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Introduction

Mercury

Mankind has long been fascinated by mercury. In its pure form,
the shiny, silver liquid forms physically perfect mirrors - a prop-
erty that is still being applied today in liquid-mirror telescopes.
It is the only metal liquid at room temperature, and has an
unusually high density (13.53gcm™3). Its high surface tension
combined with a low viscosity is being exhibited in the tendency
to form droplets of high mobility, which can practically be ob-
served by spilling it on a flat surface.

For chemists, different aspects of the element are more inter-
esting: it can be found in its compounds as linear X—Hg—
Hg—X molecular entities containing divalent cationic clusters Fig. 1.1: A drop of pure mercury
[Hg—Hg]?* (found in e.g. HgoCly) and monoatomic ions Hg?* under a light microscope.

(e.g. Hg(NO3)2), mirroring its most common oxidation states +1 and +2. Since mercury forms
binary compounds with many elements (see below), its chemistry is extraordinarily diverse.

Table 1.1: Periodic table of the elements with an emphasis on elements that form compounds with mercury
(green). Grey colouring indicates that no compounds with mercury have been observed yet.

H He
Li Be B (@) N O F Ne
Na | Mg Al | Si P S Cl | Ar

K Ca | Sc | Ti | V Cr | Mn | Fe Co Ni Cu Zn Ga | Ge | As Se Br | Kr

Cs | Ba | La | Hf | Ta | W | Re | Os Ir Pt | Au | Hg Tl | Pb | Bi | Po | At | Rn

Fr | Ra | Ac | Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg | Uub

Th | Pa U Np | Pu | Am | Cm | Bk Cf | Es | Fm | Md | No | Lr

Its electron configuration [Xe]4f!45d'0 leads to a closed-shell configuration analogous to the
noble gases, and is exhibited in its low melting point, a high vapour pressure and the absence
of Hg—Hg bonds in its elemental form. Owing to the relativistic effects present in the heavy
atoms, its 6s electrons are energetically lowered, leading to an approximation of the 5d and 6s
energy levels and to an expansion of the energy gap between the 6s and the empty 6p states.
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This causes not only to the unusual chemical behaviour mentioned above, but also less intuitive
consequences such as increased (1°% and 2"9) ionisation energies, which in turn influences its
electronegativity. This can be observed in the existence of covalent bonding contributions in
mercury compounds. Another consequence is that mercury does not form thermodynamically
stable anions.

The salts and organometallic compounds of mercury are very toxic (as well as the vapors of the
pure element) and their use has therefore been reduced. However, due to the highly unusual
properties, it still catches the interest of scientists.

1.1 Historical Aspects

Mercury is one of the oldest known elements, together with gold,
silver, copper, iron, lead and sulphur. In nature, it can be found
in its elemental form of small droplets together with its ore
Cinnabar (HgS). The use of cinnabar dates back to 30000 BC,
where it was used as a component of the pigment ‘Funerary
Red’ in paleolithic cave paintings found in Spain.l!l Tt was later
employed in embalming practices around 7600 — 6000 BC in the
Fertile Crescent (Middle East), which is also believed to be the
Fig. 1.2: Cinnabar embedded in first region on earth where settled farming as a sign of the early
Quartz (Nevada, USA). development of human society took place.[?l The use of cinnabar
as the pure pigment named ‘Vermillion’ has been verified to date back to at least 5000 BC,!
and has therafter been used in ancient cultures in South America, Ancient Egypt and China.[*]
The first verfied intentional usage of elemental mercury was found in Egyptian tombs dating
back to 1500 — 1600 BC,[! while the first written accounts about the knowledge of the elemental
form are found in ancient Greek texts, where Theophrastus also gave documented instructions
on how to obtain the metal from its ore.l” Since he extracted it “from native Cinnabar, rubbed
with Vinegar in a brass Mortar with a brass Pestle”, it can be assumed that he also obtained
the first copper amalgam.

The process of fire-gilding, which is still being used today for historical and restauration and
conservation purposes, dates back to around 15 BC — AD 90 for gilding copper and silver.[* "]
During this process, gold amalgam is being decomposed by thermal treatment.

During the middle ages, mercury was commonly used for medicinal and

alchemical purposes, and its preparation and purification process have

been documented by Agricola.l'’"'?) A breakthrough relating to the cur-

rent research area of amalgams was made in 1806 independently by

Berzelius and Davy, who perfomed electrolysis experiments on custom lab-

oratory substances using mercury cathodes and observed the formation of

amalgams.['*'* This in turn led to the successful dicovery and isolation of

many alkali and alkaline earth elements: Na, K, Mg (which was first named

magnium), Ca, Sr and Ba.

The origin of term ‘amalgam’ is still unclear, as related root words exist in  pig. 1.3: Alchemical
Greek (pohaxoc, “soft”, Arabic (al-amalgam, “softening ointment, emollient symbol for mercury.
poultice”) and Latin (amalgama, “mercury alloy”). The chemical symbol Hg can be traced
back to the Greek term udpapyupoc (Hydrargyros, from “quick silver”), yielding todays element
symbol.

Not only has mercury been used in numerous applications (e.g. rectifiers and the amalgam
process for the production of chlorine and NaOH from brine), but also lead to momentous
scientific breakthroughs; investigations on mercury vapor were part of the experimental proof
for the Bohr model of atoms and its closely related Rydberg constant R, further propelling



the advances in quantum theory as we know it.'""'7l Additionally, the physical phenomenon

of superconductivity was discovered on mercury by H. Kamerlingh-Onnes.!'®] Even until today,
the superconductor with the highest critical temperature T (under normal pressure) contains
mercury (Hgghngo‘gBaQCaQCU308.33, TC = —13500).[19]

1.2 The Polar Metallic Bond

covalent The substance class of the amalgams of less noble
metals are model representatives for the so-called
‘polar metals’. To understand their peculiar prop-
erties, the concept of the polar metallic bond has
to be considered. The term ‘polar metal’ is not
unambiguously used in literature, caused by differ-
ent approaches considering either their properties
or electronic structures. It is used to describe polar
covalent bonds between two adjacent metal atoms,
in the context of electronics (where it is applied for
describing the height of a Schottky barrier result-
ing from a direct contact of a semiconductor and a
Fig. 1.4: van-Arkel-Ketelaar triangle, showing metal) and has also been used in symmetry investi-
the three fundamental bonding types. For em- gations, where it denotes the absence of symmetry
phasis, the metallic and ionic bond regions are X . X
highlighted, 202 elements resulting in the presence of a polar axis.

ionic metallic

During the scope of this work, however, it will be used to emphasise the gradual transition
between a metallic and ionic bond. An intuitive approach for the concept of is the visualisation
of different bonding has been made by van Arkel-Ketelaar?%:?!! triangles (cf. Fig. 1.4), where
the vertices represent the three fundamental bonds in chemistry: lonic, covalent and metallic.
Typical representatives thereof are widely given by CsF, F3 and Sn or Li, respectively. Along
the edges of the triangles, compounds comprising bonding contributions from both vertices can
be found. For example, typical half metals like Te or As can be sorted between the covalent and
the metallic bond,*?) while representatives of the polar covalent bond (e.g. BF3, CFy of NF3)
can be located between the covalent and ionic bond.[*%%’]

To account for deeper understanding of chemical bonds through the use of modern computational
methods, the proposed triangle has been modified numerously.?*]
these triangles is the fact that electronegativity differences Ay and average electronegativities
x are being used as a reference points. It is debatable if this manner of use is exact as well as
concise, since many compounds combine aspects of all three bonding types, which then makes
a precise, quantified positioning of a given compound difficult to achieve. In this regard, the
van Arkel-Ketelaar triangle represents a considerably oversimplified picture of the true bonding
contrubutions in many areas of science. Nevertheless, for an intuitive understanding about the
combination of different bonding aspects and for educational purposes, it represents a valuable,
easy graph.

A common denominator in

Considering the physical properties, polar metals often exhibit ‘bad metal’ behaviour. Macro-
scopically, this can be observed by an overall metallic behaviour, but unusually high specific
resistivities combined with a non-linear temperature dependence thereof. The electric conduc-
tivity o depends on the lifetime 7 of the electron wave between two scattering events. These
events are caused by phononic or lattice vibrations, which are temperature-dependent, and dis-
order. The latter can be introduced by macroscopic anomalies such as strain or mechanical
deformation of the sample, structural defects such as under- or mixed occupancy, impurities
of the sample as well as the existence of Coulombic (partial-)charges. Additional, but direct
influences on the conductivity are the free electron concentration n, the effective electron (or
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hole) mass m*, as well as the elementary charge ¢q. This is summarised in the following equation:

o= (1.1)

The linear temperature dependence of conductivity can be attributed to the increase of the
scattering rates of electrons on phonons. Because a minimum lifetime limit 7, must exist
(following Heisenberg’s uncertainty principle), a lower limit for the value of metallic conductivity
exists: the Mott-loffe-Regel limit UMIR.[25] Since metals with conductivities lower than this limit
would then have non-physically high scattering rates, they should in theory be insulators. Most
metals will melt before reaching this limit. However, compounds with pronounced ‘bad metal’
behaviour not only reach, but can exceed this limit.[?6-2%]

1.3 Amalgams of the Less-Noble Metals

Amalgams of the less noble metals serve as ideal candidates for the systematic investigation
of the polar metal bond. Due to a combination of low electron affinity of mercury and high
differences of electronegativities (AEN), a significant, yet incomplete electron transfer is present
in these compounds. A high AEN is necessary to induce a high electron transfer from the
electropositive to the electronegative partner. If the electron affinity of the electronegative
partner is high, cations and anions are formed. If, however, the electron affinity is low, a partial
electron transfer with no anion formation and a polar metallic bond results. The lattice energy of
intermetallic amalgams is so low that thermodynamically unfavourable mercuride anions cannot
be stabilised, yet a certain amount of negative charge is allowed for an individual Hg atom in
crystalline amalgams.

In their crystal structures, this is represented 7 * (X
by the formation of Hg sublattices [Hg,]®~, ° P
where negative partial charges are delocalised. AV,
These contain spacial voids, in which the (par- © «.
tial) positive charges are contained at the less - AV A
noble metal position. This leads to overall e} b o TAK
metallic structures, containing ionic contribu- "

tions through separated (partial) charges (cf. Fig. 1.5: Visualisation of the Coulombic charge separa-
Fig. 1.5). Therefore, different aspects present tion (blue: ™, red: §7) in amalgams. The net consists
themselves on a structural level: on the one of a Hg S;})]]Dlattice (grey), with incorporated Yb atoms
hand, ionic contributions are emphasised by (orange).™

the formation of coordination polyhedra. On the other hand, a distinctive tendency towards the
formation of closed packaging occurs.

The structural variety of amalgams is extremeley rich, and many examples for amalgams of the
less noble metals exist. Amalgams of the alkali and alkaline earth metals have extensively been
studied, inspired by their unique structural chemistry and diversity. In Table 1.3, all reported
Hg-rich representatives are summarised. A graphical representation including the Hg: M ratio
and coordination environments is given in Fig. 4.28 in Chapter 4.4.

Because of systematic investigations of applying amalgam formation for the separation of the
lanthanoid metals, some of their respective amalgams have been characterised as well.20-31]
Recently, research interest on amalgams has somewhat decreased, owing to the sophisticated
preparative chemistry, their complex structural motifs and the toxicity of mercury. Due to the
constant development and implementation of modern X-ray diffraction methods, their structural
elucidation is becoming easier.

Regarding their structural motifs, amalgams of alkali and alkaline earth metals show a distinct
trend: the dimension of the Hg sublattice is dependent on the content of mercury. In a-NagHg,




CsHg CssHgig Cs3Hgao

Fig. 1.6: Crystal structures of selected Cs amalgams with increasing Hg: Cs ratio. Emphasised is the growing
connectivity of the Hg network. Hg: grey, Cs: blue.

a CsCl type structure exists, forming ‘isolated’ mercury anions.!*’] Small, cluster-like polyhedra
in the form of [Hgy]®~ squares or [Hgg]?~ cubes can be found in CsHg and RbysHg6.1*0*? With
increasing Hg content, sheets and chains may form, as has been observed e.g. in AHgy (with
A =Rb, Cs) and AyHg; (with A = K, Rb).[***] When even more mercury is added, mercury
forms extended, negatively polarised sublattices with embedded atoms of the less noble metals

(e.g. MHgy; for M = K, Rb, Ca, Sr, Ba or CSQHg27).[62_6ﬂ
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2.1 Ternary Amalgams

While binary amalgams have been studied extensively, only scarce knowledge exists about
ternary representatives. No systematic studies with this regard have been conducted, and
the only examples for ternary amalgams with two different electropositive metals so far are
NaKggHg4g,m Li2MgHg[Q] and Li6M17Hg9[3] (M = Ca, Sr, Yb). Introducing a second less no-
ble metals into the crystal structure should yield a higher variety of parameters that influence
not only their crystal structure, but local electronic structures as well. Keeping this in mind,
different aspects for these investigations are of interest:

1. Structural variety, where different results can be expected in the form of:
e new structures with unique structure types
o mixed crystals of binary, isotypic structures (solid solutions)

 coloured variants of binary structures (i.e. different ordered occupancies of crystallo-
graphic positions by the less noble metals)

« substitutional mixed crystals by the statistical inclusion of an atom M into a binary
structure of M!, where an isotypic binary structure of M is unknown

2. The influence of different aspects of the crystal structures on the ‘bad metal’ behaviour

This work will highlight synthetic approaches, structural characterisations of new binary and
ternary amalgams, investigations of the electronic structures and the physicochemical properties
as well as the resulting estimation of the quantitative influence of the parameters on the ‘bad
metal’ behaviour.

2.2 Overview of This Work

Since literature on the practical aspects of amalgam preparation is still scarce, a compilation of
all employed and newly developed techniques is given in Chapter 3, while detailed experimental
descriptions can be found in Chapter 7. In Chapter 4, the main results are presented in the
form of peer-reviewed publications together with several still unpublished manuscripts already
submitted or in preparation for imminent submission.

Chapter 4.1 describes the synthesis and characterisation of a new ternary amalgam comprising
two alkali metals with a unique structure type: CsNagHgg. Calculations of the electronic struc-
ture as well as resistivity measurements are discussed to yield more insight into structure-
property relations.

The combination of different ‘coloring’ variants of amalgams and the resulting impact on the still
growing family of amalgams belonging to the Gdi4Ags; structure family is shown in Chapter
4.2.

The introduction of disorder in the form of solid solutions as well as substitutional mixed crystals
on the examples of K;_;Rb;Hg11 (z = 0.472(7)) and Cs3_,CazHgag (x = 0.20(3)) together with
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calculations of the electronic structures, physicochemical measurements and implications for the
degree of influence on the overall behaviour of polar metals is emphasised in Chapter 4.3.

The discovery of three new binary amalgams — KHgy, KHgs and KHgg — and the thermochem-
ical reinvestigation via a combination of DSC (Differential Scanning Calorimetry) and powder
diffraction experiments as the base for the redesign of the Hg-rich part of the K-Hg phase
diagram is presented in Chapter 4.4.

Additional results include the discovery, structural characterisation and electronic considerations
of SrHgs g6 (Chapter 4.5) and preliminary results on experimental developments for the sythesis
of ternary amalgams via electrochemical methods on the basis of cyclic voltammetry (Chap-
ter 4.6) as well as renewed efforts for the synthesis of a Be-containing amalgam (Chapter 4.7).

In Chapter 4.8, the obtained results are put into perspective regarding relative quantification of
the contributing factors for ‘bad metal’ behaviour in amalgams.

A comprehensive summary for the different results obtained is given in Chapter 5, while Chap-
ter 6 compiles propositions for future endeavours in this research area.

In Chapter 7, detailed descriptions of the experiments performed during this thesis, obtained
powder diffraction and DSC as well as additional crystallographoc data can be found.

Chapter 8 contains a list of all publications, contributions to conferences and talks, deposited
crystallographic data and the CV.
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Utilised Chemicals

All used chemicals are listed in the following table, including their respective purities and man-

ufacturers.

Table 3.1: Compound, purity and manufacturer. * = dried over CaH, and distilled before use, ! = for starting

materials, > = for syntheses.

Compound purity manufacturer
Ar 99.999 % Air Liquide
Ba 99.50 % SMT Metalle Wimmer
Be 99.5 % Alfa Aesar
Ca 99.99 % Sigma-Aldrich
Cal, - 6 DMF recrystallised (;)zzncrﬁar;tzf?(:uggf
Cs doubly distilled MPI-FKF Stuttgart
Csl 99.9 % Alfa Aesar
Diamond polycrystalline powder, <1pm Sigma-Aldrich
Decamethylferrocene 97 %, sublimated Sigma-Aldrich
Eu 99.99 % Smart Elements
Hg doubly distilled (s00 Chnfiip‘;flfili‘i
HI 57wt.% in H.O Sigma-Aldrich
HNOg3 conc. technical grade in-house chemical
I 99.5% Acros Organics
K doubly distilled MPI-FKF Stuttgart
KI recrystallised Alfa-Aesar
Mgl - 6 DMF recrystallised (glncﬁé?g?iuf l;;?
Magnesium" 99 % Riedel-de Haén
Magnesium? 99.99 % Smart Elements
Na' 99.9 % Sigma-Aldrich
Na? doubly distilled MPI-FKF Stuttgart
Nal-3DMF recrystallised own manufacturing
NH; (gas) 99.998 % Air Liquide
N,N-Dimethylformamid (DMF)* >98% Sigma Aldrich
Rb doubly distilled MPI-FKF Stuttgart
RbI 99.8 % Alfa Aesar
Sr dist. SMT Metalle Wimmer
Srl, - 7DMF recrystallised own manufacturing

(see Ch. 7.2, p. 138)

Tetrabutylammonium perchlorate

electrochemical grade

Alfa Aesar

Toluene

technical grade

in-house chemical

Yb

99.99 %

Smart Elements
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3.1 General Preparative Methods

3.1.1 Glovebox and Vacuum-/Inert-Gas-Apparatus

Unless stated otherwise, all preparations of experiments and samples were handled in a glovebox
(UNIlab, MBRAUN Inertgas-Systeme GmbH, Garching, Germany) under Argon atmosphere (Oq
< 0.1 ppm, HyO < 0.1 ppm). For this purpose, Ar was purified by streaming over a combination
of a BTS catalyst and molecular sieve (4 A).

Where needed, experiments in glassware were handled with a Schlenk apparatus, where pressures
with p <1x1073 mbar could be achieved. The Argon used in this apparatus was purified by
streaming over an array of columns filled with KOH, silica gel, molecular sieve 3 A, P,O19, and
a titanium sponge (3 =780°C).

3.1.2 Niobium-/Tantalum Crucibles and Arc-welding Apparatus

Experiments for the syntheses of ternary amalgams at elevated temperatures were performed in
sealed Ta or Nb crucibles made of tubings of their respective metal (inner diameter 9 mm, wall
thickness 0.5 mm, PLANSEE, Reutte, Austria). After filling with the metals, these crucibles were
closed by selfmade lids of the same metal by using a screw press. In this step, it was necessary
to make sure that no metals are inside the joints of the crucible and the lid. Before usage, all
crucibles were heated under vacuum in a high frequency oven (9 =1500°C) to remove the oxide
layer.

After filling, the crucibles were welded shut with an arc-welding installation under Argon. In
order to minimise evaporation of the starting materials, the welding process was done in small
increments and under sufficient cooling. The crucibles were then transferred into reaction tubes
made of glass (or quartz if 9 >400°C) and the pressure reduced (pa10~2mbar) in order to
avoid splintering of the glass due to the heating process.

3.1.3 Purification of Mercury

Mercury was collected from residues of pressure valves or was donated from other working groups
or the waste disposal service. Because of the unclear state of purity it was cleaned following
a universal procedure. The only impurity that is removed unsatisfactorily by this procedure is
gold. A further description of the process together with a recycling protocol for Hg containing
waste is given in Chapter 4.3.

CAUTION! When handling mercury, all preparative work should be done over a nonbreakable
(plastic) container for the collection of spilled mercury. Additionally, all glassware should be
cleaned with half concentrated nitric acid. Wastes should be disposed of separately.

For initial removal of solid contaminants, mercury
was filtered twice over a folded filter with a small
hole at the tip. Afterwards, the same volume of
half concentrated nitric acid was added to dissolve
all other metals less noble than Hg. The two-phase
mixture was vigorously mixed using a prismatic stir
bar to ensure sufficient contact between the two
phases. After the appearance of a white solid was
observed, the reaction was stopped by diluting with
Fig. 3.1: Running distillation of Mercury as per- generous amounts of distilled water. After decant-
formed during the scope of this work. ing, the mercury was repeatedly rinsed with distilled

water to remove excess (dissolved) salts, while residual water was removed using lintless paper
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towels. It was then filtered two more times using folded filters, followed by distillation at 250 °C
under dynamic vacuum. All tapered joints had to be secured thoroughly with steel joint clips,
while the whole apparatus had to be supported by multiple clamps due to its weight.

3.1.4 Synthesis of Anhydrous Bel,

Beryllium iodide was used as starting compound Bel,
for all experiments targeting to the synthesis of a “
beryllium amalgam. The synthesis procedure was
taken from literature and adapted in a way that vear
(under)graduate students were able to safely apply
it as a routine experiment. An in-depth description
of this process together with further processing and
products of Bely within the electrocrystallisation ex-
periments can be found in Chapter 4.7. u

CAUTION! Beryllium and its compounds are re-

garded as toxic and carcinogenic. Because the bio- | — |
chemical mechanisms that cause beryllium associ- | |
ated diseases are still unknown, special (safety) pre- @ D @ D
cautions are strongly advised.['l The setup for the \
synthesis of Bels is depicted on the right. The pro-
cedure is a slightly modified version of the one re-
ported by Wood and Brenner!? and included in Brauer’s Handbook.") This modular setup
facilitates the multi-gram scale of high-purity Bels by combining synthesis and purification pro-
cess in a one-step fashion, while also avoiding excess waste (contrary to syntheses inside sealed
quartz tubes). A sufficient amount of Be metal was loaded into a corundum crucible inside a
quartz tube, which was then connected to a 100mL Schlenk flask. The apparatus was dried
by evacuation (<1x1073mbar), and thoroughly heated (oven: 300°C for 1h, connector and
Schlenk flask with a hot-air gun for 15 min at 300°C). Valve I was closed, the Schlenk flask
disconnected under reverse Ar flow, and 2.0g (7.9 mmol) Is beads were added. After cooling
with liquid Na, pressure was reduced to < 1x1073 mbar.

Quartz tube Be

valve | .
Tube furnace

valve I

Schlenk flask

Oil bath

hot plate stirrer

Fig. 3.2: Setup for the synthesis of Bels.

Valve 1 was opened and the oven temperature increased to
650 °C. Subsequently, the temperature of the oil bath was set to
250°C. At the same time, static vacuum was enabled by clos-
ing valve II, and, to avoid resublimation of I, the oil bath and
connector were mantled with aluminum foil. The synthesis was
stopped when the atmosphere in the system appeared colourless
again, indicating quantitative Iodine consumption. The appa-
ratus was reduced to <1x1073 mbar, valve I closed, and the
quartz tube with connector attached transferred into the glove
box for opening and storage of Bely. The colourless, needle-
shaped crystals of Bel2 (see Fig. 3.3, left), which formed at the
colder part of the quartz tube can be scratched off quite easily. If neccessary, an additional
distillation step was performed by loading the quartz tube with Belsy, reducing the pressure
for 1h to <1x10~3 mbar and then increasing the oven temperature to 650°C. Analysis: Via
pXRD, the distilled Bel, was identified as phase-pure 3-Bely (see Fig. 7.87, p. 168).

Fig. 3.3: Colourless crystals of
Bels are forming at the cooler part
of the quartz tube.
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3.1.5 Synthesis of Anhydrous DMF Complexes of Alkaline Earth Metal
Todides

For cyclic voltammetry and electrocrystallisation experiments, DMF complexes of the respective
metal iodides were used. To ensure anhydrous conditions, all syntheses were performed using
inert gas techniques. Metal iodides are beneficial starting compounds for electrochemical exper-
iments for several reasons: (1) they show high solubility in DMF, (2) the formation of iodine or
triiodide at the anode is a visible indicator for the onset of the electrochemical reaction, (3) the
iodides or the iodide solvates can easily be prepared and purified in one-pot reactions.

Metal iodide solvates can be synthesised as follows: (1) dissolve the pure metal in stoichiometric
amounts of concentrated HI (in the case of Mg) in DMF or add stoichiometric amounts of
concentrated HI to a suspension of the respective carbonate (used for Sr and Ca) in DMF, (2)
remove remaining solids with a Schlenk frit, (3) connect a Dean-Stark apparatus, add a small
amount of toluene and remove the toluene/water azeotropic mixture by distillation and (4)
optional evaporation of large surplus solvent if necessary, cooling and filtration via Schlenk frit
and subsequent drying under vacuum. Detailed descriptions for the synthesis of Mgls - 6 DMF,
Caly -6 DMF and Srls - 7DMF can be found in Chapter 7, p. 137-138. The process has also
been described in detail in literature."

3.2 Analytical Methods

3.2.1 Powder X-ray Diffraction (pXRD)

Representative portions of the samples were ground using an agate mortar inside a glovebox,
filled into glass capillaries (HILGENBERG, Malsfeld, Germany; special glass No. 10, inner di-
ameter 0.3-0.5mm) and sealed with birch tar. Owing to the high absorption coefficients of
amalgams, samples were optically diluted with diamond powder (volume ratio ranging from 1:1
to 1:50, depending on the sample). The diffraction experiments were carried out on a Stadi P
(STOE & CIE., Darmstadt, Germany; Mo-K,1-radiation, A =0.7093 A, Ge(111) monochroma-
tor; Si as external standard) with parafocussing DEBYE-SCHERRER geometry and a MYTHENII
detector (DECTRIS LTD., Baden-Daettwil, Switzerland). Towards the end of this work, the ra-
diation was changed to Ag-K,; (A=0.5594075 A). Samples measured with this wavelength are
labelled accordingly in the respective diffractogram.

