R1=10.0429, wR> = 0.0903
R1=0.0521, wR> = 0.0941
1.77/-1.05 e-A™3
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Table 29

Table 28. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10%) for

[Ag2(DHPP)](C204). U(eg) is defined as one third of the trace of the orthogonalized Ujj tensor.

Atom X v z Uleq)
Agl 5000 6526.7(7) 5000 20.6(2)
Cl 5701(5)  7574(6)  667(10) 21(1)
C2 5708(8) 5000 694(15) 22(2)
C3 5758(7) 10000 5568(14) 19(2)
N1 5938(5)  6289(5)  2105(9) 22(1)
01 6303(4)  8811(4)  5970(8) 23(1)

. Anisotropic displacement parameters (A2x10%) for [Ag2(DHPP)](C204). The anisotropic displacement factor

exponent takes the form: -2n? [ h2a™2 Ui + 2 hk a* b* Uiz +...].

Atom U Uxn Uss Uzs Uis Un
Agl 26.6(4)  11.93)  20.7(4) 0 0.6(2) 0
C1 28(3) 16(3) 15(3) -3(3) -2(2) -4(3)
C2 25(4) 17(4) 18(4) 0 -3(3) 0
C3 19(4) 17(4) 15(4) 0 -9(3) 0
N1 25(2) 17(3) 20(3) 1(2) 1) 1(2)
o1 28(2) 9(2) 28(3) 1(2) 302) 1(2)

Table 30. Bond lengths for [Ag2(DHPP)](C204).

Atom Atom Length [A] Atom Atom  Length [A]
Agl Agl! 2.852(1) C2 c2’ 1.53(2)
Agl NI 2.240(6) C3 c3? 1.58(1)
Agl NI2 2.240(6) NI c1 1.479(8)
Agl 0Ol 2.528(4) N1 C2 1.471(7)
Agl 012 2.528(4) o1 C3 1.247(5)

c1 ct 1.51(1)

1l-x,l-y,l-z; 2l-x,er,l-z; 31-)6,2-y,1-z; 41-x,+y,-z; 31-x,1-p,-z.
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Table 31. Bond angles for [Ag2(DHPP)](C204).

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°]
C1 N1 Agl 110.7(4) N1 C1 C1° 109.4(4)
C2 N1 Agl 120.7(5) N1 C2 Cc2’ 109.5(5)
C2 N1 C1 109.2(5) N1° C2 Cc2’ 109.5(5)
C3 Ol Agl 120.5(4) N1 C2 N16 109.7(7)
N1 Agl Agl! 84.3(1) 0] Agl Agl! 147.53(9)
N12 Agl Agl! 84.3(1) 012 Agl Agl! 147.53(9)
N1 Agl N12 168.6(3) (0] Agl 012 64.9(2)
N1 Agl Ol 87.6(2) Ol C3 Cc3* 117.1(3)
N1? Agl 01 102.1(2) o013 C3 Cc3* 117.1(3)
N1 Agl 012 102.1(2) o013 C3 Ol 125.9(7)

N12 Agl 012 87.6(2)

1l-x,l-y,l-z; 21-x,+y,1-z; 3+x,2-y,+z; 4l-x,2-y,1-z; > 1-x,ty,-z; 6+x,1-y,+z; 7l-x,l-y,-z.

Table 32. Hydrogen atom coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for

[Ag2(DHPP)](C204). Ufeq) is defined as one third of the trace of the orthogonalized Uij tensor [ Ag2(DHPP)](C204).

Atom X y z Uleq)
H1 6660(70)  6220(70)  2730(130) 26

H1A 6302.84 7574.39 -355.5 25

HIB 5872.88 8447.79 1599.65 25
H2 6322.3 5000 -327.49 26
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