Measurements were performed at room temperature, for optimisation of signal-to-noise ratio
multiple scans without background correction were added. Obtained diffractograms were com-
pared to data from literature or automatically generated reflection intensities from single-crystal
data. The used software is listed in Ch. 3.3.

On selected samples, powder diffraction measurements were conducted at a Synchrotron (PE-
TRA III, Beamline P02.1, DESY, Hamburg, Germany) during the Rapid Access Program 2021A
under proposal ID RAt-20010291. The samples were prepared as described before and irradi-
ated for 300s (A=0.20735A). An area detector VAREX XRD 4343CT (150x150 um pixel size,
28802880 total pixel area, Csl scintillator directly deposited on amorphous Si-photodiodes)
was used to collect intensities. Data integration and analysis software is specified in Ch. 3.3.

3.2.2 Single Crystal X-ray Diffractometry (SCXRD)

Crystalline, air- and moisture-sensitive samples were retrieved from the reaction containers in
a glovebox and transferred into paraffin oil dried over potassium. Appropriate crystals were
selected under a microscope (Leica MZ6, LEicA, 4.0-fold magnification) and then transferred
into flame-narrowed capillaries (HILGENBERG, Malsfeld, Germany; special glass No. 10, inner
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diameter 0.1-0.3 mm) filled with the same oil. Afterwards, the capillaries were sealed with birch
tar and mounted on brass pins.

Measurements were carried out on two different diffractometers: Device 1 was an IPDS-1 (STOE
& CIE., Darmstadt, Germany; fine-focus sealed X-ray tube, Ag-K,-radiation, A =0.56087 A,
graphite monochromator) equipped with an imaging plate detector. Device 2 was a type D8
Quest diffractometer (BRUKER Corp., Billerica (MA), USA) with an air-cooled micro-focus X-
ray tube IuS, (PHOTONII CMOS detector; Mo-K,-radiation, A = 0.7107 A, Goebel mirror
optics).

3.2.3 Differential Scanning Calorimetry (DSC)

Thermal analysis was performed with a simultaneous TG-DTA/DSC device (STA 449 F5
Jupiter, NETZSCH, Selb, Germany). Measurements were done under reverse Ar flow. Cru-
cibles were self-made using Ta/Nb tubings (length = 20 mm, inner diameter 5 mm, wall thickness
0.5mm, WHS SONDERMETALLE e.K., Griinsfeld, Germany), where the base was made of the
same metal and attached using a screw press and subsequent arc-welding. The crucibles were
then filled with the sample (m =10-80 mg) and closed with flat pliers. The seam was then sealed
by arc-welding.

For every measurement, a reference measurement was performed with Ar-filled crucibles and the
same temperature program as the final measurement. Details on the temperature programs are
described at the respective diagram.

3.2.4 Magnetic Susceptibility

Magnetic measurements were performed by M. Sc. Martin Weidemann using a VSM (Vibrat-
ing Sample Magnetometer) on a PPMS (Physical Property Measurement System, QQUANTUM
DESIGN Inc., San Diego (CA), USA) in a temperature range of 1.9-300 K with a magnetic
field of +£150e. Samples were placed in capsules self-made made of PFEP, which were then
fixated on a brass holder. Data was collected with the MultiVu software.l’) On selected sam-
ples, measurements were conducted by Prof. S. G. Ebbinghaus using the ADMS option of a
PPMS QUANTUM DESIGN Inc., San Diego (CA), USA) with the same self-made capsules made
of PFEP. The magnetic field was set to 100 Oe, and the temperature was decreased from 6 K to
2K.

3.2.5 Electric Conductivity

Temperature dependent electric conductivity measurements between 2 and 296 K were performed
by Dr. Reinhard Kremer (MPI FKF, Stuttgart, Germany) with the ac-resistivity option of a
physical property measurement system (PPMS, Quantum Design) on cold-pressed sample pellets
(thickness approx. 0.5mm to 1 mm) with the van-der-Pauw technique using currents between
1mA and 100mA. Electrical contacts (contact resistance below a few Ohm) were applied in an
Argon filled glove box using silver paint. After rapid mounting of the sample, the PPMS cryostat
was evacuated to high vacuum (< 1075 mbar) and immediately cooled down rapidly to liquid He
temperatures. At low temperatures approximately 10 mbar *He exchange was charged to the
cryostat and subsequently the resistance measurement was done by raising the temperature to
room temperature.

3.2.6 X-ray Spectroscopy (EDX)

For the analysis of the chemical composition, selected samples were analysed with energy-
dispersive X-ray spectroscopy (EDX). For this purpose, samples were mounted on a Al carrier
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with an adhesive conducting carbon foil. The measurements were carried out by Mr. Chris-
tian Minke on a scanning electron microscope (JEOL JSM-6500F (JEOL Ltd., Akashima, Japan)
equipped with an X-Mas 80 SSD (OXFORD INSTUMENTS, Abingford, U.K.) energy-dispersive
X-ray (EDX) detector on several particles with an acceleration voltage of 20kV.

3.2.7 Elemental Analysis (ICP-AES)

ICP-AES was used for the analysis of all ele- Table 3.2: Overview of the analysed elements and their
ments except for halides, C, H, N and O. For respective emission wavelengths.
this purpose, the sample was wet-chemically

solubilised and inserted into an Ar plasma Flement A [om] Element A [nm]
(10000 K). Position and intensity of the spec- Al 396.152 Cu 324.754

i ) COETY Be 313.107 Mg 279.553
tral lines are used to derive the quantitative ¢, 396.847 g 288.158
and qualitative composition, while the error Na 589.592 Hg 194.164

is <5%. Measurements were conducted on a

VARIAN VisTA RL CCD. A comprehensive list of spectral lines used for the analysis can be
found in Table 3.2. If multiple wavelengths were used, an arithmethic mean was calculated.
Measurements were performed by Ms. J. Obel or Ms. S. Albrecht.

3.2.8 Cyclic Voltammetry (CV)

Cyclic voltammetry was performed in a specially devised apparatus (see Fig. 4.54), which enables
electrochemical measurements in an air- and moisture-free atmosphere. A silver wire immersed
in supporting electrolyte solution was used as a pseudo-reference electrode (RE), while contact to
the electrolyte solution was enabled through a pore 4 size glass frit, platinum rods were used as
electrodes (counter electrode CE, diameter =2 mm, working electrode WE, diameter = 1.5 mm).
The potentiostat used was a Autolab PGSTAT101 (Deutsche METROHM GmbH & Co. KG,
Filderstadt, Germany).

3.2.9 Quantum Mechanical Calculations

Quantum mechanical calculations were performed with the program suite Wien2K.[%) This pro-
gram utilises the APW+lo (Augmented Plane Waves + Local Orbitals) method, which considers
all electrons with a full potential approach. Models which include all electrons are being con-
sidered as standard for the precision of solid state DFT (density functional theory) and yield
the most dependable values for a given functional, as long as numerical accuracy is achieved
through the employed basis sets and sufficiently dense k-meshes.[”®] This is particularly useful
for calculations involving heavy elements such as mercury to account for relativistic effects and
f-electrons, which are exhibiting unusual behaviour.

Calculations were either performed on a local PC (64 bit operating system (Linux Mint 20
Cinnamon) with a quad-core processor (Intel Core i-7500 CPU @ 4 x 3.40GHz) equipped with
24 GB RAM) or done by the group of Prof. J. Minar (University of West Bohemia, Plzen, Czech
Republic) if mixed or underoccupancy existed in the considered material. If not stated other-
wise, exchange correlations were calculated with the standard PBE-GGA functional,l’) which
was chosen due to its high accuracy for numerous compounds/elements, while its wide-spread
usage enables comparability with other calculations from literature.'”] Convergence criteria were
chosen for energy convergence <0.0001 eV and charge distance <0.00001eV.

In the case of calculations of the electronic structures of amalgams with mixed occupancies (cf.
Chapter 4.3), the fully relativistic Korringa-Kohn-Rostoker (KKR) Green function method as
implemented in the sprkkr code was employed.['"'?) The Vosko, Wilk and Nusair local density
approximation (VWN—LDA)[B] was used to approximate the exchange-correlation part of the

18



potential as well as the atomic sphere approximation. The KKR code allows for a treatment
of mixed occupied crystallographic positions without the construction of a virtual fully ordered
supercell model as approximation to the averaged and purely statistically disordered crystal
structure (CPA approximation)[”] which was used for the mixed crystal KosRbgsHgi1 and
Csa.8Cag 2Hgog. The electronic density of states (DOS) was calculated on the basis of the crys-
tallographic structure model without allowing for a structure relaxation. The energy integrals
were evaluated by contour integration on a semicircular path within the complex energy plane,
using a Gaussian mesh of 32 points. For multipole expansion of the Green’s function we used
a cutoff /,,,. = 3 to obtain reliable results. Once the Green’s function components have been
determined, the charge density can be obtained via the k-space integration over the Brillouin
zone (BZ). Self-consistent calculations were performed using a grid of 24x24x24 points in the
full BZ. Structure constant matrix k-dependent convergence parameters were set manually to
ETA = 2.0, RMAX = 2.0 and GMAX = 2.0.

Total and partial density of states (tDOS and pDOS) were determined with the modified tetra-
hedon method."!

3.3 Utilised Software and Databases

3.3.1 Single Crystal X-ray Diffration

o data collection, integration and absorption correction (D8 Quest): Apex34

« data collection, integration and absorption correction (IPDS 1): XAREA,!'”) XRED,['%
XSHAPE!]

« structure solution: SHELXS-97'%]

o structure refinement: SHELXL-97['%]

e absorption correction, symmetry analysis, etc.: PL ATONI]

o structure visualisation: DRAWXTL[l

3.3.2 Powder X-ray Diffraction

« diffractometer control and data collection (STOE): WINXPOW!*!]
« data analysis (STOE): WINxPOW[??

« data integration (Synchrotron): DIOPTAS!
e Rietveld refinements: GSAS-II,2Y Topas[?"]
« graphical representation: XMGrace[*!

23]

3.3.3 DSC

e data collection and processing;: NETZVSCH Proteus!?]
o graphical representation: XMGracel2/]

3.3.4 Cyclic Voltammetry

o device control and data collection: Noval2®l

« data analysis: ORIGINPRO!*]
« graphical representation: XMGracel*’!

3.3.5 Databases

+ Inorganic Crystal Structure Database (ICSD)!"]

e Pearson’s Crystal Data - Crystal Structure Database for Inorganic Compounds!®'!
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3.3.6 Other Software

o 2D graph generation: XMGracel2’]
« Complexity analysis: cRysTIT!?
e Preparation of graphics and setups: INKSCAPELR?

o INTEX-Editor: OVERLEAF

3.4 Preparative Strategies for Amalgams

3.4.1 Established Preparative Strategies

From stoichiometric mixtures of the elements

The simplest preparative strategy consists of weighing the elements in the
desired stoichiometric amounts into an ampule, sealing it and subject
it to a dedicated temperature treatment. This is advantageous for all
congruently melting amalgams and has successfully been performed for
e.g. NaHgy,[*") SrHgl*! or YbHg.[*®! In some cases, especially low reaction
temperatures allow for a simple setup, in which the elements are filled
in a Schlenk tube and are heated to a homogeneous melt with a heat
gun. This has proven to be suitable for e.g. RbsHgay (see Fig. 3.4).
Qaution has to be applied 'When mixing alkali metals with merculjy. This Fig. 3.4: Violet, crys
is generally very exothermic and has to be performed very slowly in order tajine solid of RbsHgao.
to prevent evaporation of mercury.

From the elements, by quenching and tempering

Many amalgams do not melt congruently, and therefore cannot be obtained by slow cooling
of a melt. In many cases, rapid quenching of a melt with desired stoichiometric composition
and subsequent tempering just below the peritectic decomposition temperature, sometimes for
several months, has proven successful.?7*1]

From the elements, employing a Hg surplus

Refluxing the electropositive metal with a sur-
plus of mercury (e.g. ratios of M: Hg = 1:20)
in vertical glass ampules, where only the lower
part is heated in a furnace and the upper part T .
is cooled in air was suitable for the preparation f ¥ —'—g
of Hg-rich lanthanoid metal amalgams such as
RE11 . Hgss 4 or RE11+mHg45—z-[42} The am- Fig. 3.5: Glass ampoules for the synthesis of
pules had a constriction in the middle which RFE11:Hgss—x. (a, top): rare earth metal with Hg, sealed
allowed to distill off the surplus mercury after under vacuum. (b, bottom): product (left) and surplus
th thesi d ti ith th Hg (right) after distillation. The constriction (middle)
e. s.yn es.ls and separating 1_ romL the T€~  hables the isolation of the product via flame sealing.
maining solid amalgam by sealing off the am-

pule at the constriction.
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3.4.2 New Preparative Strategies

From the elements, the ‘cryogenic method’

To avoid extreme heating during the mixing of alkali or alkaline earth elements with mercury,
which would be sufficient to destroy especially Hg-rich amalgams due to their very low decompo-
sition temperatures, a new method was developed. It shows to be generally very helpful for the
Hg-richest amalgams and was employed for e.g. KHg;; and RbHg;1, which have decomposition
temperatures of ca. 70°C. They can be obtained as phasepure material in gram scale by adding
Hg in a dropwise manner under reverse flow onto the cooled (¢ = —78°C, with a dry ice/acetone
mixture) alkali metal. The mixture is then allowed to slowly thaw to RT in the cooling bath.

Electrocrystallisation

Isothermal electrocrystallisation has proven a generally appropriate way to prepare Hg-rich amal-
gams even with lowest thermal decomposition temperatures in high yield and high crystallinity.
The process has been reported beforel*’] and is being adapted now for ternary amalgams. The
details of the process are presented in the following:

In order to perform electrochemical syntheses, a specially devised apparatus for isothermal
electrocrystallisation was used (see Fig. 3.6). This apparatus enables the electrosynthesis of
tempered solutions of salts of less-noble metals in polar, aprotic solvents under inert gas condi-
tions. In the electrolysis apparatus, anodic and cathodic region are separated with a glass frit.

?

T

—4 &

i J

— .

11

Fig. 3.6: Apparatus for performing anhydrous electrolysis used in this work.

The valve I (NS 14) enables a pressure equilibration between the two half cells, while valve II,
which is attached to the anodic half cell, serves as a drainage for the electrolyte or solvent.
Both half cells possess glass screw threads at the top, which can be connected with screw caps
(for evacuation) or the desired electrodes (for electrolysis). The flow of inert gas or vacuum
can be switched via valve III. Additionally, the cathodic half cell contains a glass frit and an
inner NS14 glass joint with a lateral pressure balance. At the level of the amalgamated copper
spoon, another inner NS14 glass joint serves as an access point for the direct manipulation of
the spoon, as well as sample recovery (due to the non-usage, not depicted). The temperature
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of the synthesis can be controlled via connection of a cryostat or thermostat to valves IV and
V, which give access to the cooling jacket (highlighted in grey). A tungsten rod (W) serves as
the cathode, while the anode is made of an amalgamated copper spoon (Hg). For this purpose,
a copper spoon was immersed in half-concentrated nitric acid, which contained small amounts
of dissolved mercury. The spoon was rinsed multiple times with distilled water, carefully dried
with a paper towel. It was then attached to a crocodile clip connected to a platinum wire,
which was in turn connected to the d.c. source (Voltage Transformer Type L30/5 BA, ZENTRO
ELEKTRONIK GMBH, Bad Wildbad, Germany; Ela-precision, max. load voltage 10 V, max. load
current 5 A).

If not stated otherwise, all electrolyses were performed as described in the following paragraph.
Before each usage, the glass apparatus was cleaned in a -PrOH/KOH-bath and subsequently
in a HCl-bath (¢c=0.1mol L), afterwards dried in a drying oven at 105°C and stored there
until the experiment. Assembly and connecting to the Schlenk system was performed while the
apparatus was still hot. It was then evacuated (p <1x1072 mbar and flooded with Argon three
times. Under reverse Ar flow, the anodic chamber was filled with the respective freshly prepared
metal iodide solution (c=0.1molL~!). The electrodes were inserted and sealed using quickfits,
connected with the voltage source via crocodile clips and the experiment was then started.

Electrocrystallisation of Bels in liquid NHjs

A dedicated apparatus for the isothermal electrocrystallisation has been developed especially
for the synthesis of beryllium amalgam. This is also presented with more detail in Chapter 4.7.

Vac/Ar

Fig. 3.7: Apparatus for performing the electrolysis of Bels in liquid ammonia.

CAUTION: The greatest danger of the setup is posed by the outage of the cryostat, which in
turn leads to a buildup of high pressure from liquid ammonia. Therefore, the usage of pressure
relief valves (in this setup filled with mercury) is absolutely required. Furthermore, Beryllium

22



and its compounds are regarded as toxic and carcinogenic. Because the biochemical mecha-
nisms that cause beryllium associated diseases are still unknown, special (safety) precautions
are strongly advised.l']

The setup shown in Fig. 3.7 comprises a cooling trap (A) and an electrolysis chamber (B). Via
valve I the cooling trap was evacuated. Prior to synthesis, it was filled with elemental Na inside
the glovebox (approx. 1cm?). Via valve VI the electrolysis chamber was evacuated. It was
loaded with 2.1 ¢ Bel, inside the glovebox, attached to the setup and kept under Ar until the
start of the electrolysis. Afterwards, the rest of the setup was evacuated (< 1x1073 mbar) and
flushed with Ar thrice (Valves IV and VI open, the rest closed). Valve VI was closed, valves I,
II and III opened and the cooling trap A used for drying the NH3 and serving as reservoir was
flushed with NH3. Condensation was started after 5min with the cryostat temperature set to
—65°C. After a sufficient amount (150mL) of cornflower blue electride was visible, NH3 flow
was stopped, valves IIT and V were opened, the temperature of the cryostat for the electrolysis
chamber set to —60°C, while the temperature of the cooling bath A was increased to —35°C.
This enables a distillation of completely dry ammonia. To avoid possible loss of electrolyte
through evaporation/boiling of NHs, a sufficient amount (approx. 50 mL of freshly dried NHj
was kept in the cooling trap. The electrodes were self-made of Cu wire, with an amalgamated
Cu spoon filled with a small amount of elemental Hg attached to the cathode.

After decreasing the temperature of the electrolysis chamber to —37°C to account for evap-
oration through heat generation of the electric current, the experiment was started (terminal
voltage 5V, after 15min 10V). In total, electrolysis was performed over 17h. A formation of a
crystalline, metallic solid was observed at the cathode spoon. The system was carefully allowed
to warm up to RT and the electrolysis chamber evacuated.

Analysis: Via pXRD, the obtained solid was identified as CuyHgg (see Fig. 7.91, p. 168). Fur-
thermore, it was discovered that the Cu originated from the anode, which was replaced with
tungsten for the following experiment.

To inhibit the formation of CuyHgg, the copper cathode was replaced by a tungsten rod (0.75 mm),
which was in turn flame-sealed in a glass tube. Furthermore, an additional Hg pressure release
and a one-way valve was integrated in the apparatus between the valves II and III in order to
allow for parallel condensation of NH3 without interruption of the electrosynthesis. The elec-
trolysis lasted for 44 hours in total, after which the system was slowly warmed up to RT and
evacuated for removal of residual ammonia. A silver-black, crystalline solid was obtained.
Analysis: All attempts for the analysis were unsuccessful. The obtained compound disinte-
grated when ground in an agate mortar, resulting in elemental mercury droplets. Isolation of
single crystals was also not possible, since the crystals rapidly dissolved in either freshly dried
paraffin oil as well as dried perfluorinated paraffin oil.
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3.4.3 A screening strategy to identify promising systems for ternary

amalgams

Combining three elements sometimes
results in the formation of at least one
ternary compound, in other cases, only
binary products are formed. When
at-tempting to study a large number
of ternary systems systematically for
the presence of ternary compounds, a
rapid and easy screening procedure of all
available systems is needed in order to
identify the most promising candidate
systems. The systems which have to
be considered for the systematic studies
on ternary amalgams of the less-noble
metals comprise the 5 alkali (Li-Cs),
5 alkaline earth (Be-Ba) and 16 lan-
thanoid metals (Sc, Y, La—Lu, without
Pm) and their combinations. This re-
sults in 676 ternary amalgam system

B4 Ha — 1 heating

4t .
1" cooling
1 2" heating

2" cooling

DSC [mW/mg]
T

T T ]
400 600 800
Temperature [°C]

T I
0 200

Fig. 3.8: Exemplatory DSC screening measurement in the Sr—
Yb—Hg system. Direct assignment of the DSC signals was pos-
sible for the boiling of Hg, melting of YbHgs and the formation
of Yb11Hgs4. The existence of additional DSC signals indicates

candidates. For many of the respective the formation of ternary phases.

binary systems, amalgam crystal structures or even the phase diagrams are available. This
enables a fast screening by a combination of thermoanalytical and powder X-ray diffraction
experiments.

For the ternary systems, samples with compositions M': M :Hg = 1:1:10 were weighed into
small tantalum ampules and analysed with DSC measurements (see Chapter 3.2.3). The detected
signals were compared to the reported phase diagrams and the samples resulting from the DSC
runs were subsequently analysed with X-ray powder diffraction. The systems which showed DSC
signals not belonging to binary phases and showing unindexed powder patterns were regarded
as prime candidates for subsequent detailed studies of phase formations. As highlighted in
Fig. 3.8, the screening experiments are valuable; this particular example lead to the synthesis
and structural characterisation of the new ternary amalgam Ybio 7Srg3Hgss (cf. Chapter 4.2).
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4.1.1 Abstract

The new ternary amalgam CsNagHgig was synthesised from the elements in an unconventional
low-temperature procedure. It crystallises in an own tetragonal structure type (space group
I4/mmm, a = 7.3054(7) and ¢ = 20.046 A) and combines ionic and metallic bonding contribu-
tions. In the crystal structure, Cs and Na atoms are embedded in a Hg scaffold with highly
covalent Hg-Hg bonding. The alkali metal atoms are coordinated exclusively by Hg atoms in
unusual environments with coordination numbers CN = 24 for Cs and CN = 16 for Na. Polar
amalgams are suitable model systems for studying the parameters influencing the ‘bad metal’
behaviour in polar intermetallic phases. We present structural studies on the basis of powder
and single crystal diffracion data together with measurements of the specific resistivity and
DFT calculations of the electronic structure. For CsNaoHgig, a high specific resistivity can be
observed, but the Ioffe-Regel saturation of the resistivity is much less expressed than in other
polar amalgams.

4.1.2 Introduction

The number of preparative and structural studies on binary amalgams of the less noble metals
is considerable.l? Their structural chemistry is extremely rich, owing to the versatile bonding
characteristics of negatively polarised Hg’~. As Hg has a thermodynamically unfavourable
electron affinity and does for example not form an anion in the gas phase,l’ a Zintl-analogous
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anion Hg™ is unknown, yet a certain negative partial charge can be stabilised in the crystal
lattice. This partial charge increases with the Hg content of the amalgams as the unfavourable
electron density can be better delocalised over a larger number of Hg atoms. A hypothetic Hg™
would have the electron configuration [Xe]4f145d'°6s26p, and for this reason, p—p o interactions
can be expected. Mixing of s and p (and d) states is to a certain extend hampered by spin-orbit
coupling and relativistic effects, which make the structural chemistry of amalgams so unique. A
versatile mixture of metallic, ionic and covalent bonding contributions occurs, depending on the
amount of Hg present in the amalgams, on the quotients of the atomic radii and on the extent of
the electron transfer. In Hg-poor amalgams, isolated Hg atoms occur, but with rising Hg content,
soon Hg-Hg bonding is found. In some amalgams, [Hgy] square groups are present with 90°
interatomic angles as an expression of the abovementioned p—p o bonding situation.[* % Further,
[Hgs] cubes or ladders of [Hgy] squares are known.["® In Hg-rich amalgams, more and more d
participation leads to complex networks, and the [Hgps] icosahedron is one of the predominant
structural motifs. In this case, the close relation of Hg?~ to the electron-deficient p' metals and
their structures becomes evident.

A second frequent structural feature contrasting the covalent Hg—Hg interactions is the ten-
dency of the polar amalgams to form coordination polyhedra of Hg atoms (‘anions’) around the
less noble metal atoms (‘cations’). This, of course, is more pronounced in Hg-rich amalgams for
reasons of stoichiometry, but also in Hg-poor amalgams, the tendency to avoid cation-cation con-
tacts becomes evident. Hg coordinated polyhedra around the electropositive metal atoms vary
depending on the atomic sizes from [MHgs] (e.g. in HgMnll with ryp, /rig = 0.9) to [MHgay]
(e.g. in the title compound CsNagHgig with rcs/rHg = 1.7). As Hg is a medium to small-sized
metal atom (rﬁ‘g“ =150 pm),["") an atomic radii quotient 7/ rig of roughly 1 is a common case.
Therefore, in Hg-rich amalgams, coordination numbers CN of > 12 occur frequently, and (anti-
Jcuboctahedra [MHgis|, icosahedra [M Hgo|, Frank—Kasper polyhedra [MHgi4—16] are common
structural motifs.
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The third structural motif often found in amalgams of less noble metals is the tendency to form
closest sphere packings or structural cut-outs thereof. The large structure family of amalgams
of Ag14Gdsys-related structures shows the tendency toward formation of an hcp lattice very
clearly.['"1? The structures of other amalgams can be rationalised as arrangements of more or
less close-packed nets; others show arrangements of octahedra and tetrahedra as motifs from
closest sphere packings. In all of these cases, the metal atomic radius quotient is close to 1.

These three structural motifs — covalent Hg networks, coordination polyhedra [MHg,,] and vari-
ations of closest sphere packings — often occur at the same time, and it is, to a certain extent,
arbitrary which aspect is emphasised in the respective structural description. A structural dis-
cussion focussing on ionic polarity and electron transfer from the less noble metal on Hg may
utilise the more ‘ionic picture’ of coordination polyhedra while a more ‘intermetallic picture’
may focus on the sphere packing aspects. Emphasising the electronic configuration of the Hg
atoms may afford for the ‘covalent picture’, highlighting the Hg network with Hg—Hg bonding.
In many cases, all three aspects are shown for a given amalgam structure.

In contrast to the manifold studies on binary amalgams, knowledge on ternary amalgams is
scarce. The only examples for ternary amalgams containing two less noble metals simultaneously
are NaKggHg4g,[13] LigMgHg,ml LigCai7Hgg, LigSri7Hgg and LiGYb17Hg9.[15] Other amalgams
with participation of transition metals next to less noble metals also are known. All structurally
characterised ternary amalgams with participation of at least one less noble metal are compiled
in Table 4.1.
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Table 4.1: Ternary amalgams described in the literature containing at least one less noble (= alkali, alkaline
earth or lanthanoid) metal. Data are compiled from Pearson’s Crystal Data.[']

Phase space group struct. type Lit. [ Phase space group struct. type Lit.
Ternary amalgams with alkali metals
LioMgHg Fm3m CuzMnAl [14] KAsHg P63/mmc BeZrSi [17]
LioGeHg Fm3m CuzaMnAl [18] KSbHg P63 /mmc BeZrSi [17]
LigCaj7Hgo Im3m own [15] KC4Hg Fddd own [19]
LigSri17Hgg Im3m LigCaji7Hgg [15} K4Geo1.3Hg1 .7 Pm3n NaySizg [20]
LigYbi7Hgo Im3m LigCaj7Hgo [15] K4Ge21.4Hg1 6 Pm3n NaySios [20]
LiTlo 5 Hgo 5 Pm3m CsCl [21] | KiSnyiHgo Pm3n NaSias [22]
NaoSnHg F43m Lio AgSb [23] KgInioHg P63/m own [24]
NazPbHg Fi3m LizAgSb [23] RbyGeo1.3Hg .7 Pm3n NaySias [20]
NasSng gHgo.4 Pbcn own [25] Rb4Ge21 . 5Hgi 5 Pm3n NaySizg [20]
NaTlo.5Hgo.5 Fd3m NaTl [26] Rb4Sng; Hgo Pm3n NaySios [22]
Nag.1CeoHgo 2 Pa3 own [27] Cs4Sna; Hgo Pm3n NaySizz [22]
NazCgoHgo.2 Pa3 NagRbCgo [27]
NaKaogHgas Pm3n own [13]
Ternary amalgams with alkaline earth metals
MgLisHg Fm3m CusMnAl [14] BaGag.gHgs .2 Cmem own [28]
Mg21 GasHgs I41/a PtgAloy [29] BaGaj oHgo.1 141 /amd own [28]
MgaAug.5Hgo.5 Pnma CosSi [30] Ba3zGag.oHgio.8 Pmmn BaszZnHg1o [28]
MgAug.67Hgo.33 Pm3m CsCl1 [30] Baln; 1Hgo.9 Imma KHgo [31]
Mgz Aug.7Hgo.3 P63 /mmc NagAs [30] Baln; 7Hg2.3 I4/mmm BaAly [28]
Caj7LigHgo Im3m own [15] Balng gHgsg 2 Pm3m BaHgi1 [32]
CaSng.7Hg1 3 P6/mmm UHgo [33] Balnj oHgg s Pnma BaHgg [34]
BaHgSn P63mc LiGaGe [33] Balns.1Hgs.g Cmmm own [32]
CaPbHg P63 /mmc BeZrSi [33] BasInHgg Immm LagAljq [28]
CasZny sHgy 5 P43m CugAly [35] BaTlzHgo P4y /mnm own [36] [a] =
CaysCuq.5Hgy 5 P43m CugAly [%5} BaTl3 2oHgo.s CQl/m Eulny [36] E 9
CagAuq.sHgy 5 P43m CugAly [35] BasGejgHgy Pm3n NaySizg [37] 17, &
SrSnHg P63mc LiGaGe [33] BaSnHg P63 /mme BeZrSi [33] E S
SrPbHg P63mc LiGaGe [33] BaPbHg Imma KHga [33] = Z
SrTlxHgo P4s /'r_nnm BaTlaHgo [36] BazZnHgio Pmmn own [38] g:-l (=)
SI‘17LiGHg9 Im3m Ca17Li6Hg9 [15] BaZno,ng3,4 143d own [38]
SrzInio.3Hgo.7 Immm LaszAlj; [39] BagpZnsHgg F43m own [40]
Srlng 4Hgo 6 C2/m Eulng [39] BazCdHgo Immm LagAljq [28]
Srlng 3Hgo 7 C2/m Eulng [39] BagoCd4Hgyg F43m own [40]
Srlng 9Hgs o C2/m Eulng [39]
Srlng 3Hg1 .8 C2/m Sriny oHgi .3 [39]
Srlng oHgi .0 I4/mmm CeAlsGag [39]
SI‘IHQ‘gHgl.Q I4/mmm CeAlzGag [39}
SrIngoHgo I4/mmm CeAloGasg [39]
Ternary amalgams with lanthanoid metals

CePdHg P62m ZrNiAl [41] EuSnHg P63mc LiGaGe [33]
PrPdHg P62m ZrNiAl [41] EuPbHg P63mc LiGaGe [33]
PrgFeisHg I4/mem PrgFe13Ge [42] GdPdHg P62m ZrNiAl [41]
NdgFei3Hg I4/mem PrgFe13Ge [42] YbSnHg P63mc LiGaGe [33]
SmPdHg P62m ZrNiAl [41] YbPbHg P63 /mmc BeZrSi [33]

Ybi7LigHgo Im3m LigCaj7Hgg [15]

Ternary amalgams are only reported in the Hg-poor region M :Hg < 1:2.5. The Hg-richest
phases have the composition A3BHg;g. For the abovementioned reasons, we attempt, for the
first time, a systematic study on ternary Hg-rich amalgams of less noble metals. As Hg shows
high reactivity towards a large number of metallic elements, the outcome of a study designated
to ternary amalgams can be expected to be rich. CsNasHgig is an example for a ternary
amalgam with high ionic bonding contributions, and it adopts a new structure type with an

unprecendented Hg network.
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4.1.3 Results and Discussion

Crystal Structure of CsNazHg;g

The first single crystals of CsNasHgg were observed in a sample with the initial weighed ratio
of Cs:Na=1:1 and a large Hg surplus. The new amalgam was found with CssHgyy as only
impurity. An optimised synthesis yielded phase-pure material (see Fig. 4.7), details are given in

section 4.1.4 (p. 36).

CsNagHgg crystallises in a new structure
type with tetragonal symmetry in space group
I4/mmm. Its crystal structure is built from
one Cs, one Na and three crystallographically
independent Hg positions. For basic crystal-
lographic data and for details on data col-
lection and handling see Table 4.2 (right).
The structure of this new Hg-rich amalgam
can be described with several different con-
cepts, which is a common finding for Hg-rich
amalgamsl' *%*7 and reflects the interplay of
metallic and ionic bonding on the structural
level.

A more ionic structural picture results from
the description of the crystal structure us-
ing coordination polyhedra of the ‘anionic’
Hg atoms around the ‘cations’ Csl and Nal
(for fractional atomic coordinates, site sym-
metries and isotropic thermal displacement
parameters see Table 4.3, anisotropic displace-
ment parameters are compiled in Table 4.4).
This representation of the crystal structure
of CsNagHgig is shown in Fig. 4.1, center
and right. The next neighbouring atoms of
both Csl and Nal are only Hg atoms with a
clear separation of the interatomic distances
(see Table 4.5) from the next shell of atoms.
For the large atom Csl a 24-vertex polyhe-
dron [CsHga4] with site symmetry 4/mmm is
found. It is a rhombicuboctahedron consisting

Table 4.2: Crystallographic data and details on single
crystal data collection, structure solution and refinement
for CsNaxHgis. Data collection was performed at room
temperature. All standard deviations are given in paren-

theses in units of the last digit.

Composition

Crystal system

Space group

Lattice parameters a, ¢ [A]
V [A3]

Z

Density (X-ray) [g-cm™3]
Diffractometer

Absorption coeff. p [mm~1]
9 range [°]

Index range

No. of collected refl.

No. of independent refl.

No. of indep. refl. (I > 20([))
Rint

Rs

F(000)

Corrections

Absorption correction

Structure solution
Structure refinement

No. of L.S. parameters
GooF
R values (I > 20(I))

R values (all data)
Res. p(e™) min/max [e~ A—3]

Extinction coefficient
CCDC deposition No.

CsNagHgig
tetragonal
I4/mmm, No. 139
7.3054(7), 20.046(3)
1069.8(3)

2

11.76

STOE IPDS 1
AgK, radiation,

A = 0.56086 A

71.24

2.34 - 26.24
—9<h, k<9,

—27 <1< 27

5786

448

363

0.1694

0.0571

3034

Lorentz, polarisation,
absorption effects
numerical, indexed
crystal faces [43, 44]
direct methods [45]
full-matrix least-squares

on F? [45]

21

1.015

R1 =0.0325,
wR2 = 0.0649
R1 = 0.0453,
wR2 = 0.0679
—3.108 / +2.331
0.0029(2)
2031829

of 18 square and 8 triangular faces. The point symmetry of the ideal Archimedean polyhedron
would be m3m, however, the tetragonal distortion in this crystal structure is quite small, see
Fig. 4.1, top right. All Hg-Hg distances range between 2.844(1) and 3.062(1) A and are well
in the range of Hg-Hg distances observed in other Hg-rich amalgams. The Cs—Hg interatomic
distances are rather large in comparison with those found for other Cs amalgams (see Fig. 4.4),
which can be attributed to the unusually large coordination number.
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Fig. 4.1: Crystal structure of CsNasHgis. Center: unit cell with polyhedra representation for Csl and Nal.
Hg: grey, Cs: blue, Na: orange. Polyhedra around Csl are drawn in light blue, polyhedra around Nal in orange.
The crystallographic ¢ axis points upwards, the unit cell is marked in red. For all atoms ellipsoids are shown on a
99% probability level. Left: Net representation with net A (Cs atoms) at z = 0, net B (Hgl atoms) at z =~ 0.07,
net C (Hg2 atoms) at z &~ 0.17, net D (Na atoms) at z ~ 0.20 and net E (Hg3 atoms) at z = 1/4. The stacking
sequence marked next to the unit cell is coded with nets X and X’ being related by rotation around the c axis
by 45°, X and X* related by the body centering and X and X related by the horizontal mirror plane at height
z = 1/2. Right: coordination polyhedra around Csl (top) and around Nal (bottom).

Table 4.3: Standardised fractional atomic coordinates!*®! and equivalent isotropic displacement parameters [Az]

for CsNagHgs as a result from single crystal structure refinement. The equivalent isotropic displacement param-
eter is defined as 1/3 of the trace of the anisotropic displacement tensor. All standard deviations are given in
parentheses in units of the last digit.

Wyckoff Site
Atom Letter Symmetry y Z Uequiv
Csl 2a 4/mmm 0 0 0 0.0325(6)
Nal de dmm 0 0 0.3002(7) 0.033(3)
Hgl 16n m. 0 0.29638(11)  0.42906(3)  0.0405(3)
Hg?2 16m m 0.20003(6) 0.17161(4)  0.0380(3)
Hg3 4d Am?2 0 1/2 1/4 0.0409(4)

31

2
z
<
"
5
=}
wn
w
(24

2
=
n
7]
o)
O
0
(a]




(=]
2
<
7
5
2
7]
w
@

4
=
0
7]
)
19
@
o

Fig. 4.2: Polyhedra for coordination number 24: (a) truncated hexagonal trapezohedron occuring in clathrates
of type I, (b) snub cube as found in the NaZnis structure type, (¢) rhombicuboctahedron in CsNasHgis, (d)
intermediate step between (b and c) as observed in the crystal structure of CsInis.

The coordination number 24 and the rhombicuboctahedron as coordination polyhedron are
quite rare in structural chemistry. Pearson’s Crystal Data Basel'") lists 2299 entries for crystal
structures in which at least one atomic site has CN = 24. The largest number corresponds to
structures with partial occupied atomic positions, such as CaFa- or a-Agl-related structures,
where unreasonably short distances between atoms occur. In structures with fully occupied
[ABs4] coordination spheres two major groups can be distinguished: 468 of them belonging to
the group of clathrates Type I containing truncated hexagonal trapezohedra [NaSia4], and 125
entries are phases crystallising in the NaZni3 structure type where the Na position atoms are
coordinated in snub cubes [NaZngs]. These two polyhedra are shown in Fig. 4.2 and are the
most prominent for atoms having coordination number 24. The rhombicuboctahedron has (to
our knowledge) not been observed yet. However, rotation of the square faces of a snub cube by
28.7° results in a rhombicuboctahedron, and an intermediate polyhedron with a rotation of only
8.7° was already found in CSInlg.[49]

()

Fig. 4.3: Polyhedra for coordination number 16: (a) Frank-Kasper-type polyhedron (fourcapped truncated
tetrahedron) as found in e.g. MgCus-type structures, (b) fourcapped hexagonal prism, realised in many AlBo-
type structures, (c) snub square aniprism in CsNasHg;s.

The [NaHg6] coordination polyhedron shown in Fig. 4.1 on the lower right can be described as
a snub square antiprism (Johnson solid No. Jgs). Its ideal point symmetry (Dyq) is reduced to
Cyy, = 4mm. The Hg-Hg distances in this polyhedron are well within the range of commonly
observed interatomic distances within Hg-rich amalgams. The Na—Hg interatomic distances are
well in agreement with those found in other Na amalgams, see Fig. 4.4. Here again, the coordi-
nation polyhedron is an uncommon one: for coordination number 16 (8644 entries in Pearson’s
Crystal Data Base) there are several polyhedra, see Fig. 4.3. The by far most frequent one
with 7005 entries is the 16-vertex Frank-Kasper polyhedron (fourcapped truncated tetrahedron)

32



Phase dpin doax CN Ref. g

in pm

Na_Hg Na—He 320 340 360 380 400 420 Compounds
a-NazHg 313 354 9-11 [50]
NagHgs 315 343 11-13 [51] RN
NasHgo 313 338 12-14 [6] NagHgs
NaHg 315 338 12-14 8] NasHg,
NaHg, 332 332 14 [6] NaHg
S-NazHg 332 384 14 [50] I NaHg,
NaiiHgso 315 376 14-16 [11] B-Natg
CSNazHglg 315 379 16 Nay,Hg s,

, ] CshaHgyg

Phase dgi y o dZ®y o CN Ref. I — | | Ha,
CsHga 374 404 12 [52] ‘ | — Hg
CsHg 382 423 15-16 [5] M Mo
CssHgio 368 415 17-18 [53] | - Ho
CszHgao 386 407 20 [53] || SH *
CsoHgar 375 408 20 [54] - i
CSNa2Hg18 401 419 24 1 | 1 1 | 1 1 | 1 1 1L SEET

Fig. 4.4: Na-Hg and Cs-Hg interatomic distances (in pm) and coordination numbers vs. Hg in CsNazHgis in
comparison to those found in literature for binary Na and Cs amalgams.

which occurs e.g. in the MgCus-type structures, followed by a fourcapped hexagonal prism oc-
curing in AlBs-related structures. The snub square antiprism observed here seems to be a rather
exotic solution for the realisation of coordination number 16, see Fig. 4.3. The cation topology
can be described in a packing with a defect-ThCrsSis topology in the sense of Th[d,Sis.

An alternative visualisation of the crystal structure of CsNasHg1g is a net representation. This
type of structure description is common for Frank—Kasper phases. The crystal structure can
be subdivided in perfectly flat nets perpendicular to the tetragonal ¢ axis of the unit cell. To
construct the whole crystal structure, five nets are necessary (see Fig. 4.1). At height z =0
as square planar net from Cs atoms on (0,0,0) is located, followed on both sides by net type
B, yielding a 4.8.8 pattern of squares and octagons of Hg(1) atoms at height z ~ 0.07. Two of
these nets form a Cs-centered octagonal prism and a set of empty [Hgg] cubes. Net type C is
located at height z &~ 0.17 and consists only of Hg(2) atoms forming a net of large and small
squares with rectangles between them. The small squares augment the Cs-centered octagonal
prisms to rhombicuboctahedra, while the large squares form the bases of the [NaHgig] snub
square antiprisms. Net type D consists only of Na(1l) atoms forming a square net at height
2z~ 0.20. Net type E consists of Hg(2) and Hg(3) atoms in a square arrangement at height
z = 1/4. Stacking of the five simple net types (taking rotations and inversions into account) is
realised in a complex periodicity given in Fig. 4.1.

Emphasising the covalent nature of the Hg sublattice would lead to a structural description in
analogy of other 3D networks such as clathrates, zeolites or MOFs. The 3D network topology of
the Hg atoms only can be analysed with e.g. the software package ToposPro.[”! The connection
pattern of the Hg network in CsNaoHgs yields a new 3D network topology with the point
symbol {32.47.5614{35.48.58}4{3% 412 58}.

Table 4.4: Coefficients of the anisotropic displacement tensor [AQ] for CsNagHgis. Uij; is defined as U;; =
e:cp—27r2[U11(ha*)2 + ... + 2U21hka*b*]. All standard deviations are given in parentheses in units of the last
digit.

Atom Ui Usa Uss Uss Uis Uiz
Csl 0.0322(3) — Un, 0.0331(13) 0 0 0
Nal 0.030(4) - U, 0.038(7) 0 0 0

continued on the next page
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Atom Ui Uaa Uss Uas Uis Uiz
Hel 0.0365(4) 0.0479(4) 0.0370(4) —0.0032(3) 0 0
Hg?2 0.0337(3) = Up, 0.0465(4) 0.0047(2) = Uy ~0.0018(2)
He3 0.0397(5) —Un 0.0432(7) 0 0 0

Table 4.5: Selected interatomic distances (and their frequencies) in CsNasHgis in A. All standard deviations
are given in parentheses in units of the last digit. The Hg—Hg bond labels are the same as in Fig. 4.1.

Atom 1 Atom 2 Distance Label | Atom 1 Atom 2 Distance Label
Csl Hg2 1.0132(9) (8%) Hg2 Hg2 2.9226(10) (2x) 1
Hgl 4.1925(5) (16x) Hgl 2.9792(8) (2x)  1I
Nal Hg2 3.150(3) (4x) Hg3 3.0670(5) (2x) VI
Hg2 3.304(11) (4x) Nal 3.150(3) (1x)
Hgl 3.370(11) (4x) Nal 3.304(11) (1x)
Hg3 3.789(4) (4x) Hg2 3.3079(15) (1x)
Hgl Hgl 2.8443(14) (1x) V Csl 4.0132(9) (1x)
Hgl 2.9759(16) (1x) IV Hg3 Hg2 3.0670(5) (8x) VI
Hg2 2.9792(8) (2x)  1I Nal 3.789(4) (4x)
Hgl 3.0621(12) (2x) III Hgl 3.8854(9) (4x) VI
Nal 3.370(11) (1x)
Csl 4.1925(5) (2x)
Chemical bonding in CsNasHg;g
From DFT calculations, information on po- 15 |
larity of the bonding inside amalgams in the 1 E———vrery AW
) . . . E — pDOSCs*8 | INy !
sense of high Coulombic contributions to the |  ppOSNa‘4 | | \/\[f/v
metallic bonding cannot directly be derived, 1 T Pbosie| ! M
however, there exist several typical indications g '] pDOS Hg3 * 4| | | \/\ﬁ

for a disturbance of the conduction electrons
by strong local electric fields caused by ionic
bonding contributions. The DOS and pDOS
plots are shown in Fig. 4.5 (right). The in-
dividual pDOS curves are multiplied with a
factor taking into account their respective site
multiplicities.

At the Fermi level, the density of states has
a pronounced local minimum, yet it is non-
zero. This is one of the characteristic features
of a metal with relatively low charge carrier
concentration. The partial densities of states
for the alkali metals also is non-zero, however,

| !

Density of States

Energy / eV

Fig. 4.5: Density of states (DOS) and partial density
of states (pDOS) curves for CsNasHg1s and the individ-
ual atomic sites therein. The Fermi energy is marked as
dashed vertical line. The region +1 eV around the Fermi
energy is magnified in the inset.

with a pronounced minimum at the Fermi level. This can be interpreted as partial electron
transfer, resulting in partially positively charged atoms in the sense of Csot(Na’t)y[Hgis]0™.
As the local minima in the pDOS of Na and Cs are not very pronounced, one can assume ¢,
the overall polarity, to not be very large. The respective partial negative charge is distributed
rather evenly over all atomic sites of the Hg lattice, according to the calculated Bader charges
(see Table 4.6). The differences in charge distribution (Hg3 has a slightly lower partial charge
than Hgl and Hg2) may be the result of longer Hg3-Na contacts (see Table 4.5).
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Fig. 4.6: Specific resistivity of CsNagsHg1s (green) versus
temperature, in comparison to the specific resistivities of

The electron density on the bond critical
points is very low for the Hg—-Na and Hg—Cs
contacts and significantly higher for the Hg—
Hg contacts, indicating ionic Hg—alkali metal
and covalent Hg—Hg interactions. The rather
uniform electron density distribution amongst
Hg atoms can be seen not only in the Bader
charges but also in the very similar pDOS
curves in the region around Ep for all three
crystallographically different Hg sites. An-
other typical feature in the DOS curves of Hg-
rich amalgams with high polarity is the broad
range of energy over which d, s and p-states
are spread. This mixing is common for sys-
tems with predominantly covalent Hg-Hg in-

pure mercury (red) and KHgs (blue).
teractions.

The specific resistivity of CsNasHg1g is shown in Fig. 4.6 and reflects the macroscopic aspects of
the electronic situation. The ‘bad metal’ behaviour,”’ consisting of high specific resistivity with
steep temperature dependence is present. However, a typical deviation from linear temperature
dependence and a a low Ioffe-Regel limitl’” cannot be discerned up to room temperature. For
comparison, the specific resistivities of elemental Hg and the amalgam KHgg [46] with equal A : Hg
ratio are shown. From the band structure calculations, a relatively small polarity was seen, and
the lower extent of ‘bad metal’ behaviour visible in the specific resistivity plot corroborates
this finding. From direct comparison it can be assumed that parameters additional to the Hg
content of an amalgam contribute to the macroscopic physical behaviour, such as e.g. phononic
contributions, structural complexity or defects.

Table 4.6: Details of the calculation of the electronic structure of CsaNaHg1s together with Bader charges and
bond critical points. The Hg—-Hg bond labels are the same as in Fig. 4.1.

Calculation details

Rmt (all atoms)

132.3pm (2.5a.u.)

Rmt : Kma,z 8.0
k-points/BZ 1000
k-points/IBZ 99
Monkhorst-Pack grid 10 x 10 x 10
Bader charges

Na +0.819

Cs +0.763

Hgl —0.113

Hg2 —0.169

Hg3 —0.074

Bond critical points

peop (e A—3) Bond dist. (A) label
0.0312 Cs-Hgl 4.1925(5)
0.0395 Cs-Hg2 4.0132(9)
0.0581 Na-Hg2 3.150(3)
0.0488 Na-Hg2 3.304(11)
0.3041 Hgl-Hgl 2.8443(14) \%
0.2414 Hgl-Hgl 2.9759(16) v
0.2429 Hgl-Hg2 2.9792(8) II
0.2081 Hgl-Hgl 3.0621(12) 11
0.2670 Hg2-Hg2 2.9226(10) I
0.2061 Hg2-Hg3 3.0670(5) VI
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4.1.4 Materials and Methods

Synthesis

Due to the high sensitivity of the alkali metals and also the reaction products, all experiments
were carried out under inert gas conditions, either inside an argon-filled glove box (p(H20)
and p(O32) < 0.1 ppm) or with the use of a Schlenk apparatus (vacuum/argon). Prior to the
preparation of the amalgams, mercury was cleaned by filtration, subsequent stirring in half-
concentrated HNOj3 to dissolve incorporated less noble metallic impurities and organic adhesions,
and then distilled twice in vacuum.

For the synthesis of CsNasHg1g, metallic sodium (distilled twice, MPI FKF Stuttgart, Germany)
and cesium (donated by Kriminalpolizei Heilbronn, Germany) were mixed with elemental mer-
cury and heated in glass tubes. First single crystals were taken from a sample containing
975.0mg (7.3 mmol) Cs, 162.0mg (7.0 mmol) Na and 11.79 g (58.8 mmol) Hg which were mixed
under ice cooling in a Schlenk tube. The reaction of the alkali metals with elemental Hg is very
exothermic. The mixture was heated with an hot air gun to 300 °C until a homogeneous melt
was obtained and cooled slowly to room temperature. The mass was crushed and a powder
diffraction pattern showed the presence of CssHgog together with NaHgo as only impurities.
This powder was subsequently mixed with additional 5g (49.9mmol) of Hg and the mixture
tempered at 105 °C for 5 months. Afterwards, surplus Hg was filtered off with a frit under argon
atmosphere. The solid contained well-crystallised cuboid specimens of CsNasHg;s.

In a second synthesis attempt, a stoichiometric mixture of the elements, heated to 300°C,
quenched on ice and tempered at 105°C for 2 weeks, yielded CsNasHgis as the main phase,
containing 6.3 at.-% of CszHgao.

In an optimised synthesis, 217.3 mg (9.45 mmol) Na and 624.4 mg (4.70 mmol) Cs were mixed in
a Schlenk tube and cooled to —78°C with a dry ice cooling bath. The stoichiometric amount
of 17.071 g (85.1 mmol) Hg was added slowly and dropwise. The mixture was allowed to thaw
together with the cooling bath to room temperature over night. The resulting product showed no
impurity lines in the powder diagrams. After synthesis, the sample containers were transferred
to a glove box and small portions of the air- and moisture- sensitive samples were brought to air
under potassium-dried paraffin oil for optical inspection and crystal preparation for diffraction
experiments.

Powder diffractometry

For powder diffraction experiments, 100
representative parts of the product of 0 [ e

an optimised synthesis were ground in U [ —

an agate mortar inside an argon-filled 70 2 e - P
glove box. In order to obtain fine pow- ol | (B;Z;l(’illfr:{);nd
der from the slightly ductile sample, I diamond
diamond powder (Sigma Aldrich, syn-

thetic monocrystalline powder, < 1 um,

dried by heating in vacuum) was added
in an approximate volume ratio of
amalgam : diamond = 1:20. The pow-
der then was melt-sealed in thin- U0 U0 0 1

walled glass capillaries (Spezialglas No. AR LA R RALAN LA AR RARAAR AR AN AARE

: 10 20 30 40 50
10, Hilgenberg, Malsfeld, Germany, Diffraction angle 26 (Mo-K,,,) [°]

9= 0.5mn}) and mounted ar.ld cer}tered Fig. 4.7: Rietveld refinement on a sample of phase-pure
on the goniometer of a Stadi P diffrac- CsNagHg;s, diluted with diamond powder. For details on the
tometer system (Stoe & Cie, Darm- refinement, see Table 4.7.

stadt, Germany, equipped with Mo-K,; radiation, curved Ge monochromator and a MYTHEN

Relative Intensity [%]
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2K strip detector, Dectris, Baden-Dattwil, Switzerland). Data collection was performed in
parafocusing Debye—Scherrer geometry. Multiple ranges were collected successively and added
afterwards in order to optimise the signal-to-noise ratio. The powder diffraction pattern was
used for a Rietveld refinement; see Fig. 4.7 and Table 4.7. Therefinement was performed with
the program package Topas,”™ taking the single crystal structure model as the starting value.
The background was modeled by a shifted Chebyshev function with 20 parameters; the profiles
were modeled based on instrument and sample parameters (fundamental parameter approach).

Single crystal diffractometry

Crystals of CsNagHgg were found as cuboids Table 4.7: Crystallographic data and details on a
with a metallic luster. Suitable specimens Rietveld refinement of a phase-pure sample of CsNayHgs

| d d bi 1 q led as a result of an optimised synthesis. For a graphical rep-
were selected under a binocular and sealed yogentation of the refinement, see Fig. 4.7. Refinement

in glass capillaries (@ = 0.2mm) filled with was performed with the Topas suite.”*) Below: refined

paraffin oil dried over potassium sand prior fractional coordinates. In order to reach full convergence,

to use. The capillaries were mounted and all atoms were refined with identical values for B, of
. . 2.39(9) pm?. Standard deviations are given in units of

centered on the one-circle goniometer of an ) " o5 gits in parentheses.

IPDS1 diffractometer system (Stoe & Cie,

Lo . Crystal system tetragonal

Darmstadt, Germany, Ag-K, radiation) in space group 14/mmm, No. 139
a general orientation. This was checked by Latgge parameters a, ¢ [A] 7.3169(3), 20.058(1)
. . . . . 1% 1073.9(1
evaluating the orientation matrix obtained Z[ ] (%
from the indexing of 25 orientation frames Calc. density [g-cm™3) 11.719(1)
and eventually twisting the crystal orienta- g&i‘iﬁ“;n[{f]vavelength [A] Mo-Kal, 0'7003?;

v/ .
tion with the angular slides of the goniome- Data points 3600
ter head. Data collection in ¢ mode was per- giftfrastometer Decta SI\ZIF\??H%;%E
. etector ectris

formed for the accessible part of at least one-  gample geometry capillary (2 = 0.5 mmm)
half of the Ewald sphere (¢mqz = 200°). Af- 0 range [°] 1.0-28.0
ter dat Necti dL t d lari Refined parameters 35
ér data collection an orentz and polarisa- Background function shifted Chebyshev
tion correction, the crystal shape was mea- Background parameters 20
sured, and the faces indexed. The shape Feak shape function fundamental

parameter approach

was optimised on the basis of the intensity rp [%] 1.521
distribution,*’] and a numerical absorption Ewp [%] 2.020

. ) . 4] Bre (%] 1.220
correction was performed on this basis.[*4] Rbragg [%] 1.557
The result was compared to absorption cor- GooF on x? 1.656
rections performed by other algorithms (semi- Atom =z y z
empirical on the basis of multiple recorded re- cs1 0 0 0
flections or numerical on the basis of uncor- Nal 0 0 0.309(3)
rected crystal faces[sg’(m). The high absorp- gg; 8_1987(3) 2'2956(5) 8:41133(1)%
tion coefficients, even in Ag-K, radiation, af- Hg3 0 1/2 1/4

fords meticulous checks on data collection pa-

rameters as well as the outcome of the absorption correction processes. However, data quality
is often hampered, as becomes visible from the unusual ratio of R1 and wR2 or high values for
Rint and R, see Table 4.2. This is often the case when dealing with sensitive amalgam crystals
due to a superficial thin coating of the crystals with a film of liquid mercury. This film is either
the result of decomposition or is a consequence of the synthesis from a mixture with excess
Hg that cannot be separated entirely from the temperature-sensitive crystals by distillation or
centrifugation. Taking this highly absorbing but diffusely diffracting liquid Hg film into account
during absorption correction is only possible to a certain, sometimes unsatisfactory, degree.
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DFT calculations

Based on the crystal structure DFT calculations of the electronic structure, Bader charges(®!! of
the atomic positions were performed with the Wien2K package.[ﬁz} The full-potential linear aug-
mented plane wave FP-LAPW was used, based on the exchange and correlation functional with
generalised gradient approximation (GGA—PBE).[“] Muffin-tin radii were assumed to 132.3 pm
(2.5 a.u.) and the number of basis functions was calculated by the value of Ry - Kpazr = 8.0,
with Kuez as the largest k vector. Cutoff energies used were EP = 196¢eV (potential) and
EYf = 139eV (interstitial PW).

max

4.1.5 Conclusion

Ternary amalgams containing two different electropositive metals can belong to three basic types:
(1) They can form solid solutions A;_, B,Hg,, in the case that there are two isostructural binary
amalgams AHg, and BHg,. This has been observed for K;_,Rb,Hgy; or for Rbg_ICstggo.[M]
(2) They can form ternary ordering variants of binary structure types, which has been ob-
served with amalgams belonging to the Gdi4Ags; structure family, such as Ybig5SrgsHgss or
CasBEugHgs;.[%) (3) Finally, fully new structure types can emerge, as is shown here in the case
of CsNagHg1s. From the current state of our systematic studies on ternary amalgams, we see
that this is by far the rarest of the three cases. All ternary amalgams show typical structural
features and physical properties of polar intermetallic phases, as are already found for the bi-
nary amalgams. Enlarging the number of individual amalgam phases by transitioning from
binary to ternary amalgams allows for comparative studies and for the identification of com-
mon parameters influencing the extent of ‘bad metal’ behaviour. In the future, this knowledge
may be transferred from the model system of amalgams to further polar intermetallics in or-
der to deliberately tailor physical properties crucial for thermoelectric, catalytic, electronic or
magnetic applications.
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4.2.1 Abstract

In intermetallic chemistry, the Ag14Gdsy
structure type is rather common and
has many amalgam representatives. Up
to today, binary amalgams of this type
have been described for M = Na, Ca, Sr,
Eu, Yb, and the structure family still
is growing. Ybj1Hgs4 is the only rep-
resentative with a fully ordered crystal
structure, and all other representatives
exhibit individual disorder phenomena or patterns. The diversity of disorder phenomena in this
structural family is unique. In order to shed a light on the underlying reasons for this unex-
pected structural complexity, we compare the available literature structure models with three
new ternary variants, Ybig7Sro3Hgss, CagsEussHgss and CaggNay 1Hgss (all in space group
type P6, a = 13.5811(11), 13.5406(8) and 13.564(5) A, ¢ = 9.7948(12), 9.7149 and 9.810(7) A
for Yby0.7Sro.3Hgs4, CaysEugsHgss and CaggNay1Hgsy, respectively). Their crystal structures
have been examined in detail on the basis of both single crystal and powder X-ray diffraction
data. Each of the three new amalgams exhibits its own set of disorder phenomena that is again
different from those of the respective binary variants.

The synopsis of the crystal structures and their individual disorder phenomena indicates that
the reason for the disorder phenomena cannot be found only by analyzing geometric details such
as atomic radii quotients or coordination polyhedral volumina, and additional electronic reasons
must be assumed.

4.2.2 Introduction

The combination of strong local Coulomb fields caused by a considerable but incomplete electron
transfer from a less electronegative to a more electronegative component together with overall
metallic behaviour is indicative for polar imtermetallics and results in combination of physical
properties interesting for e.g. thermoelectric materials. Due to the complicated bonding situa-
tion, the structural diversity of amalgams of the less-noble metals is extremely rich. They serve
as model systems for investigation of the polar metallic bond, Due to the unfavourable electron
affinity of Hg,[! the electron transfer in all amalgams of less electronegative metals is incomplete,
and the resulting negative partial charge will be delocalized over the existing Hg network. The
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ability to delocalize the partial charges increases with the size of the Hg sublattice, which in
turn is dependent on the Hg content. Therefore, Hg-rich amalgams serve as ideal candidates for
the investigation of polar metals with especially large ionic contributions. Among them, a large
number with compositions close to M Hg.5 have been reported. They belong to the Gdi4Agsi
structure family, together with a large number of other, Hg-free intermetallic compounds (see
Table 4.8). The amalgams have a common basic structure, but each compound shows distinct
disorder or superstructure patterns. The only representative of the less-noble amalgams in this
structure family without any disorder is Ybqu54.[2} While the precise structural elucidation has
been made easier by modern X-ray methods, the reasons for these disorder phenomena are still
unclear. We have synthesized ternary amalgam structures with two different less electronegative
metals and analyzed their crystal structures. Increasing the number of individual representatives
helps in discerning patterns and trends and to identify parameters which are responsible for the
realisation of the different individual disorder phenomena. By choosing the right combination
of two different less electronegative metals, a differentiation between electronic and geometric
effects can succeed.

Table 4.8: List of known compounds belonging to the GdisAgs: structure family. Data are compiled from
Pearson’s Crystal Data.l’]

Compound Lit. Compound Lit. ‘ Compound Lit. Compound Lit.
Binary variants

Dy14Ag51 [4] EI‘14Ag51 [5] Gd14Ag51 [5} H014Ag51 [5]
LaisAgs (5] Ndi4Ags1 [6] | PriaAgs: [6] Puisi Ags: [7]
Smi4Ags1 [5] Tb14Ags1 [4] | YiaAgsia [5] Cui4Ausy [5]
Gd14AU.51 [8] H014AU51 [8] La14Au51 [6} Nd14AL151 [()]
PI‘14A1151 [6] Pu14Au51 [()] Sm14Au51 [8} Tb14AU51 [8]
Th14Au51 [10] U14A1151 [11] Ca14Cd51 [12] Eu14Cd51 [13]
Yb14Cd51 [15] Hf14CU51 [14] Th14CU51 [15] Y14CU53 [1()]
Zr14Cus1 []4] Ca1o,9Hg54,1 [] 7] Eulng55 ['l 8] Nalng52 [],9]
Sri0.5Hgs4.5 [17] Ybi1Hgsa [2

Ternary variants

Er14AgsSns [20] Gdi4Agss.4Gaiae [21] | ThbisaAgs2.3Gars [22] Gdi3.5A849.25n2.3 [23]
LaisAgag sMga.o [24] Lai0.1Sn3.9Ags51 [25] | PrisAga7.sSns.o [26] Cai4AugsSns [27]
Ui4Aus2Cug [28] Er14Auss. 1 Gaie.g [29] TmisAuszs.4Gaie.s [29] PrisAusz.5Sns.5 [30]
Dy14Cu44_5Ga6.5 [31] Gd14 CU4gGa3 [32] H014 CU44_5G3.6,5 [33] LU14CU41 Gam [34]
SC14CU37G&14 [35] Sm14 Cu46Ga5 [36] Tb14 Cu4gGa3 [32] Y14CU44A5Ga6A5 [37]
Y11.77Z12.3Cus: [38]

4.2.3 Experimental

Synthesis

Considering the high sensitivity of the starting materials and the reaction products, all exper-
iments were performed under inert gas conditions; either in an argon-filled glove box (p(H20)
and p(O2) < 0.1 ppm) or with the use of Schlenk apparatus (vacuum/argon). Prior to usage,
Mercury was purified by filtration, subsequent stirring with half-concentrated HNOg3 to dissolve
impurities of less noble metals, and then double distillation in vacuum.

For the synthesis of Ybig7SrgsHgss, 76.0mg (0.44mmol) Yb (99.999 %, Smart Elelements,
dendritic pieces), 37.2mg (0.42 mmol) Sr (99.99%, Sigma Aldrich, dendritic pieces) and 888.8 mg
(4.43 mmol) Hg were filled into a Ta crucible and sealed by arc-welding. The crucible was then
heated to 1073 K with 100 Kh™!, kept at this temperature for 12 h and then rapidly cooled with
ice water.

Cay 5FEug sHgs4 was synthesised by weighing 37.5mg (0.94 mmol) Ca (Sigma-Aldrich, 99.99 %,
dendritic pieces), 136.7mg (0.90mmol) Eu (99.99 %, Smart Elements, dendritic pieces) and
1.847¢g (9.21 mmol) Hg into a Ta crucible and sealing via arc-welding. It was then heated to

43

[a]
2
<
(7))
5
=)
7]
w
x

2
=
n
n
o
Q
@)
(=]




(=]
2
<
%)
5
=)
0
w
x

4
=
n
17}
)
Q
@)
o

1073 K, kept at this temperature for 24 h, cooled with 0.5 Kh™! to 923 K and rapidly cooled to
room temperature with ice water.

For the synthesis of Cag9Nayg1Hgs4, 25.5 mg (0.61 mmol) Ca, 14.1 mg (0.61 mmol) Na (distilled
twice, MPI FKF Stuttgart, Germany) and 1.961 g (9.78 mmol) Hg were filled into a Ta crucible
and welded shut. With 50 Kh~!, the reaction mixture was heated to 573°C, kept at this
temperature for four months and then rapidly cooled to room temperature with ice water.

Single Crystal Analysis

Portions of the reaction products were transferred from the glove box under dried paraffin oil.
Typically, amalgams of the Gdi4Ags; structure type form prismatic to needle-like crystals. Suit-
able single crystals were selected with a binocular and mounted in glass capillaries (& = 0.2 mm)
filled with potassium-dried paraffin oil. The capillaries were mounted and centered either on
the one-circle goniometer of an IPDS-1 diffractometer system (Stoe & Cie, Darmstadt, Ger-
many, Ag-K, radiation) in a general orientation to avoid systematic loss of reflections with high
[ indices, or on a D8 Quest diffractometer system (Bruker AXS, Karslruhe, Germany) with
microfocussed Mo-K,, radiation, Goébel mirror optics and a Photon II CMOS detector. The
orientation was validated by evaluating the orientation matrix obtained from orientation images
and adjusting the angular slides of the goniometer head.

Data were collected in ¢ mode for the accessible part of at least one half of the Ewald sphere
(Pmaz = 200°). After collection of the data and Lorentz and polarization correction, the crystal
shape was measured and the faces indexed. The shape was then optimized on the basis of
the intensity distribution,?”! and the subsequent numerical absorption correction was carefully
performed on this basis.[*”) Since refinement taking the Ca;1Hgss model as starting values did not
lead to converging results, structure solution and refinement of Cay sEugsHgsy were performed
anew in space group P6, yielding four mixed atomic positions for the less noble metals and
16 for mercury. Ybig7SrgsHgss was refined starting from the structure model of Ybi1Hgsq.
Each crystallographic position was carefully checked for mixed and/or underoccupancy. Single
crystal data sets for Ybyg.7Srg 3sHgss were collected from several crystals, and the refined mixed
occupation patterns as well as the refined atomic fractions were equal within the error margin.
One crystal proved to be the binary amalgam Sri97Hgs4.3 [17], identified by its singular disorder
pattern and slightly but significantly larger lattice parameters Crystallographic data and data
collection and handling details for Yb1g7Srg3Hgss and CaysFugsHgss are listed in Tables 4.9
and 4.11. For the latter, powder diffraction data and Rietveld refinements thereof were used
for further validation of the results obtained from single crystal data, resulting in only slightly
different occupancy factors (see Table 4.15).

The crystal quality of the ternary Ca-Na-Amalgam was insufficient for single crystal measure-
ments, and the structure was determined by Rietveld refinement of powder diffraction data
obtained by Synchrotron radiation.

Powder diffraction and Rietveld refinement

For X-ray powder diffraction experiments, powder samples of the Ca-Eu amalgam and Ca-Na
amalgam were prepared inside an argon-filled glovebox. The samples were ground in an agate
mortar, in both cases with the addition of ca. 50vol.-% diamond powder (Sigma Aldrich, syn-
thetic monocrystalline powder, < 1 um) in order to account for their ductility and high absorp-
tion coefficients. The samples were then filled in glass capillaries (inner dia. 0.5 mm, Hilgenberg,
Malsfeld, Germany) and flame-sealed with birch tar. The samples were investigated with syn-
chrotron radiation (A = 0.20735 A, PETRA III, Beamline P02.1, DESY, Hamburg, Germany)
equipped with a VAREX XRD 4343CT Flat Panel Detector (2880 x 2880 pixels, 150x 150 pm pixel
size) and LaBg (NIST 660c) as an external standard. Data were integrated with the DIOPTAS
software package.[*!] Rietveld refinement was performed with the GSAS-II software.l*”] Results
of the Rietveld refinements of CaggNay 1Hgss and CaysEugsHgsy are listed in Table 4.10 and
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4.12. For the Ca-Eu amalgam, the model derived from single crystal structure refinement used
as starting values, while for the Ca-Na amalgam, the model of the Ca amalgam was employed.
As a result of the high parameter to data ratio, all standard deviations of all least-squares
parameters were obtained as penultimate results, while the final refinement excluded all back-
ground parameters as well as atomic positions and isotropic displacement factors in order to
reach covergence.

The powder diffractograms collected under the same circumstances from a identically prepared
sample of the Sr-Yb amalgam yielded only very unsatisfying Rietveld refinement results. The
underlying reason is the presence of the binary amalgam Srio7Hgs4 3 [Mar]|. This phase shows a
very similar diffraction pattern with only slightly diverging lattice parameters. A simultaneous
refinement of both phases was not successful, as the presence of the binary amalgam leads only
leads to a broadening of the reflections, even at high diffraction angles (see Figure 4.10 and
inset). Therefore, we had to rely on single crystal data for the refinement of the structural
details of Ybyg.7SrgsHgs4.

4.2.4 Results

The crystal structures of CaggoNay1Hgsy,
Cay 5FEug.5Hgss and Ybyg 7Srg 3sHgss represent
hettotypes of the Gdj4Ags: aristotype struc-
ture and crystallize in the hexagonal space-
group type P6. In all three crystal structures,
four different coordination polyhedra around
the less noble metal positions are present, with
coordination numbers between 14 and 16. Ac-
cordingly, there are four crystallographically
independent atomic sites for the less noble
metal atoms, while the number of crystallo-
graphic Hg positions is 14 (Sr-Yb and Ca-Na
amalgam) or 16 (Ca-Eu amalgam). The disor- Fig. 4.8: Comparison of the crystal structure of

der phenomena observed for all amalgams in YP11Hgss (right) to the GdiaAgs: aristotype (left).
this structural familv affect onlv few crvstal- Yb/Gd and its surrounding interpenetrating Frank-
Y Y Y Kasper type coordination polyhedra (cp) are depicted

lographic positions: the four M positions can i, plue, while Hg/Ag and its cp’s are coloured in grey.
show mixed occupation with Hg (this is the Mutually exclusive Ag positions in the Gdi4Ags struc-
case in Eu amalgam) or with two less elec- ture are depicted in orange. The color differentiation
tronegative metals (in the Ca, the Sr, the Na- (light/dark grey) of the cp’s around Hgl-Hg4 highlights
the loss of symmetry.

Ca, the Eu-Ca and the Yb-Sr amalgam), and

only some Hg positions can show either mixed occupation with a less electronegative metal (in
the Na amalgam) or underoccupation in combination with split positions (this occurs in the
Eu and the Ca-Eu amalgam). In addition, superstuctures can occur: the unit cells of the Na
and the Na-Ca amalgams are 3x3x1 supercells of the original Gdi4Ags; unit cell, retaining
the space group type P6. When a measure for structural complexity is calculated following
the concept given by Krivovichev,*?l it becomes clear that the overall structural complexity
is only marginally increased by introducing mixed or split positions, but increases drastically
when lowering symmetry (by descending from P6/m to P6 or by increasing the cell volume in
a supercell ).l
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Yb;1Hgs4 - the common denominator

So far, the binary amalgam Ybj;Hgsy is the only representative with a fully ordered crystal
structure. It contains four crystallographically independent sites for Yb, and fourteen for Hg
and has been described extensively by F. Tambornino.? The relation to the Gdi4Ags; aristotype
is shown in Fig. 4.8.

Fig. 4.9: Crystal structure of Ybq1Hgs4, with the emphasis on the coordination polyhedra (cp’s) around the
Yb positions (middle), the unit cell is marked in black. top left (M1): irregular four-capped pentagonal prism
(CN = 14) around Ybl; lower left (M2): irregular tricapped hexagonal prism (CN = 15) around Yb2; top right
(M3): irregular fivecapped pentagonal prism (CN = 15) around Yb3; lower right (M4): interpenetrating Frank-
Kasper polyhedra (CN = 16) around Yb4.

For the consideration of the amalgam structures, however, a different approach emphasising the
coordination polyhedra around the less noble metal atomic positions is more intuitive. This
approach is visualized in Fig. 4.9. Four different polyhedra for the different crystallographic
positions of Yb are needed: the polyhedron around Ybl (M1) can be derived from a fourcapped
pentagonal prism, type (M2) around Yb2 is a tricapped hexagonal prism, type (M3) around
Yb3 is a fivecapped pentagonal prism, and type M4 around Yb4 forms pairs of interpenetrating
Frank-Kasper polyhedra. While this representation is not space-filling, it is most suitable for
the comprehensive description and comparison of the crystal structures.
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Ybi0.7Sro.3Hgs4

Table 4.9: Crystallographic data and details on single crystal data collection, structure solution and refinement
for Yb10.7Sr0.3Hgs4. All standard deviations are given in parentheses in the units of the last digit.

Refined Composition Yb10.71(6)ST0.20(6)HE54 | Rint 0.1694
Crystal system hexagonal Ro 0.0764
Space group P6, No. 174 F(000) 2072
Lattice parameters a, ¢ [A] 13.5379(12), 9.7488(12), | Corrections Lorentz, Polarisation, Absorption
V [A3] 1547.3(4) Absorption correction numerical, indexed crystal faces [44]
Z 1 Structure solution direct methods [45]
Density (X-ray) [g-cm™3] 13.62 Structure refinement full-matrix least-squares
Diffractometer Bruker D8 Quest on F2 [45]
MoK, radiation, No. of L.S. parameters 112
Gobel optics GooF 1.115
Absorption coeff. p [mm™1!] 149.4 R values (I > 20(1)) R1 = 0.0594,
¥ range [°] 10.35-56.56 wR2 = 0.1429
Index range 0 < h <15, R values (all data) R1 = 0.0648,
0<k<15 wR2 = 0.1451
0<1<12 Res. p(e”) min/max [e"A—3] —5.37 / +5.17
No. of collected refl. 75124 Extinction coefficient 0.00064(9)
No. of independent refl. 1281 CCDC deposition No. 2240995
No. of indep. refl. (I > 20(I)) 1211

For the determination of the structure of the ternary Sr-Yb amalgam, the fully ordered model of
Ybi11Hgs4 was used as starting values. No additional atomic positions for Hg were found, while
thermal displacement ellipsoids in combination with the distances to Hg and free refinement of
the occupation factors indicated a mixed occupation of the Yb position with Sr. For validation,
it was then cross-checked with mixed occupation with Hg instead of Sr. Details on the structure
solution and refinement are listed in Table 4.9, fractional atomic coordinates, occupancies and
equivalent isotropic displacement parameters are listed in Table 4.15 (middle).
The new ternary Sr-Yb amalgam represents 1 o 5 o (mems)
the most simple disorder pattern: only one 90 — St gy  (calc)
of the four different atomic positions for 8o — YPi0sSoHOs, (cale)
the electropositive metals (M4, inside the 70
Frank-Kasper type polyhedron with CN =
16) shows mixed occupany: 86% Yb and
14% Sr.  The atomic positions M1-M3
are fully occupied by Yb. As the volu-
mina of the coordination polyhedra (calcu-
lated with Vesta,!'%) see Table 4.14) increase
with the respective coordination numbers,
it seems reasonable to find Sr only in the 2 4 6 8 1 12 14 16
] . Diffraction angle 20 (Synchrotron radiation, 4 = 0.20734 A)
largest coordination polyhedron M4 due to

the difference in atomic radii of Sr and Yb Fig. 4.10: Powder diffractogram of a bulk sampe
( met _ 949 pm T{rflﬁt — 9296 pm[47]) The ob- of Ybi0.7Sr0.3Hgsa (black) in comparison to theoreti-
, .

r
Sr . . .

) cal diffraction patterns calculated from the single crys-

served M-Hg distances (3.222(8)-3.574(9) A) tal structure models of the binary strontium amalgam

are in good agreement with reported values Srj,;Hgsss [17] (red) and the new ternary variant
(Yb11Hg54; 3.197-3.51 A, Sr19.5Hgsa.5: 3.336— Ybio.7Sro.3Hgss (green). The inset shows an enlarged
3.570 A)7[2,17] see also Table 4.13 and Fig. 4.14. cutout e.rnphasizing the close proximity of the reflections
While Rietveld refinement of a bulk powder of the binary and the ternary amalgams.

sample did not lead to convergence, it can be seen in the powder diffractogram that the theoret-
ical patterns calculated for the ternary amalgam model and for the binary Yb amalgam can be
discerned (see Fig. 4.10). The uptake of the observed small quantity of Sr in the Yb amalgam
therefore can be regarded as the maximum allowed amount.
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Cag.9Nay 1Hgsy

Crystallographic data obtained on the basis '
of a Rietveld refinement of Cag9Nay 1Hgs4 are 80 < P
listed in Table 4.10, the atomic positions and - ;};Egmun .
the occupancy factors are listed in Table 4.15. o0 P F
A graphical representation of the refinement

results is shown in Fig. 4.11. Since the struc-

ture was determined by Rietveld refinement

starting from the literature Cai4_,Hgs1 4, sin-

gle crystal model,l'”l only isotropic displace- w1 — ; - éLi—, S S A A A A
ment parameters could be calculated. The Diffraction angle 26 (Synchrotron radiation, A = 0.02735 A)

observed M-Hg distances (3'0673’68 A) are Fig. 4.11: Graphical representation of the Rietveld re-

within the range of the distances present finement of Cag.9Nay.1Hgsa. The difference plot indicates
in the binary amalgams (3.20-3.531 A) for no existence of additional crystalline phases, while the
Cai0.0Hgs4.1, 3.15-3.78 A for Naj Hgsy),[!7-19]  pronounced diffuse background originates from excess el-

see Table 4.13 and Fig 4.14. emental Mercury.

cale

Ca6v51 Na4v49H954

Relative Intensity / %

T T

Table 4.10: Basic crystallographic data and details on data collection treatment as a result of a Rietveld refine-
ment for Cag.oNas 1Hgss. All standard deviations are given in parentheses in the units of the last digit.

Refined composition Cag.9(1)Nag.1(1)Hgsa Final L.S. Parameter shift 0.072
Crystal system hexagonal 20 range [°] 0.002-17.23
Space group P6 (No. 174) Sample geometry capillary (@ = 0.5 mm)
Lattice parameters [A] a = 13.546(5) Refined parameters 80
¢ =9.810(7) Background function cosine

vV [A%] 1558.8(16) Background parameters 35
Z 1 Peak shape function Finger-Cox-Jephcoat
Calc. density [g cm™] 12.76 R, % 1.22
Radiation Synchroton, Ryp% 1.67
A=020735A | Rp2% 0.25

Data points 4129 RBrage % 2.73
Detector Varex XRD 4343CT GooF on on x? 6.79
flat panel detector CCDC deposition No. 2240996

The ternary Ca-Na amalgam CaggNay 1Hgsy (P6, a = 13.546(5), ¢ = 9.810(7) A) exhibits a new
disorder phenomenon, uncommon to all other crystal structures in this field: while the crystal-
lographic site M1 is occupied only by Ca, the sites M2-M4 are occupied by a mixture of Ca and
Na, and each site exhibits a different Ca: Na ratio (see Table 4.15). The ratio of Ca: Na follows
no obvious pattern: For the atomic positions M2 and M3 with the same coordination number
CN = 15, the occupancy is almost reversed (80% Na / 20% Ca for M2, 15% Na / 85% Ca for
M3), and in the larger polyhedron M4 the sodium fraction is higher as the Ca fraction (61%
Na and 39% Ca). The observed disorder phenomena cannot be derived as a combination of
the disorder phenomena of the respective binary amalgams — the binary Ca amalgam contains
only one disordered crystallographic site (M4, mixed occupancy by Ca and Hg), the Na amal-
gam has a 3x3x1 superstructure with one Hg site showing mixed occupancy by Na and Hg.
Since the metallic radii of Na, Ca and Hg are rather similar (ri¢® = 227 pm, (r@* = 231 pm,
(rggt = 223 pm!*7), one would expect the same mixing fraction for all atomic positions if only
geometric considerations were applicable.
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Cay.5Eue s Hgs4

The structure of the ternary Ca-Eu
amalgam was first solved and refined
from single crystal X-ray diffraction
data (see Table 4.11 for details), how-
ever, a closer evaluation of precession
images and data statistics revealed that
the crystal quality was insufficient for
a concise picture. The reflections in
the 0kl and hk0 plane are well defined,
the ones in hOl revealed high-intensity
smeared profiles (see Fig. 4.12), indi-
cating an intergrowth of poorly oriented
crystal specimens. This is in agreement
with the observation that the crystals
grow as needles and tend to form ag-
glomerations. Nevertheless, data qual-
ity was sufficient to derive a prelim-
inary structure model. Rietveld re-
finement from powder diffraction (see
Fig. 4.13) was performed subsequently
with the parameters from the single
crystal model as starting values. The re-
finement results are listed in Table 4.12,
fractional atomic coordinates as well as
occupancy factors for both single crys-
tal data and results from the Rietveld
refinement are compiled in Table 4.15.
It is noteworthy that the details of the
structural disorder from the single crys-
tal, albeit with low significance, are very
close from those derived from the bulk

Table 4.11: Crystallographic data and details on single
crystal data collection, structure solution and refinement for
Cas.9FEus.1Hgsa. All standard deviations are given in paren-

theses in the units of the last digit.

Refined composition

Cay.9(5)Eug.1(5)Hg54

Crystal system
Space group
Lattice parameters (A)

V (A3) 1558.8(16)

Z

Calc. density (g cm™2)
Diffractometer

Data collection temperature (K)
Absorption coefficient g (mm™1)

260 range (°)
Indexing range

No. of observed data
No. of independent data
No. of independent data
with I > 20(1)

Rint

Rs

F(000)

Corrections

Absorption correction

Structure solution
Structure refinement

No. of L.S. parameters
GooF
R values (I > 20(I)

R values (all data)

Res. p(e~) min/max (e~ A=3)

Extinction coefficient

hexagonal
P6 (No. 174)
a = 13.546(5)
¢ =9.810(7)

1

12.755

STOE IPDS 1
AgK, radiation,
A = 0.56087 A
295(2)

75.939
3.28-42.00
—17< h, k<17
—12<1< 12
14130

2424

1895

0.2066

0.1041

4798

Lorentz, polarisation,
absorption effects
numerical, indexed
crystal faces [39, 40]
direct methods [45]
full-matrix
least-squares on F2 [45]
124

1.189

R1 = 0.1016,

wR2 = 0.2330

R1 =0.1273,

wR2 = 0.2447
—9.086/+9.480
0.00011(2)

powder diagram. This observation has been made in the course of many amalgam studies and
indicates that the overall variance of the disorder phenomena is small over a large ensemble of

individual crystals.
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Okl

hEO

hol

Fig. 4.12: Reciprocal lattice sections calculated from the single crystal data collection of Cas sEugs.sHgsa. Left:

0kl, middle: hkO, right: ROL.

In the crystal structure of CaysEugsHgsq,
again a new disorder pattern is found. While
the specific disorder pattern again cannot be
derived by combining those of the binary
amalgams, it can be regarded as a bridge be-
tween them: In analogy to EujgHgss, 16 sites
for Hg exist, while a chain along ¢ of mutu-
ally exclusive Hg split positions with a 87:13
ratio occurs. This has only been observed for
the binary Eu amalgam so far. In addition,
all four crystallographic positions for the elec-
tropositive metals, M1-M4, exhibit an indi-
vidual mixed Ca/Eu occupancy. The ternary
Ca-FEu amalgam thus shows the highest degree
of disorder within the family of the Gd14Ags:-
type amalgams so far.

100 "

90 2

80 — x F obs
0\0 - cmalc

70—
; —— Background
= 60— F2 F2
8 obs ~ ' cale
Qo 50 1 Cay goFUg 54195,
£
(0]
=
©
(0]
o

FUTIL I T

FT T T T T T T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Diffraction angle 26 (Synchrotron radiation, A = 0.20735 A)

Fig. 4.13: Graphical representation of the Rietveld re-
finement of Cas 5 Eus.5sHgsa. The difference plot indicates
no existence of additional crystalline phases, while the
pronounced diffuse background originates from excess el-
emental mercury. For crystallographic details see Ta-
ble 4.12.

Table 4.12: Basic crystallographic data and details on data collection treatment as a result of a Rietveld refine-
ment of Cas sEussHgss. All standard deviations are given in parentheses in the units of the last digit.

Refined composition Cay.5(3)Eug.5(3)Hgsa
Crystal system hexagonal
Space group P6 (No. 174)
Lattice parameters [A] a = 13.5406(8)
¢ =9.7149(2)

vV [A%] 1542.56(10)
Z 1
Calc. density [g cm™?) 12.918
Radiation Synchroton,
A =0.20735 A

Data points 4129
Detector Varex XRD 4343CT
flat panel detector

Final L.S. parameter shift 0.0566
26 range [°] 0.002-17.23
Sample geometry capillary (@ = 0.5 mm)
Refined parameters 51
Background function cosine
Background parameters 30
Peak shape function Finger-Cox-Jephcoat
Ry% 1.73
Rwp% 2.45
Rp2% 0.26
RgBrags% 2.46
GooF on on x? 9.33
CCDC deposition No. 2240997
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Table 4.13: Comparison of the coordination polyhedra of the known binary and new ternary amalgams belonging
to the Ag14Gdsy structure family around the less noble metal positions M1-4. Color codes are analogous with

Fig. 4.9. Special or additional Hg positions are highlighted in yellow and red.

M1

M3

M4

CN 14 15 15 16
Ybi1Hgsa all positions fully occupied by Yb
96% C
Cai0.0Hgsa.1 100% Ca 100% Ca 100% Ca 4%°Hga
74% S
Sti0.5Hgsas 100% Sr 100% Sr 100% Sr 26(% H;
Yb1o.7Sr0 5 Hgss 100% Yb 100% Yb 100% Yb 86% Yb
14% Sr
24% Ca 84% Ca 32% Ca
Cag.oNayg.1Hgss 100% Ca 6% Na iy

68% Na

CN 14 15 (+1) 15 16
36% Eu 79% Eu 57% Eu 66% Eu
64% Ca 21% Ca 43% Ca 34% Ca

Cay.sEue s Hgsa

+ mutually exclusive Hg positions along ¢ (red),

but different occupation than EuioHgss

CN 15 15 (+1) 15 (+1) 16
100% Eu 55% Eu
additional Hg site 100% Eu 100% Eu 45% Hg
EuioHgss (yellow)

+ mutually exclusive Hg positions along ¢ (red)
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4.2.5 Conclusions

3.8

The amalgams belonging to the GdisAgs;
structure family show a surprising variety in
structural disorder phenomena. Each repre-
sentative has its own pattern of mixed occupa-
tions and/or split positions, and it is unclear .

which parameters influence the structural de- _ =

tails. To discern patterns and to eventually | I
attributte the underlying parameters, we have

successfully enlarged the number of represen- } I

tatives of the respective amalgams by creat-

3,7

3,6
|

3,5
|

Gy g A

33 34

32

ing ternary members with two different elec-
tropositive metals. Yet, their number is still
too small to give a concluding discussion, but

3,1

1

: : 5 z 5 5 5 z 5 5
it becomes clear that geometric factors play s Ty s Ty T Fy Fg o Fa
an important, but not the only role. Elec- 3 : "3 : “z Tz “3z Tz
tronic reasons additionally have to be taken N £
. g 2 & = &
into account. = z I %

b 8 2 8 3

There is evidence for a correlation between the
size of the four different coordination polyhe- Fig. 4.14: Compilation of the M-Hg distances in all re-
dra M1-M4 for the ‘cation’ positions and the ported and the three new binary amalgams within the
. . Gdi14Ags1 structure family.

observed mixed occupation phenomena. As
the M1 site with CN = 14 has the smallest, M2 and M3 with CN = 15 very similar intermediate
and M4 with CN = 16 the largest volume (see Fig. 4.15 and Table 4.14), larger atoms such as
Sr prefer occupation of the M4 site when competing with a smaller ‘cation’. The volume of the
polyhedra here gives a better picture for the evaluation of geometric preferences rather than the
shortest contacts M—Hg, see Table 4.14.

The radii of the electropositive metals!*”) are increasing in the following sequence with Sr being
considerably larger than the others:

rvb=226 pm A—)Zl rNa=227 pm A—:;L rca=231 pm A—>:2 TEu=233 pm Ai1>6 rer=249 pm

The smaller metals Yb, Na, Ca and Eu show a preference for the occupation of the smaller
polyhedra rather than the largest M4 site. When comparing the ternary amalgams with Ca/Na,
Yb/Sr or Ca/Eu, this tendency may explain the mixed occupations with the larger atom pre-
ferredly on the M4 and the smaller atoms occupying the smaller M1-M3 sites. Also the quotients
of mixing on these sites follows the radius quotients to a wide extent. The individual occupations
of the four sites M1-M4 for all reported amalgams is compiled in Table 4.13. The correlation
between atomic size and prevalence for the occupation of the M1-M4 polyhedra can be seen in
Fig. 4.15. The linear interpolations of the radius volume correlations for CN = 14, 15 and 16
show a parallel progression and a constant difference of ~ 10 A%. The strongest scattered values
belong to the Ca amalgam (too low values) and the Eu and Ca-Eu amalgams as well as the
Yb-Sr amalgam. There are some contradictions to a simple geometric rule which can be held
responsible for this scattering: (1) The occupation ratios in the ternary Na-Ca amalgam do not
follow the geometrical reasons, however, the atomic sizes do not differ considerably to make this
a strong argument against geometric reasons. (2) In the binary amalgams of Ca, Sr and Eu a
mixed occupation occurs on the M4 position, and it is together with Hg. As Hg is even smaller
(rug = 223 pm), there cannot be a geometrical reason. (3) In the ternary Yb-Sr amalgam, where
the atomic size difference is maximal, the M4 position is occupied by 86% Yb and only 14%
Sr. (4) In the ternary Ca-Eu amalgam the M2 site is occupied by a higher ratio of Eu than Ca
(79%/21%) despite Ca being the smaller atom. A respective underoccupation of mixing with
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Hg in the binary Eu amalgam is not observed. (5) The occurence of a set of mutually exclusive
Hg split positions (each forming an equdistant Hg chain) in the Eu and the Ca-Eu amalgam
cannot be explained from packing effects or atomic size ratios. The first three aspects may be
resolved by assuming that the volume of the M4 polyhedron is already too large, even for the
largest atom Sr. Therefore, a partial occupation with Hg can be explained as Hg despite its
size is stabilized by the strong covalent Hg—Hg contributions. Also the Coulombic repulsion
of the ‘cations’ in direct vicinity of the centers of the two interpenetrating M4 polyhedra may
play a role here. This also could explain the higher percentage of Na in the M4 polyhedron of
the Na-Ca amalgam. The electron transfer from alkali metals generally is smaller than from
alkaline earth metals in amalgams (The melting points of alkaline earth amalgams generally is
several hundred °C higher than the respective alkali amalgams, indicating higher ionic bonding
contributions). Therefore the partial positive charge on Ca is higher than on Na, and occupation
of this site with prevalently Na reduces Coulombic repulsion.

YbNa Ca Eu Sr
120 | | 1 1 | | 1 | | | | | | 1 | | 1 | | | 1 1 | |
1 Yb,,Hg,,
2 Nay,,Hgg, 4
3 Ca,yqHgy,
4 Na,,Cag Hg,,
QS 110 — 5 7 5 Eu10.1Hgs3.9
£ 7 E : 6 Ca, ;Eu, ;Hg;,
> —
3 J mg 8“ = jlg 7 SrysHOg5, 5
® J i a 8 Yb,,,Sr,3H0s,
@ 1% 5 : 7
5. ! °
DC_> 100 — 6 °
i ® 8
M1, CN =14
_ .
19 3
90 T T T T | T T T T | T T T T | T T T T | T T T T
225 230 235 240 245 250

Atomic radius / pm

Fig. 4.15: Correlation of the volumina of the four different coordination polyhedra M1 (black), M2 (red), M3
(green) and M4 (blue) of the electropositive metals in the amalgams belonging to the Gdi14Ags1 family with the
metal atom radii.l”! For amalgams with mixed occupations, the weighted mean radii are given according to the
respective occupancies on the individual crystallographic sites (see Table 4.13). The data point numbers numbers
refer to the individual amalgams, see legend on the right.

In addition to the clearly apparent geometric aspects electronic reasons have to be taken into
account. Strong local Coulombic fields within the highly polar amalgams with respect to charge
repulsion in neighboured polyhedra or, in the case of the two interpenetrating M4 polyhedra,
between directly adjacent metal positions will influence the occupation pattern. This, however,
cannot account for all disorder phenomena, e.g. the Hg split positions. Details of the electronic
structures would help evaluating the effects of local disorder on the overall energy of the amalgam
system. Detailed and high-level calculations of the electronic structures are hampered by the
extraordinarily high level of structural complexity in these compounds.
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Table 4.14: Comparison of the polyhedral voluminal’®! of the Gd14Ags:-type amalgams around the electropositive

metal positions M1-4 in A3 together with the minimal M—Hg distances in pm. The values for Na;iHgso are
averaged over all topologically equivalent positions of the 3x3x1 superstructure.

i% 93.6 102.8 103.2 112.3

Ybi1Hgsa diin 326 322 332 320
No H 1% 95.0 104.4 103.0 114.7
111852 dinin 320 321 321 320
- 1% 93.9 103.0 103.2 112.2
10.951854.1 diin 325 322 332 320

BuH 1% 99.3 108.1 107.0 115.6
101855 dinin 329 330 311 323

—_ 1% 101.4 109.5 109.9 117.9
10.5H1854.5 dinin 334 333 338 326

1% 94.2 105.6 104.0 113.3

Cag.oNas.1Hgss diin 311 323 310 317
1% 98.5 107.5 106.1 114.4

Ca.sEug s Hess dinin 328 324 334 323
1% 99.4 109.1 108.9 117.1

Ybio.75r0.3Hgs4 dinin 334 331 338 329

A further increase of the number of amalgam representatives of the Gdi4Ags; structure family
is feasible by creating ternary members with two different electropositive metals. In the future,
we will study the differences in polarity in the sense of the electron transfer M%+[Hg,]°~ in
individual members of this class of amalgams and its influence on macroscopic properties, such as
electric conductivity. Together with an evaluation of the charge carrier concentration, accessible
by Hall effect measurements, this may help to get further insights in the role of electronic effects
on the crystal structures. The fascination about the richness and diversity of disorder phenomena
and their adjustment for each individual representative of this structural family will remain.
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Table 4.15: Standardised!*® fractional atomic coordinates, Wyckoff numbers, site symmetry, occupation factors
and isotropic displacement parameters Uiso/equiv [A2] for Ybio.7Sro.3Hgss (top), CagoNas1Hgss (middle) and
Cas.sEue.5Hgss (bottom). Standard deviations in units of the last digit are given in parentheses. In case of the
Ca-Eu-Amalgam, both occupancy factors are provided, with data from the single crystal refinement in parentheses.

Atom occ. Wyck. x Yy z Usso/equiv
Ybi0.7Sro.3sHgsa
Ybl 1 3k 0.4624(4) 0.0581(5) 1/2 0.0403(11)
Yb2 1 3k 0.2048(6) 0.2544(6) 1/2 0.060(2)
Yb3 1 3j 0.4317(5) 0.3084(5) 0 0.0462(12)
Yba1l 0.71(6) 2h 1/3 2/3 0.2007(5) )
Sr4l 0.29(6) 2h 1/3 2/3 0.2007(5) )
Hgl 1 61 0.4496(2) 0.2787(2) 0.3455(3) )
Hg2 1 61 0.2383(2) 0.0502(2) 0.3387(3) )
Hg3 1 61 0.1779(3) 0.2039(2) 0.1670(3) )
Hg4 1 61 0.4612(2) 0.1048(2) 0.1624(3) )
Hgb 1 61 0.1394(2) 0.4138(2) 0.2909(3) )
Hg6 1 61 0.3919(2) 0.4491(2) 0.2625(3) )
Hg7 1 3k 0.3440(4) 0.5465(3) 1/2 )
Hg8 1 3j 0.2369(3) 0.0244(4) 0 )
Hg9 1 35 0.2505(3) 0.4177(3) 0 )
Hgl0 1 3j 0.1044(3) 0.5092(3) 0 )
Hgll 1 2i 2/3 1/3 0.1616(5) 0.0290(10)
Hgl2 1 1f 2/3 1/3 1/2 0. )
Hgl3 1 2g 0 0 0.3435(5) 0.0279(10)
Hgl4d 1 la 0 0 0 0.0381(12)
Cae.9N84.1Hg54
Cal 1 3k 0.491(4) 0.063(4) 1
Ca2 0.24(11) 3k 0.195(6) 0.251(5) :
Na2 0.76(11) 3k 0.195(6) 0.251(5) 3
Ca3 0.84(12) 3j 0.410(3) 0.307(3) 0
Na3 0.16(12) 3j 0.410(3) 0.307(3)
Cad 0.32(12) 2h 3 2 0.186(6)
Na4 0.68(12) 2h 3 z 0.186(6)
Hgl 1 61 0.4505(4) 0.2784(4) 0.3433(7)
Hg2 1 61 0.2394(4) 0.0439(4) 0.3461(5)
Hg3 1 61 0.1814(4) 0.2017(4) 0.1710(7)
Hg4 1 61 0.4610(5) 0.1027(5) 0.1654(8)
Hgb 1 61 0.1443(5) 0.4229(5) 0.2950(5)
Hg6 1 61 0.3935(5) 0.4466(4) 0.2597(6)
Hg7 1 3k 0.3511(8) 0.5490(7) 1
Hgs 1 3j 0.2377(6) 0.0307(7) 0
Hg9 1 35 0.2424(7) 0.4070(7) 0
Hgl0 1 3 0.1035(7) 0.5109(7) 0
Hgll 1 2i 2 : 0.1558(12)
Hgl2 1 2g 0 0 0.3467(11)
Hgl3 1 1f 2 i :
Hgl4 1 la 0 0 0
Cas.sEus.s Hgsa
Eul 0.57(3) (0.41(5)) 3; 0.594(2) 0.0531(15) 0 0.0318(9)
Cal 0.43(3) (0.59(5)) 3j 0.594(2) 0.0531(15) 0 0.0318(9)
Eu2 0.79(3) (0.83(6)) 3j 0.0495(15) 0.2599(12) 0 0.0318(9)
Ca2 0.21(3) (0.17(6)) 3j 0.0495(15) 0.2599(12) 0 0.0318(9)
Eu3 0.36(3) (0.26(5)) 3k 0.431(2) 0.121(2) 1 0.0318(9)
Ca3 0.64(3) (0.74(5)) 3k 0.431(2) 0.121(2) : 0.0318(9)
Eu4 0.66(3) (0.78(6)) 2h i 2 0.3031(16) 0.004(5)
Cad 0.34(3) (0.22(6)) 2h 1 : 0.3031(16) 0.004(5)
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Atom occ. Wyck. x Yy z Uiso/equiv

Hgl 1 61 0.0253(6) 0.2073(6) 0.3331(9) 0.041(2)
Hg2 1 61 0.0553(4) 0.4515(4) 0.2395(7) 0.0198(14)
Hg3 1 61 0.2346(4) 0.1866(4) 0.1586(7) 0.020(2)
Hg4 1 61 0.2732(6) 0.4161(6) 0.2068(6) 0.030(2)
Hg5 1 61 0.4521(5) 0.1711(6) 0.1544(7) 0.021(2)
Hg6 1 61 0.4574(5) 0.3503(6) 0.3370(8) 0.026(2)
Hg7 1 3k 0.1012(9) 0.5914(10) z 0.0318(9)
Hg8 1 3k 0.1633(9) 0.4183(8) z 0.0318(9)
Hg9 1 3k 0.2349(8) 0.2112(7) 3 0.0318(9)
Hgl0 1 3j 0.2076(8) 0.5446(8) 0 0.0318(9)
Hgll 1 2i 2 : 0.341(2) 0.041(4)
Hgl2 1 le z 3 0 0.033(3)
Hgl3 0.87(11) (0.71(2)) 2g 0 0 0.1560(13) 0.033(3)
Hgl4 0.131(11) (0.29(2)) la 0 0 0 0.033(3)
Hglh 0.87(11) (0.71(2)) 1b 0 0 1 0.033(3)
Hgl6 0.131(11) (0.29(2)) 2g 0 0 0.326(11) 0.033(3)

Table 4.16: Coefficients U;; of the anisotropic displacement parameters for Ybig.7Sro.3Hgsa (top) and
Caq.9Eus.1Hgsa (bottom) in [A ]. Uij is defined as: U;; = e:vp727r2[U11(ha*)2 + ... + 2U21hka™b*]. Standard
deviations in units of the last digit are given in parentheses.

Atom Ui Uz2 Uss Uas Uis Uiz
Ybio.7Sro.3Hgsa
Ybl 0.039(2) 0.043(3) 0.043(3) 0 0 0.023(2)
Yb2 0.063(4) 0.059(4) 0.053(4) 0 0 0.028(3)
Yb3 0.052(3) =Un 0.042(3) 0 0 0.032(3)
Yb41l 0.023(2) =Un 0.024(3) 0 0 0‘0114(12)
Sr4l 0.023(2) =Un 0.024(3) 0 0 0.0114(12)
Hgl 0.0274(12) 0.0229(12) 0.0228(11) -0.0002(8) 0.0010(9) 0.0147(10)
Hg2 0.0240(12) 0.0255(13) 0. 0451(17) —0.0030(10) 0.0005(11) 0.0138(10)
Hg3 0.0330(14) 0.0333(14) 0.0237(13) 0.0006(9) 0.0010(10) 0.0101(11)
Hg4 0.0321(14) 0.0229(12) 0.0228(13) 0.0004(9) 0.0027(10) 0.0148(10)
Hgb 0.0208(11) 0.0293(12) 0. 0362(14) 0.0096(11) 0.0046(10) 0.0122(10)
Hgb6 0.0271(12) 0.0264(12) 0.0196(11) -0.0007(8) 0.0006(8) 0.0163(10)
Hg7 0.054(2) 0.029(2) 0.022(2) 0 0 0.028(2)
Hg8 0.023(2) 0.032(2) 0.041(2) 0 0 0.010(2)
Hg9 0.028(2) 0.034(2) 0.034(2) 0 0 0.019(2)
Hgl0 0.025(2) 0.031(2) 0.029(2) 0 0 0.016(2)
Hgll 0.0272(14) ().0272(14) 0.033(3) 0 0 0.0136(7)
Hgl2 0.021(2) =Un 0.031(3) 0 0 0.0103(8)
Hgl3 0.0243(13) =Un 0.030(5) 0 0 0.0122(6)
Hgl4 0.035(2) =Un 0.040(9) 0 0 0.0177(11)
Cas.9Eue.1Hgsa
Eul 0.002(6) 0.007(6) 0.017(7) 0 0 -0.014(4)
Cal 0.002(6) 0.007(6) 0.017(7) 0 0 -0.014(4)
Eu2 0.019(5) 0.012(4) 0.049(6) 0 0 0.007(3)
Ca2 0.019(5) 0.012(4) 0.049(6) 0 0 0.007(3)
Eu3 0.035(11) 0.017(9) 0.008(8) 0 0 -0.006(7)
Ca3 0.035(11) 0.017(9) 0.008(8) 0 0 -0.006(7)
Eu4 0.028(5) =Un 0.080(11) 0 0 0.014(2)
Ca4 0.028(5) =Un 0.080(11) 0 0 0.014(2)
Hgl 0.057(3) 0.027(2) 0.042(3) 0.008(2) -0.011(3) -0.007(2)
Hg2 0.0107(15) 0.035(2) 0.032(2) -0.0020(18) 0.0012(16) 0.0067(15)
Hg3 0.028(2) 0.0176(18) 0.059(3) 0.000(2) 0.003(2) 0.0141(16)
Hg4 0.031(2) 0.036(2) 0.067(3) -0.022(2) -0.024(2) 0.0315(19)
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Atom Ui Uzz Uss Uazs Uis Uiz
Hg5 0.0179(17) 0.0132(15) 0.0266(19) -0.0019(14) 0.0003(15) 0.0030(13)
Hg6 0.024(2) 0.049(3) 0.037(3) -0.010(2) -0.0057(18) 0.031(2)
Hg7 0.016(2) 0.026(3) 0.042(3) 0 0 0.002(2)
Hg8 0.021(3) 0.035(3) 0.044(4) 0 0 0.006(2)
Hg9 0.077(6) 0.045(5) 0.074(7) 0 0 0.034(5)
Hg10 0.035(3) 0.037(4) 0.040(4) 0 0 -0.009(3)
Hgll 0.0106(16) =Un 0.040(4) 0 0 0.0053(8)
Hg12 0.007(2) - Un 0.033(5) 0 0 0.0034(10)
Hgl3 0.020(3) = Un 0.044(7) 0 0 0.0102(16)
Hgl4 0.015(10) — U, 0.08(4) 0 0 0.008(5)
Hgl5 0.037(6) - Un 0.086(17) 0 0 0.019(3)
Hg16 0.014(7) = Un 0.055(19) 0 0 0.007(4)

Table 4.17: Selected interatomic distances (and their frequencies) around the less noble metal positions M1-M4
for the new ternary amalgams Yb1o.7Sr0.3Hgsa (left), Cas.9Nas1Hgsa (center) and Cas sEus sHgsa (right) in A.
Standard deviations in units of the last digit are given in parentheses.

Ybi10.7Sro.3Hgs4

Cag.9Nayg.1Hgsa

Cay.5Eue.5Hgsa

Atom 1 Atom 2 distance Atom 1 Atom 2 distance Atom 1 Atom 2 distance
Ybl Hgb 3.313(5) (2x) | Cal Hgl 3.11(3) (2x) Cal/Eul Hg4 3.28(3) (2x)
Hgl4 3.351(5) Hgl3 3.17(4) Hg2 3.29(2) (2x)
Hg6 3.332(4) (2x) Hgb6 3.18(4) (2x) Hg6 3.357(9) (2x)
Heg4 3.353(3) (2x) Hg4 3.321(15) (2x) Hgb 3.38(3) (2x)
Hg2 3.372(5) (2x) Hg7 3.33(6) Hgb 3.40(3) (2x)
Hgl 3.396(5) (2x) Hgb 3.45(3) (2x) Hgl2 3.41(3)
Hgl 3.426(5) (2x) Hgl 3.49(5) (2x) Hgb 3.48(2) (2x)
Hg7 3.469(7) Hg2 3.54(4) (2x) Hgl10 3.51(3)
Yb2 Hg3 3.300(3) (2x) | Ca2/Na2 Hg2 3.228(5) (2x) Ca2/Eu2 Hgl3 3.24(2)
Hg2 3.393(6) (2x) Hg3 3.248(6) (2x) Hgl 3.297(10) (2x)
Hgb 3.402(7) (2x) Hgb 3.301(7) (2x) Hgl0 3.345(17)
Hg7 3.425(8) Hgl2 3.419(4) (2x) Hg4 3.358(14) (2x)
Hg2 3.478(7) (2x) Hg7 3.434(8) Hg3 3.414(14) (2x)
Hg6 3.471(6) (2x) Hg2 3.515(6) (2x) Hg2 3.46(2) (2x)
Hgl5 3.511(7) (2x) Hgb6 3.524(5) (2x) Hgb 3.48(3) (2x)
Hgl 3.503(7) (2x) Hgl 3.650(6) (2x) Hg3 3.48(3) (2x)
Hgl4 3.58(2) (2x)
Yb3 Hg4 3.371(6) (2x) | Ca3/Na3 Hg9 3.06(5) Ca3/Eu3  Hgb6 3.34(3) (2x)
Hg3 3.405(6) (2x) Hg3 3.10(3) (2x) Hg2 3.35(2) (2x)
Hg6 3.390(4) (2x) Hg6 3.15(3) (2x) Hgl 3.35(3) (2x)
Hg8 3.406(7) Hg8 3.30(3) Hg8 3.37(3)
Hg4 3.394(6) (2x) Hgl10 3.36(4) Hgb 3.409(9) (2x)
Hgl 3.415(3) (2x) Hgl 3.437(14) (2x) Hgll 3.41(2) (2x)
Hgl12 3.412(6) Hg4 3.49(3) (2x) Hg9 3.43(4)
Hg9 3.440(7) Hg4 3.61(4) (2x) Hg6 3.45(3) (2x)
Hgl10 3.51(7) Hgll 3.68(4) (2x) Hg7 3.48(4)
Yb4/Sr4  Hgh 3.225(3) (3x) | Cad/Nad Hgb 3.168(8) Ca4/Eud  Hg4 3.228(9) (3x)
Hgl10 3.372(4) (3x) Hgb 3.169(5) Hg7 3.335(13) (3x)
Hg7 3.379(5) (3x) Hgb 3.169(7) Hgl10 3.448(12) (3x)
Hgb6 3.464(2) (3x) Hgl10 3.265(8) Hg2 3.487(5) (3x)
Hg9 3.559(4) (3x) Hgl10 3.265(6) Hg8 3.504(10) (3x)
Yb4/Sr4 3.913(10) Hgl0 3.266(10) Ca4/Eu4 3.69(3)
Hg7 3.498(6)
Hg7 3.498(4)
Hg7 3.498(6)
Hg6 3.510(7)
Hgb6 3.510(4)
Hg6 3.511(7)
Hg9 3.548(10)
Hg9 3.548(10)
Hg9 3.549(8)
Ca4/Nad4  3.58(10)
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4.3.1 Abstract

The two mnew ternary amalgams
K;_,Rb,Hgi1  (z=0.472(7)) and
Cs3—_;CazHgay (z =0.20(3)) represent
two different examples how to cre-
ate ternary compounds from bina-
ries by statistical atom substitution.
K;_.Rb,Hgy; is a Vegard-type mixed
crystal of the isostructural binaries
KHg;; and RbHg;; (cubic, space group
Pm3m, No. 221, a = 9.69143(3) A, Ri-
etveld refinement), whereas Csz_,Ca,Hgoo is a substitution variant of the RbsHggy structure
type (cubic, space group Pm3n, No. 223, a = 10.89553(14) A, Rietveld refinement) for which
a fully substituted isostructural binary Ca phase is unknown. In Kj_,Rb,Hgii, the valence
electron concentration (VEC) is not changed by the substitution, whereas in Cs3_;Ca,Hgag the
VEC increases with the Ca content. Amalgams of electropositive metals form polar metal bonds
and show ‘bad metal’ properties. By thermal analysis, magnetic susceptibility and resistivity
measurements and DFT calculations of the electronic structures we investigate the effect of the
structural disorder introduced by creating mixed atom occupation on the physical properties of
the new two polar amalgam systems.

4.3.2 Introduction

Polar intermetallic phases combine metal-bonding with ionic, often covalent bonding contri-
butions.['? The latter originate from the large electronegativity difference between the con-
stituents of the intermetallic phases. In contrast to Zintl phases, the electron transition from
the electropositive to the electronegative constituent remains a partial one, so that overall metal-
lic behaviour is retained. This interplay of ionic and metal bonding contributions makes polar
very interesting intermetallics, from the theoretical point of view, but also the physical proper-
ties resulting from the unconventional bonding situation have attracted special attention. The
unusual metallic properties of polar intermetallic phases have been summarised under the term
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‘bad metal’ behaviour®* and have gained high interest, e.g. with respect to thermoelectric
applications,” 7 and their unusual magnetic, electric, optic, caloric and catalytic properties,
which make them promising candidates in many fields of applications.

‘Bad metal’ behaviour results from a low free electron concentration combined with very small
mean free electron paths.[¥l ‘Bad metals’ show an overall relatively high electrical resistivity,
and the increase with temperature is linear with a very steep slope only in the low temperature
regime. At higher temperatures the resistivity tends to saturate, typically at values of few
hundred pflcm. The electron concentration can be reduced by localisation in covalent bonds
or by Coulombic fields. The mean free path of the electrons is determined by scattering due
to electron-phonon interaction, crystal defects and impurities. In ordinary metals, the mean
free paths are in the range of several hundred atomic distances,l”) and disorder phenomena
such as doping, mixed crystal formation, local structural distortions, domain sizes, have large
influence on the specific resistivity. In ‘bad metals’, however, the mean free paths are much
smaller, and, contrary to the original assumption by loffe and Regel, they can even be shorter
than the interatomic distances.['%'!) The influence of microscopic disorder thus may be much
smaller but still has to be taken into account. In order to identify the relevance of structural
disorder, we investigated two newly synthesised differently disordered amalgams and compare
them with their fully ordered representatives. Amalgams are ideal candidates for the study of
polar intermetallic phases, and this has been exemplified on a number of examples.['21%]

The isostructural amalgams KHgj; and RbHgp['” and their Vegard-type solid solution
K;_,Rb,Hgy; with z =0.472(7) and the mixed crystal Csz_,Ca,Hgoo (x = 0.20(3)) serve as
case examples to study the influence of statistical mixed occupancy and its influence on prop-
erties like metallic resistivity, superconductivity, electronic structure and thermal stability. A
statistical mixture of element constituents can be regarded as the extreme case for a high con-
centration of defects or impurities with the associated local lattice distortions.

The structures within the two families MHgy1"” and MsHgoo!'9 are of equal polarity and
have equal structural complexity. For the two compounds both parameters are very similar
and therefore in a first approximation the influence of the disorder phenomena on the physical
properties of the materials can be favourably studied.

Within the systems MHg1 and M3sHgsg two different kinds of mixed crystal series can be ex-
pected, allowing to study two different aspects: MHgi; with M = K and Rb form the complete
mixed quasi-binary series K;_,Rb,Hgi; with purely statistical Rb—Cs occupation on only one
high symmetry crystallographic position. This enables to study of the influence of statistical
disorder of two atoms with different radii (rp*°" = 220 pm, " = 235 pm!['™l) without chang-
ing the valence electron concentration (VEC). In CsgHgay we were able to partially substitute
Ca for Cs, resulting in a compounds with composition Cs3_,Ca,Hgs (x =~ 0.2). In this ex-
ample, again structural disorder by statistical occupancy is present, and both the atomic radii
(refater = 260 pm, 2" = 180 pm) and the VEC differ.

Here, we report on the crystal structure, the thermal stability, electronic structure calculations,
specific resistivity, and superconductivity of the mixed crystals K;_,Rb,Hgi1 (z = 0.472(7),
henceforth referred to as Ko sRbgsHgi1), and Css_,Ca,Hgog (x = 0.20(3), henceforth referred
to as Csg8CagoHgap), and compare them with their respective fully ordered binary phases.

4.3.3 Materials and Methods

Hazards and risks

Dealing with the elemental alkali metals exhibits some risks due to their high reactivity towards
air and moisture. All experimental work has to be performed under strict exclusion of atmo-
sphere, requiring a well-maintained glove box and/or a suitable Schlenk apparatus in order to
prevent deterioration of the starting materials. Disposing of alkali metal residuals is best per-
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formed by hydrolysing them in a Schlenk tube under streaming inert gas by dropwise addition
of ethanol. The Schlenk tube may be externally cooled with an ice bath when the reaction is
too vivid. Isopropanol or other alcohols are strongly deprecated as the respective alcoholates
are poorly soluble in their alcohols so that an alkali metal core coated by alcoholate remains
for days and then reacts when hydrolysing the alcohol solution, sometimes leading to ignition
of the alcohol and subsequently severe burns.

Experiments with elemental mercury can be easily performed at virtually no risk when taking
into account two simple rules. Firstly, mercury has a very high density. The sheer weight of
mercury is surprising, even for an experienced chemist, and simple experimental techniques,
such as e.g. pipetting, are challenging. Therefore, in all experiments a non-breakable (plastic)
tray has to be put under the working equipment in order to collect eventually spilled mercury
droplets. Plastic or thin-walled glass bottles cannot be used for storage, and the volume has
to be adjusted to the container — 1L of mercury weighs 13.7 kg. Secondly, mercury vapours, if
inhaled constantly over a long period, to chronic intoxication. The vapour pressure of mercury
at room temperature and normal pressure is already sufficient to cause severe effects. Therefore
all work with elemental mercury has to be performed under a fume hood, in a glove box or
under Schlenk conditions.

Reacting alkali metals with mercury has to be done with extreme care as the reactions are highly
exothermic. This is almost independent of the alkali metal to mercury ratio and varies slightly
with the alkali metals. The reaction enthalpy can be as high as to evaporate a considerable
portion of the mercury. Therefore slow addition of mercury to the alkali metal under external
cooling is preferred. Bringing a dry ice cooled alkali metal mixture together with solid mercury
and slowly bringing the mixture to room temperature is an extremal example for this strategy.
Another way for leading an isothermal reaction is electrocrysallisation as presented before.!'®! For
reactions below ca. 300°C, normal laboratory glass ware is fitting as the alkali metals are very
rapidly being consumed by the mercury and the amalgams do not deteriorate silicatic container
materials. For reactions at higher temperatures or long-time tempering, metal ampules have to
be used. Due to the high vapour pressure of mercury at elevated temperatures the ampules have
to be sealed.

Alkali metal amalgams are very sensitive materials, reacting with traces of moisture or air
within seconds. Most amalgams react vividly when poured into water, but without ignition.
Sometimes, formation of colloidal mercury is observed instead of the formation of small, silver
mercury droplets. Colloidal mercury is a dark grey suspension, sometimes stable for days without
accumulating into droplets. These suspensions should be disposed of immediately by addition of
half-concentrated HNOs3. In all other cases, the mercury from hydrolysed amalgams can easily
be recycled.

Mercury can be recycled without substantial loss by the following procedure. Mercury waste of
any form can be collected and dissolved in half-concentrated HNO3. The clear solution is then
diluted by at least factor 10. An excess of coarse copper turnings or pieces of copper foil is added
to the solution. Immediately, mercury precipitates on the copper metal surface. With very high
Hg concentrations, Hg droplets or a puddle of the metal collects at the bottom of the container.
The amalgamated copper is then separated from the solution which now is vitually mercury-free,
washed with water and dried and subsequently filled into a glass flask. The collected mercury
does not contain any metallic impurities which are less noble than copper. The mercury is
distilled off the copper at ca. 120°C and a pressure of ca. 1072 mbar. It is already of high
purity and can either be used directly or further be purified. The copper turnings can be reused
and the HNOj solution contains Cu?t and less noble metals as the only contaminations.

Chemicals

Mercury was purified by stirring the crude metal with half-concentrated HNO3 to remove less
noble and organic impurities. The mercury then was washed and passed through a paper filter
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with a pinhole to remove solid impurities. Subsequently, it was doubly distilled in vaccuum.
The alkali metals were donations from Max Planck Institut fiir Festkorperforschung (Stuttgart,
Germany) in the form of doubly distilled metals sealed in glass ampules under argon. Caesium
was donated by Kriminalpolizei Heilbronn (Germany) and came in sealed glass ampules under
argon.

Calcium was used as purchased from Smart Elements (Wien, Austria) in the form of dendritic
sublimate with a purity of at least 99.9%.

Synthesis

Ko.5RbgsHg11 was synthesised by slowly adding 11.23 g (56.0 mmol) Hg to a mixture of 273.3 mg
(7.0mmol) K and 598.3mg (7.0mmol) Rb in a glass Schlenk tube under argon atmosphere.
The mixture was then carefully heated with a heatgun until forming a homogeneous liquid
phase (ca. 320-330°C). Subsequently, it was allowed to cool to room temperature within
estimated 30 min. The resulting homogenous crystalline solid was identified as a mixture of
Rb;Hgs ' and a yet unknown phase. Subsequently, the obtained solid was ground to a fine
powder and another 23.54¢ (117.4mmol) Hg were added, resulting in a nominal composition
of K:Rb:Hg=1:1:24.8. The mixture was annealed at 105°C for 28 days and cooled to
room temperature by taking the ampule from the furnace. The metallic product consisted of
Ko.sRbosHgi1 as the only solid phase with a slight excess of elemental mercury, see Fig. 4.16.
Cs28Cag2Hgoo was synthesised by reacting a mixture of 45.1mg (1.13mmol) Ca, 149.5mg
(1.13mmol) Cs and 1.805g (9.30mmol) Hg in a tantalum crucible, which was closed by arc
welding. The crucible was heated to 300°C (rate: 50 Kh~!) and held at this temperature for 8
weeks, after which it was cooled to room temperature by turning off the oven. The phase pure
product consisted of Csy §CagoHgag (see Fig. 4.17).

KHg;; and RbHgy; were obtained by cooling the alkali metals (180480 mg) with an acetone/dry
ice cooling agent, and adding stochiometric amounts of Hg dropwise under vigorous reverse flow
of inert gas. After warming the system slowly up to room temperature, the product was identified
as phase-pure KHg; and RbHg;. When the dry ice cooling is not applied, a mixture of KHgg!'"!
and KHg; is obtained.

Cs3Hgoo was synthesised by dropwise adding 4.56 g (22.7 mmol) Hg to 452.0mg (3.4 mmol) Cs
in a glass Schlenk flask. The mixture was homogenised by slight shaking while heating with a
heat gun until a homogeneous melt was achieved (approx. 300°C) and allowed to cool to room
temperature within estimated 30 min. By X-ray powder diffraction, the obtained product was
identified as CssHgog with minor traces of CS5Hg19.[16]

Purity of the amalgams was only checked on the X-ray level. EDX spectroscopy is not feasible
because of the high reactivity of the samples and lack of a trustable airlock system in order to
transfer the samples into the electron microscope. ICP-OES was performed on the amalgams
but only reflects the weighing stoichiometry and the absence of impurity elements.

Powder diffraction and Rietveld refinement

In all cases, the amalgam samples showed no single crystals of suitable quality for single crystal
X-ray diffraction experiments, even after several attempts to improve the crystal quality by
Ostwald ripening procedures. From other amalgam systems, e.g. from the Gdi4Ags; structure
family, we have multiple examples indicating that the refinement of disorder phenomena on data
from different single crystals of one sample and from Rietveld refinement of powder samples
representing a larger cross section do not show significant deviations. We have observed no
signs for any ordering phenomena on a more complex or local level, however, the real structure
ordering necessary on an atomic level would have to be studied by e.g. electron diffraction. The
high sensitivity of the samples has impeded such studies so far.

For X-ray powder diffraction investigations, the samples were prepared in an argon-filled glove-
box. 50vol.-% of diamond powder was added to effectively crush the ductile samples and to
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Fig. 4.16: Graphical representation of the Rietveld
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Ko.53Rbo.4a7Hg11. The diffraction pattern shows no
additional crystalline phases, while the diffuse contri-
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Fig. 4.17: Rietveld refinement of Csz.3Cag.2Hgoo,
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ing from diamond powder, is cut off to highlight more
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high-angle region of the diffractogram.

reduce X-ray absorption. The powders were filled in glass capillaries (inner diameter 0.5 mm,
Hilgenberg, Malsfeld, Germany), which were sealed with birch tar.
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Table 4.18: Crystallographic data and details on data collection and treatment resulting from the Rietveld
refinements of the X-ray powder diffractograms of Ko 5sRbo.sHgi1 and Cs2.8Cagp.2Hg2o.
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Refined composition

Ko.528(7)Rbo.a72(7)Hg11 Cs.81(3)Cao.20(3)He20

Crystal system — cubic —
Space group Pm3m (No. 221) Pm3n (No. 223)
Formula units Z 3 2
Lattice parameters [A, A3] a 9.69143(3) 10.89553(14)

\%4 910.256(8) 1293.44(5)
Radiation Synchrotron Mo-Kal
Wavelength [A] A 0.20735 0.709317
Refinement software GSAS-II[19] TOPAS[20]
Data range [°] 20 1-16.6 2.5-55.0
Step size [°] A20 0.04174 0.015
Abs. coeff. [mm™1!] m 140.555 120.227
Data points 4152 3501
Background function cosine shifted Chebyshev
No. of independent parameters 63 57
Thereof: background parameters 36 21
R values [%)] Rp 0.774 0.884

Ryp 1.201 1.248

Rexp 0.255 0.745

RBrage 1.17 1.62
GooF [x?] 4.744 1.675

Ko.5RbgsHg11 was characterised with synchrotron radiation (A= 0.20735 A, PETRA III, Beam-
line P02.1, DESY, Hamburg, Germany) employing a VAREX XRD 4343CT Flat Panel Detector
(2880% 2880 pixels, 150x150 um pixel size). The diffraction data were integrated using the
Di1oPTAS package.?!] Rietveld refinements were carried out with the GSAS-II software.['”] The
published crystal structure data RbHg;!'?! were used as starting parameters for the refinement.
The refined structure parameters are given in Table 4.20, essential crystallographic data and
details on data collection and refinement are summarised in Table 4.18. A graphical representa-
tion of the Rietveld refined diffration pattern is presented in Fig. 4.16 (right). No superstructure
reflections are discernable in the difference plot. Selected interatomic distances are compiled in
Table 4.22.
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Csy.8CagoHgoy was characterised using a STADI P diffractometer (Mo-K,;-radiation,
A=0.7093 A, parafocussing Debye-Scherrer geometry, Stoe & Cie GmbH, Darmstadt, Germany)
equipped with a Ge(111) monochromator and a MYTHENII detector (Dectris, Baden-Daettwil,
Switzerland). Rietveld profile refinements were performed with the TOPAS software applying
a fundamental parameter approach.?’] Starting parameters for the refinement were taken from
the literature structure model for C83Hggo.[16] The refined structure data are summarised in
Table 4.21, relevant crystallographic data and details of the data collection and refinement are
collected in Table 4.18 (below). A graphical representation of the Rietveld refinement is shown
in Fig. 4.17 (left). Selected interatomic distances are compiled in Table 4.22.

Thermal Analyis

The phases KHgll, RngH, K0,5Rb0.5Hg11, CSgngo, and CSQ_SCaO,QHgQO were investigated by
differential scanning calorimetry (DSC). 30-60 mg of the sample were filled into small tantalum
ampules ((: 5mm) which were cold welded using pliers and a vise. To improve the footing
and the thermal contact, the ampules were placed in Pt crucibles. The measurements were
performed under streaming Argon (20mLmin~!) using a STA 449 F5 Jupiter setup (Netzsch,
Selb, Germany) equipped with a type S thermocouple. Data were collected by performing three
cycles of heating to 150°C and cooling at a rate of 5 Kmin~!. Data processing was performed
with the Netzsch software package Proteus.[*?]

Specific Resistivity

Temperature dependent measurements of the specific resistivity between 2 and 296 K were per-
formed with the ac-resistivity (typically 19 Hz) option of a Physical Property Measurement Sys-
tem (PPMS Quantum Design Inc., San Diego (CA), USA) with currents between 1 and 100 mA
on cold-pressed sample discs (thickness approx. 0.5mm to 1 mm) employing the van-der-Pauw
technique. Thin gold wires were attached to the discs by silver paint in an Argon filled glove
box. After rapid transferring under inert gas and mounting of the sample, the PPMS cryostat
was immediately evacuated to high vacuum (< 10~° mbar) while cooling rapidly to liquid He
temperature. At low temperatures approximately 5mbar of “He exchange gas was charged to
the cryostat and subsequently the resistance was measured by slowly raising the temperature to
room temperature. In some cases deterioration of the electrical contacts was observed at about
250 K, most probably due to corrosion of the contacts by metallic Hg, released from the samples
surface due to hydrolysis with residual moisture. The results of the resistance measurements are
depicted in Fig. 4.23.

Susceptibility Measurements

Magnetic measurements on KHgi; between 1.9 K and 300 K with a magnetic field of 15 Oe were
performed using a VSM (Vibrating Sample Magnetometer) installed in a Physical Property
Measurement System (PPMS, Quantum Design Inc., San Diego (CA), USA). Samples were
placed in capsules made of PFEP, which were then fixed to a brass holder. Data were collected
with the MultiVu software.[’] RbHgi; and Kg5RbgsHgi1 were investigated using the ACMS
option of a PPMS. The magnetic field was set to 100 Oe, the temperature was decreased from
6 to 2K at a rate of 0.05 Kmin~—! and data points were recorded every 0.2 K for RbHgy; and
0.1 K for Kg5RbgsHgi1, respectively. To check for a possible thermal hysteresis, both samples
were afterwards measured accordingly during warming up to 6 K.

Band structure calculations

The electronic structures calculation were performed employing the fully relativistic Korringa-
Kohn-Rostoker (KKR) Green function method as implemented in the sprkkr code.l**?"! The
Vosko, Wilk and Nusair local density approximation (VWN—LDA)[%] was used to approximate
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the exchange-correlation part of the potential as well as the atomic sphere approximation. The
KKR code allows for a treatment of mixed occupied crystallographic positions without the
construction of a virtual fully ordered supercell model as approximation to the averaged and
purely statistically disordered crystal structure (CPA approximation)m} which was used for the
mixed crystal KosRbgsHgi; and CsegCagoHgog. The electronic density of states (DOS) was
calculated on the basis of the crystallographic structure model without allowing for a structure
relaxation. The energy integrals were evaluated by contour integration on a semicircular path
within the complex energy plane, using a Gaussian mesh of 32 points. For multipole expansion
of the Green’s function we used a cutoff ¢,,,, = 3 to obtain reliable results. Once the Green’s
function components have been determined, the charge density can be obtained via the k-space
integration over the Brillouin zone (BZ). Self-consistent calculations were performed using a
grid of 24x24x24 points in the full BZ. Structure constant matrix k-dependent convergence
parameters were set manually to ETA = 2.0, RMAX = 2.0 and GMAX = 2.0.
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Fig. 4.18: Left: Total density of states (DOS) for KHg11 (red), RbHgi: (blue) and Ko.sRbo.sHg11 (black). The
Fermi level is depicted by the dashed line. The inset magnifies the DOS directly around the Fermi energy. Right:
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4.3.4 Results and Discussion

Ko.5Rbo.sHg11

Rubidium and potassium form several isotypic Hg-
rich amalgams, for example MsHgr;, MyHgss and
MHg,; 191627 The crystal structure of the quasi-
binary compound Ky sRbgsHgi; is isotypic to the
respective binary amalgams (space group Pm3m,
a=9.69143(3) A). A comparison of the lattice pa-
rameters is shown in Table 4.19, while additional
crystallographic data are compiled in Table 4.20.
The crystal structure of MHgy; (see Fig. 4.20, right)
has been discussed in detaill'”) with respect to dif-
ferent aspects: (a) [MHgao] coordination polyhedra
forming four-capped tetragonal hexagonal prisms
together with a single Hg atom arrange with a
CusAu topology, (b) a combination of [Hg@Hg;s]
cuboctahedra, [Hgs] squares and [Hgg] cubes with
interstitial M atoms form a Y3TaNigi,Als topol- Fig. 4.20: Crystal structure of MHg, (M =K,
ogy, and (c) a description by multi-layered endo- Rb). Mercury atoms are shown in grey, the blue
hedral [Hg@Hg12Hgs2A12] polyhedra sets. In this Polyedra are centered by M atoms.

work, due to its simplicity, the foremost view is chosen for the visualisation of the structure (cf.
Fig. 4.20). In the solid solution of Ky 5RbosHg11, the single crystallographic site occupied by
the alkali metal shows mixed occupation with 47.2(7) % K and 52.8(7) % Rb (cf. Table 4.20)
as obtained from Rietveld refinements. The deviation from the initial composition may indicate
a slight inhomogeinity of the sample. The formation of a Vegard-type mixed crystal can be
expected as the atomic radii of K and Rb differ only by ca. 6% (220 pm for K and 235 pm for
Rb, respectively).[17]

According to the thermal analysis, KHgy melts at 68.7°C
and RbHgy; at 69.6 °C, whereas the solid solution phase
KosRbosHgi1 melts at 63.5°C (see Fig. 4.21, left). The
reduction of the melting temperature for the solid solution
is consistent with other observations for intermetallic solid
solutions®®) and with theoretical considerations based on
the Landau theory!?”l and can be ascribed to local strain.
As the atomic radii do not differ that much, the local
strain is low and the melting point reduction is small but
nonetheless significant and larger than the difference of
696°C Aok, the melting points of the two binary compounds. Powder

————— diffraction analyses of the samples before and after DSC
P Cramperawrescc. "™ measurements (see Fig. 4.24) confirm that the composition
has not changed, indicating congruent melting.

KHg,,

68.7 °C

DSC Intensitiy / a. u.

Fig. 4.21: DSC measurements (heating
curves) of RbHgy: (blue), KHgy; (red) and The calculated density of states for KosRbosHgii (see

Ko.sRbo.sHg11 (black). Fig. 4.18) does not significantly differ from those calcu-
lated for KHgi; and RbHgy1. The partial DOS reveals the considerable contributions from
alkali metal s at the Fermi energy. As expected, mixing of two alkali metals on the single crys-
tallographic position does not alter the electron count, and the only discernible differences in
the DOS appear in the energy range between —10 and —14 eV, where the p states for the alkali
metals are either at lower (K) or slightly higher (Rb) energies and consequently at both energy
regions for the mixed crystal. Structural disorder does not inflict the electronic situation here
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as the VEC is not changed. Alkali metal s states considerably contribute to the DOS at the
Fermi level.

In Fig. 4.22 (right), the susceptibility measurements of : — b
KosRbosHgi1, KHgyii and RbHgy; are shown. All samples 0]
are superconductors with transition temperatures below that of -

T,=35K

pure Hg (4.15 K).Bo] While KHgy1 and RbHgy; exhibit critical =7 . . et
temperatures at 2.5 and 3.5 K. The transition temperature of = ™7 eeeceesececeses
Ko.5RbgsHgi1 is very close to that of RbHgy.

As shown in Fig. 4.23, the comparison of the electrical resistivi- : To=25K

ties of KHg11, RbHg1; and Ko 5sRbgsHg11 supports the assump-
tion that the mean free path plays an important role. All three
isostructural amalgams have a low concentration of free charge
carriers because of high Coulomb contributions, and the spe-
cific resistivities of the binary compounds are very similar. The
steeper slope and the significantly higher deviation from linear
temperature behaviour for KgsRbgsHgi; must be ascribed to b
the structural disorder reducing the mean free path and more 2
pronounced scattering.

The detailed study of KgsRbgsHgi1 and the comparison with
the two fully ordered binary amalgams gives strong evidence for
the influence of structural disorder on the macroscopic proper-
ties. Both specific resistivity and superconductivity are mod-
ified, and as the electronic situations in the binary and the
ternary isostructural amalgams remains unchanged, the influ-
ence must be mainly ascribed to the structural disorder, re-
ducing the mean free paths and enhance electron scattering. The Vegard-type solid solution
Kos5RbgsHgi1 shows to be an ideal candidate to study statistical disorder, which is in accor-
dance with the lowering of the congruent melting point with respect to the fully ordered binary
compounds. No other parameters but the introduction of structural disorder therefore can be
discerned causing the changes in the physical properties.

KHg,

;(mollcm3 mol

3
Temperature / K

Fig. 4.22: Magnetic susceptibil-
ity measurements of Ko.s Rbo.sHg11
(top), KHg11 (center) and RbHg11
(bottom).  First derivatives are
depicted with dotted lines. All
samples are superconductors below
their respective critical tempera-
tures (T¢).
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Fig. 4.23: Temperature dependence of the electri-
cal resistivities of RbHgi1 (blue), KHgi1 (red) and

Fig. 4.24: Comparison of the X-ray powder
diffractograms of samples of KHgii;, RbHgi; and

Ko.5Rbo.5sHg11 (black) in comparison with the resistivi-
ties of the binary amalgams. The ternary solid solution
exhibits a more pronounced ‘bad metal’ behaviour.

Ko.sRbosHgi1 before and after the DSC measure-
ments. The calculated diffraction peak positions for
KHgi1: and RbHgi1 are given as vertical bars.
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Cs2.8Cag.2Hg2o

The mixed crystal Csg gCagoHgog differs in several
aspects from that of Kg5RbgsHgi11. Whereas the K-
Rb amalgam represents a solid solution where the
VEC is not altered by the substitution and only
structural disorder is introduced, in the Cs-Ca amal-
gam, in addition to moderate structural disorder the
electron concentration is also modified by replacing
an alkaline with an earth alkaline metal. In the
case of Csy gCagoHgag, no respective isotypic binary
mercury-rich boundary phase CaszHgyg is known
so far. The mercury-richest Ca amalgams with a
Hg: Ca ratio > 2 are CaHgg[SI] and Ca10,5Hg54,5.[32]
The new ternary amalgam Csy gCag.oHgog is isotypic
to CsgHgog, with only minor differences of the lat-
tice parameters (cf. Table 4.19). Its crystal struc-
ture can be described as a CrsSi-type arrangement Fig. 4.25: Crystal structure of MsHgao (M = Cs,
built from Hg-centered [Hg@Hgis] icosahedra and Rb). Blue polyedra are centered by M atoms,
twice-capped antiprismatic hexarhombic dodecahe- while the grey icosahedra are centered by He.
dra [CsHgag] centered by Cs/Ca atoms occupying a single crystallographic site (see Fig. 4.25,
right). The arrangement is closely related to the clathrate type I structure. The single Cs site
is statistically occupied by only 6.5(9) % Ca (cf. Table 4.21) which represents the maximum
accepted Ca substitution, as a 1:1 Ca:Cs ratio was provided in the synthesis mixture. The
given occupancies were derived from Rietveld refinements of X-ray powder diffraction patterns
and can be considered as average value of the bulk sample. No single crystal specimens could
be analysed, and a concentration variation could not be discerned. The existence of a full solid
solution Css_,Ca,Hgag is unlikely due to the substantial change of the valence electron concen-
tration ranging from VEC = 1.87 for x = 0 to 2.0 for x = 1. For the mixed crystal Css §Cag.oHgog
the minute change in the VEC = 1.89 still appears to be tolerable.

Thermal analysis shows that while CszHgyg al-
ready melts at 151.5°C, its substituted variant lexo — C%2750%1M0z0
Cs28CapoHgoo melts at 165.5°C (see Fig. 4.26, — Cs5Ho,

right). As may be expected, Ko 5Rbg sHg11, exhibits
a melting temperature reduced from those of the two
isotypic binary phases. This different behaviour can

be understood since in Csg gCag.oHgog the electron
transfer 0 in M°*+[Hg,]°~ is higher for M = alkaline ——’M/
earth metal than for M = alkali metal. In addi-

tion, the Ca incorporation increases the lattice en- L e S
50 75 100 125 150 175 200
ergy through higher Coulombic contributions. Gen- Temperature / °C

eraflly, alkaline earth metal amalgz‘ims have melting Fig. 4.26: DSC measurements of CssHazo (black)
points several hundred degrees higher than alkali ;4 Csz.5Cag.2Hgno (red).

metal amalgams.*!] The small amount of Ca incor-

poration apparently leads to a noticeable increase of the lattice energy overcompensating for the
local strain effects which tend to decrease the melting temperature of Ko 5RbgsHg11.

The calculated electronic structure (see Fig. 4.19) reveals that the Ca incorporation into Cs3Hgag
does not inflict the total density of states, especially the total density of states (tDOS) close to
the Fermi level remains unchanged. These states are predominantly of Hg s and p character
and belong to the metallic cluster framework. Cs and Ca s states, nevertheless, both contribute
to the DOS at the Fermi level. No indication is found for a structural instability that may be

165.5 °C

DSC Intensitiy / a. u.
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expected for higher electron concentration. In close vicinity of Ep, no pronounced minima or
maxima are seen. An increase of electron density would lead to an increase of energy by filling
predominantly Hg p states, and this might be the limiting factor for the structural stability of
the mixed crystal Cs;_,Ca,Hgsg. With higher electron concentrations other amalgams with
comparable Ca: Hg ratios, such as Cajgs5Hgs4.5, compete.

We were unable to collect reliable data for the thermal behaviour of the specific resistivity and
for the susceptibility of Cse gCagoHgog, however, the electronic structure calculations suggest
a behaviour comparable to that of KosRbgsHgi1. There are no drastic changes in the DOS
despite the small changes in VEC, so the disorder phenomena should be the dominant factor
and may lead to a more pronounced ‘bad metal’ behaviour also for Csy sCag.oHgag.

The situation in the ternary substitution variant Cso gCagoHgog is slightly different from the
one in the mixed crystal Ko 5RbgsHg1; where the structural disorder is not combined with a
change in the VEC. Already the increased melting point in Csy gCagoHgog indicates that the
overall bonding situation is altered by substituting the monovalent alkali metal by a divalent
alkaline earth metal. The change in the electronic situation is a very delicate one: Formally
the valence electron concentration changes from 1.87 in CssHgaog to 1.89 in Cso gCagoHgag, and
only very slight details in the partial DOS are noticeable. This slight increase of the electron
concentration appears to be still acceptable by the structure, whereas for x > 0.2 the enhanced
electron concentration may be the electronic reason why no complete solid solution and no binary
Ca representative of this structure type exists.

4.3.5 Conclusions

Introducing structural disorder has an influence on 20 —
the physical properties of polar intermetallic phases. 15 o
By comparison of the properties of the Vegard-type 1.0

mixed crystal KgsRbgsHgi1 with those of the fully 0,5_§ KHg,
ordered isotypic binary phases KHgi; and RbHg1r § o e Los o0 |
is is possible to study this influence in detail. By do- §> 0(;';2 KasFbosHy
ing the same with the substitutional mixed crystal 3 4 KHg,,
Csg.8CagoHgog where together with structural dis- é 0.04 - RoHg,,
order the VEC changes, the relative sizes of struc- £ 0.02}

tural and electronic effects on the property changes (% 0.003 -
can be estimated. This is especially of interest for 00008 """
polar intermetallic phases with their special elec- 00006

tronic situations caused by the combination of low g'gggzz sz
free electron concentrations and very small mean | = ICIU‘} . |M. |N: .
free paths. The physical properties resulting from 0 50 100 150 200 250

. . Temperature / K
the ‘bad metal’ behaviour are of interest for new

materials with respect to e.g. energy transforma-
tion and energy storage. It is therefore of interest
for chemists and material scientists to get knowl-
edge about ways to deliberately tailor those physical

Fig. 4.27: A comprehensive overview over the
temperature dependency of the specific resistivi-
ties of some metals and amalgams. Bottom: com-
parison of the resistivities of pure copper (red),
cupper with 5% Ni (green), copper with 20% Ni

properties by parameters accessible to the prepara-
tive chemist. Free electron concentration an mean
free path can be influenced in several ways, and in-
troducing of structural disorder is one of them.

Our experimental and theoretical results indicate
that structural disorder indeed is a parameter in-

(blue)P*?! and Hg (grey).’* Center: the resistiv-
ity of Hg (grey) in comparison to the ones of
KHg11 (red)7 Rngll (blue) and K0.5Rb0,5Hg11
(black).  Top: resistivities of the amalgams
Ko.5sRbo.sHg11 (black), KHgs (magenta)“g] and
Naj1Hgso (green).[m] Note the different orders of
magnitude for the three sets.

fluencing the ‘bad metal’ behaviour in polar intermetallics. Structural disorder, however, is not
the most determining factor, as a comparison with other amalgams and their metallic properties
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shows (see Fig. 4.27). It indicates that a much more important influence on the macroscopic
properties is the degree of electron transfer from the electropositive metal onto the Hg sublat-
tice, corresponding to the Coulombic polarity. The ionic contributions, electron localisation and
the presence of strong scattering centers in the crystal lattice, dominate the metallic properties
of amalgams over the influence of disorder phenomena. Also covalent bonding contributions
lead to localisation of electrons, and so the detailed electronic situation of the Hg sublattice
plays an important role. Other contributions may be the degree of structural complexity (high-
symmetrical and simple amalgams tend to be better metals than those with large translation
periods and low symmetry). We plan future work on the contributions of these parameters to
the overall behaviour of polar intermetallic phases, again on the case study examples of Hg-rich
amalgams of electropositive metals. The gained insights, however, can directly be transferred
onto other intermetallic systems with higher interest for application materials.

Table 4.19: Comparison of lattice parameters, melting temperatures and critical temperatures for the two mixed
crystal amalgams and their respective binary relatives.

Kng Ko.st0.5Hg11 Rngu C53Hg20 CSz.scao.2Hg20

a [A] 9.6300(10) [15} 9.69143(3) 9.7070(10) 15] 10.9130(10) [16] 10.89553(14)
vV [A3) 893.0600 [15] 910.257(8) 914.6505 [15] 1299.6706 [16] 1293.44(5)
52.8(7) K 93.5(9) Cs

occ. [%] 100 47.2(7) Rb 100 100 6‘5(9) Ca
Tmert [°C] 68.7 62.9 69.6 151.5 165.5
Te K] 2.5 3.5 3.5 — —
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Table 4.20: Standardised®”! fractional atomic coordinates, Wyckoff positions, site symmetry, occupation factors
and isotropic displacement parameters [AQ] for Ko.5Rbo.sHg11. Standard deviations are given in parentheses.

Wy ckoff Site
Atom Letter Symmetry y # Uequiv oce-
K(1) 3d 4/mm.m 0 0 1/2 0.0356(13)  0.472(7)
Rb(1) 3d 4/mm.m 0 0 1/2 0.0356(13)  0.528(7)
Hg(1) 1b m3m 1/2 1/2 1/2 0.0583(6) 1
Hg(2) 8g 3m 0.15387(4)  0.15387(4)  0.15387(4)  0.0610(3) 1
Hg(3) 12j m.m2 0.26771(4)  1/2 0.26771(4)  0.0552(2) 1
Hg(4) 12i m.m2 0.34560(4)  0.34560(4) 0 0.0570(2) 1
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Table 4.21: Standardised®”! fractional atomic coordinates, Wyckoff positions, site symmetry, occupation factors
and isotropic displacement parameters [AQ} for Cs2.8Cagp.2Hgoo. Standard deviations are given in parentheses.

Wy ckoff Site

Atom Letter Symmetry v # Uequiv oce-
Os(1) 6d Im.2 1/4 1/2 0 0.0342(14)  0.935(9)
Ca(1) 6d im.2 1/4 1/2 0 0.0342(14)  0.065(9)
He(1) 2 m3. 0 0 0 0.0494(14) 1
Heg(2) 6c im.2 1/4 0 12 0.0570(14) 1
He(3) 8e 32 1/4 1/4 1/4  0.0570(14) 1
Hg(4) 24k m.. 0.25970(11) 0.13474(11) 0 0.0532(14) 1

Table 4.22: Selected interatomic distances [A] and respective frequencies for Ko sRbg.sHg11 and Csz.sCag.oHgzo.

Ko.5sRbo.sHgi1 Cs2.8Cao.2Hgzo
atom 1 — atom 2 distance freq. atom 1 — atom 2 distance freq.
K1/Rbl - Hg4 3.6575(13) 4x Cs1/Cal - Hg3 3.85215(6) 4x
- Hg3 3.6668(12) 8x - Hg4 3.85215(6) 4x
-~ Hg2 3.9625(15)  8x -~ Hg2 3.988(5) 4x
Hgl -  Hgd 3.1954(13)  12x -~ Hg2 4.060(4) 8x
Hg2 -  Hg2 2.979(3) 3x Hgl -  Hg2 3.172(5) 12x
~  Hg3 3.019(2) 3x Hg2 -  Hgd 2.920(5) Ix
- Kl 3.9625(15)  3x -~ Hg2 2.922(9) Ix -
Hg3 - Hg3 2.999(3) 2x - Hg3 3.004(2) 2x 2 g
-~ Hg2 3.019(2) 2x -~ Hgl 3.172(5) Ix = @
-~ Hg4 3.0846(13)  4x -~ sl 3.988(5) 1x E S
Hgd -  Hg3 3.0846(13)  4x - Csl 4.030(4) Ix 29
-~ Hgd 3.1954(13)  4x Hg3 -  Hg2 3.004(2) 6x )
- K1 3.6668(12) 1x - Csl 3.85215(6) 3x
Hg4 - Hg2 2.920(5) 4x
- Csl 3.85215(6) 3x
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4.4 The Hg-rich part of the Binary System, K—Hg revised:
Synthesis, Crystal and Electronic Structures of KHgy, KHgs
and KHgg
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The Manuscript is currently in preparation in cooperation with C. Rohr. KHgs and KHgy
were first discovered in her group. She is performing the structural descriptions and electronic
calculations for KHgy and KHgs in depth. Characterisation, structural description, electronic
calculations and discussion thereof as well as thermoanalysis and the subsequent redesign of the
K- Hg phase diagram were conducted by T. Hohl.
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Fig. 4.28: Reported Hg-rich mercurides of alkali-/alkaline-earth elements. The new compounds are shown in

red. Arrows indicate increasing values, coordination numbers are included in violet. The figure was provided by
C. Rohr and slightly adapted from a previous work.[!]

4.4.1 Introduction

Mercury-rich amalgams of the less noble metals serve as ideal candidates for the investigation of
polar metallic bonds. Due to the interplay of covalent, ionic and metallic bonding contributions,
these compounds exhibit a broad structural variety, as well as unusual physicochemical properties
(e.g. low electrical conductivity),w’g} which originates from the incomplete eletron transfer from
the less noble metal to mercury. Although most systems have been thoroughly studied, new
companc]ls can still be found, as is apparent in the recent discovery of KHgg, BaHgg and
SrHgg.[*
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In the phase diagram of K—Hg, many representatives can be found; a comprehensive list of
reported binary K-Hg phases with Hg: K > 2, including their structural features is compiled in
Table 4.23.

Table 4.23: Summary of the reported K amalgams with Hg: K ratio > 2 together with their space groups and
structural features.

Compound Space group Structural features Literature
KHg> P6/mmm AlB; structure type [7]
KoHgzr P3m1 trans-connected chains of distorted cubes [8]
KsHgi1 Immm defect BaAly structure type [9]
K7Hgs:1 P6/mmm Ba7Cds; structure type [9]
KHgg Pnma BaHgg structure type [4]
KHgi1 Pm3m BaHgi; structrure type [10]

4.4.2 Experimental

Single crystals of KHgg were serendipitously obtained by adding 4.9868 g (24.86 mmol) Hg slowly
and dropwise onto 219.4mg (5.55mmol) K at —78°C, resulting in a K to Hg ratio of 7:31 to
validate the existence of the binary potassium amalgam K7Hgs;. The mixture was allowed to
thaw to RT inside the cooling bath over night. Xenomorphic, silver metallic crystalline frag-
ments were isolated under potassium-dried paraffin oil using a binocular and fixated inside a
flame-sealed glass capillary. Orientation images yielded a triclinic metric with a = 6.3001(17),
b =8.9723(19) and ¢ = 12.637(3) A. A careful comparison to reported binary potassium amal-
gams yielded no accordance, and a full measurement was subsequently performed. The final
data collection was done on a one-circle diffractometer device (IPDS 1, Stoe & Cie, Darm-
stadt, Germany, graphite- monochromatized Ag-K, radiation, image plate detector system) in
© scan geometry with Ap = 1.5° and 0 < ¢ < 199.5° and subsequently corrected for Lorentz-,
polarisation and absorption effects.[''?] The absence of any systematic absence conditions in-
dicated two possible space groups for the refinement: P1 and P1. Wilson statistics indicated an
non-centrosymmetric symmetry, so the structure solution was performed in P1. Due to better R-
values however, the final refinement was done in spacegroup P1. For the absorption correction,
the crystal shape originating from the indexed faces was optimised on the basis of the intensity
distribution,!'?) and numerical absorption correction was performed.l'2) All details on the results
of the data collection, structure solution and refinement are listed in Table 4.24 (right), while
fractional atomic coordinates and isotropic displacement parameters are compiled in Table 4.27.
Anisotropic displacement parameters are shown in Table 4.28, and selected interatomic distances
in Table 4.29.

KHg4 and KHgs were obtained from stoichiometric melts of the elements. Details on single crys-
tal diffraction experiments will be provided by C. Rohr. Results of data collection, structure
solution and refinements are summarised in Table 4.24, and their fractional atomic coordinates
and isotropic displacement parameters can be found in Table 4.27. Anisotropic displacement
parameters are listed in Table 4.28, while selected interatomic distances can be found in Ta-
ble 4.29.

Table 4.24: Crystallographic data and selected details on data collection, structure solution and refinement of
KHg4, KHgs and KHgg. Data collection was performed at room temperature. All standard deviations are given
in parentheses in units of the last digit.

KHga KHgs KHgs
Crystal system orthorhombic monoclinic triclinic
Space group Cmem (No. 63) P21 /c (No. 14) P1 (No. 2)

continued on the next page
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KHga KHgs KHgs
Lattice parameters [A, °] a 9.374(3) 11.4832(10) 6.3001(17)
b 8.735(3) 17.5862(15) 8.9723(19)
c 6.456(2) 10.3152(9) 12.637(3)
a 99.30(3)
8 116.6871(11) 91.34(3)
5 98.36(3)
v [A3] 528.7(3) 1861.2(3) 696.7(3)
Z 4 12 3
Density (X-ray) [g-cm™3] 10.572 11.156 11.755
Diffractometer BRUKER APEX Quazar STOE IPDS 1
Radiation AgKqy
A 0.56087 A
Absorption coeff. p [mm™1!] 116.402 123.823 72.230
9 range [°] 3.188-29.974 1.985-27.496 2.414-19.99
Index range ~13< h <12, —14< h < 14, ~16 < h < 16,
“12< k<12, 22 < k< 22, —6< k<86,
—9<1<9 —13<1<13 —12<1<12
No. of collected refl. 3784 33794 5546
No. of independent refl. 439 4272 2546
No. of indep. refl. (I > 20([)) 397 3936 1385
Rint 0.0622 0.0653 0.1032
Rs 0.0368 0.0433 0.1553
F(000) 1356 5028 1977
Corrections Lorentz, Polarisation, Absorption (numerical)[12-14]
Structure solution direct methods [15]
Structure refinement full-matrix least-squares on 2 [15]
[a)] > No. of L.S. parameters 17 164 125
=1 Gl GooF 1.356 1.376 0.852
n 9 R values (I > 20(I)) R1 0.0491 0.1017 0.0583,
= wR2 0.1386 0.2692 0.1151
29 R values (all data) R1 0.0527 0.1060 0.1161,
E [a) wR2 0.1413 0.2704 0.1276

0.00042(18)
—4.917 / 45.894

0.000025(8)
—~10.130 / +10.904

0.0097(4)
—3.319 / 4+3.653

Extinction coefficient
Res. p(e”) min/max [e~ A=3]

4.4.3 Crystal structures
The crystal structure of KHgy

KHg4 crystallises in a new structure type
in the orthorhombic crystal system (space
group Cmem, No. 63, a=9.374(3) A,
b=8.735(3)A, ¢=6.456(2)A). Tt contains
one crystallographic position for K, and two
for Hg. The structure can be described via
different approaches. A viewpoint which high-
lights the space filling combination of inter-
penetrating [KQHg6+K>] and trigonal pris-
matic [Hgg] polyhedra is visualised in Fig. 4.29
(right). The cation coordination polyhedra
(cep’s) around potassium can be derived by
substituting two Hg—Hg dumbells of an elon-
gated triangular bicupola (Johnson Solid No. Fig. 4.29: Polyhedral representation of the crystal stru-
J3s5) with K (cf. Fig. 4.30). These ccp cuwe of KHgs. On the right side, the space- filling com-
then form corrugated, interpenetrating chains b,ination Of, ceps of K (yellow) and, Hge prisms is high-
. . K lighted, while the green Hgs pyramids emphasise the re-
along c¢. This coordination polyhedron has lation to other Hg-rich amalgams. Hg: grey, K: orange,
previously not been encountered in amalgams. unit cell: black.
While the coordination number 18 has been observed in many binary amalgams (i.e. KHgg, !
BaHgG,[5] Ba20Hg103,[16} Sngg[G]), the coordination pattern 16+2 has not been encountered so
far, the ccp within the literature structures are exclusively M Hgg polyhedra.

78



The K-Hg distances in KHg, range from 3.428(2) to 3.846(2) A, which
is well within distances reported in the literature (cf. Fig. 4.39). How-
ever, if the overall coordination sphere is considered, an additional
K-K contact exists (4.286(9) A). These K atoms serve as the center
of the next ccp, resulting in a corrugated chain of interpenetrating
polyhedra. This contact is smaller than the sum of the metallic radius
(2 riet = 4.698 Al'™), but even larger than the sum of its ionic radii
(> rg+ = 2.66 A[IS]), emphasising the complicated bonding situation
comprised of ionic and metallic contributions.

Fig. 4.30: Coordination
polyhedron around K in
KHgas. Hg: grey, K: orange.

An alternative approach to describe the structure is by
the stacking of nets. This approach emphasises the metal-
lic ‘character’ of the crystal structure, and has commonly
been utilised for e.g. Frank—Kasper phases. In the crystal
structure of KHgs, only one net is neccessary to describe
the complete unit cell. This net is then stacked in an
...ABA... pattern. In these nets, dumbbells of the inter-
penetrating ccp’s (yellow), Hgg hexagons representing a
horizontal cutout of the ccp’s (light blue) as well as faces
of the Hgg prisms (red). The stacking direction is indi-
cated in Fig. 4.31 (right), resulting in a concise, intuitive
Fig. 4.31: Net representation of KHgs approach to describe the threedimensional structure. It
parallel to (110). Yellow: merged KHgs oc- seems noteworthy, that these nets are not completely flat,

tagons, blue: Hgg hexagons inside the ccp, . . . .
red: Hegy squares representing the faces of Since neighbouring K are slightly off-center.

the Hge prisms. Unit cell: black, Hg: grey,
K: orange. The direction of the stacking
shift is indicated by an arrow.
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The crystal structure of KHgs

KHgs also crystallises a new structure type in b — ;
the monoclinic crystal system (space group P2;/c, \ X

No. 14, a = 11.4832(10) A, b = 17.5862(15) A, ¢ = ¢ ~ra

10.3152(9) A, B = 116.6781(11)°). In its unit cell, :
three crystallographically independent positions for — — o /\,
potassium, and fifteen for Hg are present. Again, /
two different approches can be utilised to describe 5
the crystal structure. The emphasis on coordina- i
tion polyhedra yields three ccp’s for K: (1) the ccp
around K3 is best described by a 5:8:5 polyhedron
as already described for the crystal structures of
and KHgg.l"! Here, it is slightly distorted and has
point symmetry 1 (in KHgg: .m.).l" The polyhe-
dra around K1 and K2 can not be described inde-

Fig. 4.32: Polyhedral representation of the crys-

. ) ) ) tal strucure of KHgs. Different types of ccp
pendent from each other, since their coordination (k1/K2: yellow, K3: orange) as well as Hg, tetra-

environments overlap. In these dumbbells best de- hedra and Hgs octahedra (red) are emphasised.
noted by the interpenetration of a (17+1)-fold (or Hs: grey, K: orange, unit cell: black.

5:741:5) coordination formed by 17 Hg atoms as well as K2 surrounding K1, and a 16 + 1-fold
(or 5:641:5) coordination around K2, comprised of 16 Hg atoms as well as K1. Both coorcina-
tion polyhedra have not been observed before, and the 17-fold coordination is a rather unique
motif (as is later discussed in the case of KHgg as well). The interatomic distances support this
observation: K1-Hg distances are found between 3.441(15) and 4.069(16) A (reported values for
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CN = 18 are 3.457-4.080 Al")), while K2-Hg and K3 Hg distances are between 3.354(15) and
3.989(16) A (K2) as well as 3.421(14) and 3.849(14) A (K3). The observed K2-Hg3 distance
is the shortest found in Hg-rich potassium amalgams so far. Additionally, K—K distances of
4.23(2) A can be found as a result of the interpenetrating polyhedra. The different coordination
polyhedra around K are presented in Fig. 4.33. For space-filling of the unit cell, a combination
of Hgy tetrahedra and Hgg must be added. These are visualised in Fig. 4.32 as red polyhedra.

K: orange.

Fig. 4.34: Net representation of KHgs
perpendicular to c. Yellow: merged KHgs
octagons around K2/K3, orange: octagons
around K1 , light blue: Hgs pentagons at
the top of the ccp, red: space- filling Hg,
polyhedra. Unit cell: black, Hg: grey, K:
orange. The direction of the stacking shift
is indicated by arrows.
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A facile visualisation of the crystal structure is given in
Fig. 4.34 (left), where the net representation is shown.
The nets, perpendicular to the crystallographic c-axis,
consist of octagons (orange), which represents the ‘equato-
rial plane’ in the ccp of K1, for which the top and bottom
planes are built by the dark blue pentagons. The yellow
polygons however, can not be unambiguously named. The
best approach would be a merged KoHgy1 polygon, where
two heptagons are overlapping. They represent the equa-
torial planes dumbbell-shaped interpenetrating polyhedra
pictured above, and are capped by the light blue, slightly
distorted pentagons. The positioning of the next layer is
indicated by the arrows, while the stacking can best be
denoted as a ...ABA’B’... order, where the ’ indicates a
rotation of 180° due to the glide plane ¢. Again, voids
are left, which can be assigned to a Hg sublattice (red),
following the trend of the enlargement of the Hg network
with respect to the one in KHgy.



The crystal structure of KHgg

As well as KHgy and KHgs, KHgg crystallises in a
new structure type, belonging to the triclinic crys-
tal system (space group PI1, No.2, a = 6.3001(17) A,
b=289723(19) A, c¢= 12.637(3) A, o =99.30(3)°, B =
91.34(3)°, v = 98.36(3)°). Its unit cell is comprised of two
atomic positions for K (of which one shows inversion sym-
metry), and twelve for Hg. Again, two representations
are valuable for understanding the crystal structure. Ap-
plying a more ionic picture yields two different types of
coordination polyhedra: literature-known KHg;g polyhe-
dra (5:8:5 coordination with CN = 18) around K1 as well
as irregular KHgy7 (CN = 17) polyhedra around K2. This
polyhedron around K2 exhibits a previously unencoun-
tered coorination environment: on one side, its regular-
shaped pentagon (face-sharing with the ccp around K1),
followed by a 7-fold coordination, and then again a pen-
tagon, although heavily distorted. The unusual coordi- _, .

) . . . . . Fig. 4.35: Polyhedral representation of
nation number results in a high degree of distortion; in ;- crystal strucure of KHgs. For rea-
order to compensate for the loss of one vertex, the posi- sons of clarity, only ccp’s (K1: orange, K2:
tion of one Hg atom is changed in a manner that leads to yellow) are emphasised. Hg: grey, K1/2:
a widened pentagon (or envelope-like shape), and can be dark/light orange, unit cell: black.
interpreted as a 5:7:4+1 fashion. The direct contact of these KHg;7 polyhedra leads to spatial
constriction, resulting in the observed distortion. A reason for this distortion might be found if
the remaining space of the unit cell is also being considered: the insertion of an additional Hg
position (while also lacking surplus volume for it) would lead to the destablisation of the overall
crystal lattive. In turn, a more stable coordination environments will be formed (i.e. KHgag
polyhedra in KHgll[lo}). This is in good agreement with all experimental observations: KHgq;
was obtained in every attempt for the phase-pure synthesis of this amalgam.

Fig. 4.36: left: 5: 8 : 5 coordination polyhedron around K1. right: irregular ccp around K2 with CN = 17. K:
orange, Hg: grey.

The observed K-Hg distances in KHgg for the different polyhedra reflect their coordination
environment: for K1 (CN = 18), they range between 3.476(2) and 3.977(4) A and are only
slightly smaller than the comparable literature vaules (KHg;g in KHgg: 3.457(8)-4.239(13) Al4).
The polyhedron around K2 with CN = 17 reflects this, its largest K-Hg distances are smaller
than the K1-Hg distances (3.481(7)-3.841(9) A). A comparison of K-Hg distances can be found
in Fig. 4.39. The Hg Hg distances (2.918(3)~ 3.484(3) A) reflect the strong Hg-Hg interactions
in this structure.
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In order to draw a space-filling picture of the polyhedra, a
multitude of different Hg, polyhedra would be neccessary.
Since visualisation the polyhedral representation only gets
less comprehensible, it is not shown. Instead, a focus on
the net representation (see Fig. 4.37, left) proves to be
worthwile.
In these nets, octagons around K1, heptagons around K2,
pentagons (or extended rectangles) serving as the ‘up-
per/lower’ planes of the ccp’s as well as a number of tri-
angular ‘voids’ built by Hg. The stacking order in this
crystal structure follows the pattern ...ABB’A’..., mirror-
Fig. 4.37: Net representation of KHgs. ing the only existing symmetry element 1 in the center
Orange: octagons around K2, yellow: ¢ ¢1o ypit cell. It can also be seen that the higher co-
edge-sharing KHgg heptagons around K1, di . b d K1) is bei bilised b
light blue: Hes envelope-shaped pentagons OFdination number (8, around K1) is being stabilised by
in the ccp of K1, dark blue: pentagons in the surrounding Hg-lattice, while the lower one (7, around
the ccp’s of both ccp’s, red: space-filling K2) tends to form ‘bigger’ substructures via edge-sharing
Hg. polyhedra. Unit cell: black, Hg: grey,  qymbhells (yellow). Again, it should be pointed out that
K: orange. The direction of the stacking . .
Lift is indi these nets are not perfect planes, which becomes clear if
shift is indicated by arrows. )

the ‘caps’ of the irregular polyhedra around K1 are con-
sidered: their envelope-shaped appearance makes an even plane impossible to construct.

General trends

As shown, crystal structures of Hg-rich amalgams can be described via two intuitive approaches:
the stacking of covalent Hg nets (bigger polygons are centered by the less noble metal), or the
space-filling combination of ccp’s and different (irregular) polyhedra only consisting of Hg. With
an increase of the Hg content, the crystal structures are exhibiting more complex structural mo-
tifs. The Hg-rings around the less noble metal grow bigger and move away from each other,
which affords for more complicated patterns of Hg around the polyhedra in order to fill residual
space. At the same time, the ‘interstitial’ Hg aims to form a network close to its crystal struc-
ture, which manifests in the formation of increasingly complicated combinations of polygons (or
polyhedra) of decrasing symmetry. While this pattern is not completely linear or proportional,
it is certainly a fitting approximation and a valuable tool for understanding the variety of the
crystal structures present in amalgams in general and can be observed in the examples of the
KHg, — KHgg region. The following Figure 4.38 highlights the coordination patterns of the nets
present in the known binary potassium compounds.

Fig. 4.38: Net representation of selected binary potassium amalgams with increasing Hg content. Unit cell:
black, Hg atoms: grey, K atoms: orange. Octagons are depicted in orange, merged octagons or heptagons in
yellow, capping penta- or hexagons in blue, while interstitial polygons are depicted in red.
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Phase dﬁfl‘{ e dR®y e CN Ref.

KoHgy 3.560 3.993 1543 [8]
KHg, 3.428 3.846 16 + 2 this work
KrHgs,  3.419 4.009 16+1-20 [9]
KHg;s 3.354  4.069 16+ 1—18 this work
KHgg 3.457 4.080 18 [4]
KHgsg 3.476 3.814 17— 18 this work

KHg, 3.649 3.944 20 [10]

dK—Hg [A]

33 34 35 36 37 38 39 4.0 41
I A A |

K2H97

KHg,

K7Hgg,

KHg,

Kng

KHg,

KHg,,

Fig. 4.39: K-Hg interatomic distances [A] and coordination numbers of Hg-rich potassium amalgams found in
this work comparison to literature-known representatives. Results presented in this work are highlighted in blue.

4.4.4 Electronic structures

Electronic structure calculations were performed
with the Wien2K program package,!'”) applying the
full-potential linear augmented plane wave (FP-
LAPW) method. The exchange and correlation
contribution was described by the functional of
Perdew, Burke and Enzerhof (PBE) with a gen-
eralised gradient approximation (GGA).*") Muffin-
tin radii were set to 132.3pm (2.5 a.u.), while
the number of basis functions was determined by
the value of Ry - Kpax = 8 with Kax being the
largest k vector. The separation energy was set
to —6 Ry. 980 k points in the Brillouin zone (490
thereof in the irreducible Brillouin zone) were cal-
culated via a 14x10x7 Monkhorst-Pack grid. Cut-
off energies used were EP =163 eV (potential)
and E¥ =139 eV (interstitial PW). Charge distri-
bution for the individual atoms was calculated via
analysis of the electron density map by calculation
of heights and positions of the bond critical points
(saddle points).l*!]

The DOS and pDOS plots are shown in Fig. 4.40
(right). To compensate for the multplicity of the
atomic position of K1, its absolute values were di-
vided by the factor two. No pronounced minimum
at the Fermi level exists, which would indicate the
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Fig. 4.40: Calculated total density of states
(tDOS) together with the partial states (pDOS)
of KHgg in the range from —9 to 2 eV relative to
Er.

existence of (pseudo-)band gaps. This underlines the overall metallic behaviour of the structure
and is in accordance with calculations of the electronic structures of similar amalgams (e.g.
KHgg,!" Sngg[G]). However, very small local maxima between —0.5 and —2eV exist for some
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Hg positions, highlighting the different partial charge distributions. Contributions of K1 and K2
below the fermi level originate mostly from p-states, but some s-state contributions still exist,
emphasising the incomplete electron transfer from K to the Hg network. The Hg contributions
to the electronic structure is a mix of s- and p-states, accenting the interplay of different bonding
contributions. Bader charges have been calculated as well, yielding +0.78 and +0.77 for K1 and
K2, respectively, while charges distributed over the Hg network range between —0.06 and —0.14.
Again, the obtained results are in good agreement with literature-known values.

Table 4.26: Bader charges calculated on the basis of the results of electronic calculations of KHgg with the
Wien2K '] program package.

Kl  +0.78 Hgl  —0.06 Hgd  —0.14  Hg7  —0.10  Hglo  —0.09
K2 4077 Hg2  —0.06 Hgsb  —0.06 Hg8  —0.10  Hgll  —0.10
Hg3  —0.12  Hg6  -0.09 Hg9  —0.12  Hgl2  —0.12

4.4.5 Redetermination of the K—Hg phase diagram
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Fig. 4.41: The Hg-rich part of the revised K—Hg phase diagram. Red: reassessed data, grey: not reproducible,
blue: KHga4, green: KHgs, orange: KHgs. 1: KHgi1 (cf. Fig. 4.42 and 4.43), 2: KHgg (cf. Fig. 4.44 and 4.45), 3:
KHgs (cf. Fig. 4.46), 4: KHgy (cf. Fig. 4.47). Number 5 is the eutectic, which can also be seen in Fig. 4.42.
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For the investigation of the newly found binaries in relation to the K-Hg phase diagram (see
above), numerous samples have been analysed via Differential Scanning Calorimetry (DSC). For
this purpose, about 30-80mg of the sample were transferred in either tantalum (¢ > 250°C)
or stainless steel crucibles (¢ <250°C). The former were welded shut using the arc-welding
technique, while the latter were sealed using a dedicated press. The samples were heated under
constant (20 mL min~!) Ar flow with heating/cooling rates of 5 K min~!. Since the exact consti-
tution of the phases might change during one heating/cooling cycle, the measurements consisted
of four cycles. Before and after the DSC measurements, the constituing phases were identified
with X-ray powder diffraction (where possible). Data are being provided in Fig. 4.42—4.46.
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Fig. 4.42: DSC measurement of a sample consisting of Fig. 4.43: Powder diffractogram of KHgll[ o (green)

KHgi; with data from the first (black) and second heat- before (black) and after (blue) DSC measurements.
ing cycle (red). The endothermic signal in the second
cycle belongs to the eutectic between KHgg and KHgi1.
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Fig. 4.44: DSC measurement of a sample consisting Fig. 4.45: Powder diffractogram from Exp. TH124-
4 (black) before the DSC measurement. Red: KHgs,
green: KHgn.[l“] Reflection intensities marked with an
* cannot be assigned to known binaries.
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Fig. 4.46: DSC measurement of a sample consisting of Fig. 4.47: DSC measurement of a sample consisting of
KHgs. KHgy.
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Table 4.27: Standardised fractional atomic coordinates,[

22]

occupancy factors, site symmetry and isotropic dis-

placement parameters [A?] for KHgg. Ue, is defined as 1/3 of the trace of the orthogonalised U,; tensor. Standard
deviations in units of the last digit are given in parenthes. The additional

Wyckoff Site
Atom Letter Symmetry * Y # Uequiv
KHg,
K1 4c m2m 0.0000 0.3386(7) 0.2500 0.0187(11)
Hgl 8g .m 0.34561(6) 0.21041(9) 0.2500 0.0198(4)
Hg2 8e 2.. 0.15937(7) 0.0000 0.0000 0.0199(4)
KHgs
K1 4e 1 0.3762(14) 0.2500(9) 0.0632(16) 0.017(3)
K2 4e 1 0.8758(13) 0.3668(9) 0.0637(15) 0.015(3)
K3 4e 1 0.1526(15) 0.6268(8) 0.4548(17) 0.017(3)
Hgl 4e 1 0.0221(2) 0.25099(16) 0.3861(3) 0.0177(5)
Hg2 4e 1 0.7378(2) 0.25008(16) 0.2435(3) 0.0163(5)
Hg3 4e 1 0.5972(3) 0.23289(18) 0.4230(3) 0.0205(6)
Hg4 4e 1 0.3583(3) 0.03108(17) 0.0391(3) 0.0215(6)
Hgb 4e 1 0.3618(3) 0.47859(17) 0.0674(3) 0.0191(6)
Hgb6 4e 1 0.1004(3) 0.09319(16) 0.4225(3) 0.0174(6)
Hg7 4e 1 0.0911(3) 0.41093(16) 0.4242(3) 0.0186(6)
Hg8 4e 1 0.6280(3) 0.09437(17) 0.2023(3) 0.0184(6)
Hg9 4e 1 0.6271(3) 0.40675(17) 0.1710(3) 0.0208(6)
Hgl0 4e 1 0.1359(3) 0.50207(16) 0.1924(3) 0.0192(6)
Hgl1 4e 1 0.1451(3) 0.00586(16) 0.1985(3) 0.0194(6)
Hgl12 4e 1 0.4198(3) 0.10182(17) 0.3348(3) 0.0234(6)
Hgl3 4e 1 0.4912(3) 0.38924(17) 0.3671(3) 0.0224(6)
Hgl4 4e 1 0.1699(3) 0.18379(17) 0.2100(3) 0.0212(6)
Hgl5 4e 1 0.2174(3) 0.34337(17) 0.2347(3) 0.0222(6)
KHgs
K1 le 1 i 1 0 0.033(3)
K2 24 1 0.2324(12) 0.7228(11) 0.3738(7) 0.035(2)
Hgl 24 1 0.0114(3) 0.4460(3) 0.1397(2) 0.0741(8)
Hg2 24 1 0.0372(3) 0.0294(3) 0.24827(18) 0.0554(6)
Hg3 24 1 0.0748(6) 0.7430(4) 0.0867(2) 0.0960(10)
Hg4 24 1 0.1046(3) 0.6686(3) 0.63559(15) 0.0513(5)
Hgb 24 1 0.2040(3) 0.0673(2) 0.55914(17) 0.0513(5)
Hgb6 24 1 0.2215(3) 0.1167(3) 0.03718(18) 0.0575(6)
Hg7 24 1 0.2878(4) 0.3571(5) 0.7410(2) 0.1000(12)
Hg8 24 1 0.2924(3) 0.3977(2) 0.50584(18) 0.0522(5)
Hg9 21 1 0.3778(5) 0.3667(3) 0.2521(2) 0.0816(8)
Hgl0 24 1 0.4782(3) 0.1129(2) 0.36674(17) 0.0508(5)
Hgll 24 1 0.4831(6) 0.1297(3) 0.8368(3) 0.1060(12)
Hgl2 24 1 0.6852(3) 0.1756(3) 0.12221(19) 0.0592(6)

Table 4.28: Coefficients of the anisotropic displacement parameters [A2] for KHgg. Uj; is defined as U;; =
exp—2m> [Un(ha*)2 + ... + 2U21hka™b*]. Standard deviations in units of the last digit are given in parentheses.

Atom Ui Uz2 Uss Uzs Uis Uiz
KHg4

K1 0.025(2) 0.013(3) 0.018(3) 0.000 0.000 0.000

Hgl 0.0199(5) 0.0181(6) 0.0215(5) 0.000 0.000 0.0003(2)

Hg2 0.0238(5) 0.0182(6) 0.0178(5) -0.0001(2) 0.000 0.000

continued on the next page
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Atom U11 U22 U33 U23 U13 U12

KHgs
K1 0.013(6) 0.022(7) 0.018(7) -0.007(6) 0.009(5) 0.004(6)
K2 0.006(6) 0.027(8) 0.008(6) 0.004(6) 0.000(5) 0.005(5)
K3B 0.023(7) 0.005(6) 0.027(8) -0.009(5) 0.015(6) -0.001(5)
Hgl 0.0135(11) 0.0188(12) 0.0219(13) 0.0036(10) 0.0089(10) 0.0018(10)
Hg2 0.0134(11) 0.0207(12) 0.0170(12) 0.0002(10) 0.0089(9) 0.0000(10)
Hg3 0.0132(12) 0.0331(16) 0.0172(12) 0.0006(11) 0.0085(10) -0.0007(11)
Hg4 0.0137(12) 0.0222(14) 0.0260(14) 0.0012(11) 0.0066(11) -0.0011(10)
Hgb 0.0120(12) 0.0245(14) 0.0225(13) -0.0053(11) 0.0094(10) 0.0012(10)
Hgb6 0.0155(12) 0.0200(13) 0.0201(12) 0.0007(10) 0.0113(10) 0.0029(10)
Hg7 0.0194(13) 0.0206(13) 0.0194(13) -0.0029(10) 0.0120(11) -0.0025(10)
Hg8 0.0138(12) 0.0228(13) 0.0206(13) -0.0014(10) 0.0096(10) -0.0030(10)
Hg9 0.0143(12) 0.0231(14) 0.0247(14) 0.0021(11) 0.0085(11) -0.0003(10)
Hgl0 0.0216(13) 0.0165(12) 0.0215(13) -0.0002(10) 0.0115(11) -0.0009(10)
Hgll 0.0228(13) 0.0198(13) 0.0196(13) 0.0015(10) 0.0131(11) 0.0028(11)
Hgl2 0.0319(16) 0.0174(13) 0.0282(15) -0.0018(11) 0.0198(13) -0.0014(11)
Hgl3 0.0213(14) 0.0222(14) 0.0268(14) -0.0024(11) 0.0134(12) -0.0022(11)
Hgl4 0.0205(13) 0.0244(14) 0.0215(13) -0.0036(11) 0.0117(11) -0.0101(11)
Hgl5 0.0213(13) 0.0227(14) 0.0244(14) 0.0039(11) 0.0119(11) 0.0066(11)
KHgg
K1 0.033(6) 0.030(7) 0.036(7) -0.005(5) -0.001(5) 0.011(5)
K2 0.030(4) 0.043(5) 0.033(5) 0.005(4) 0.007(3) 0.014(4) g 2
Hgl 0.0555(12) 0.0919(19) 0.0613(14) -0.0110(13) 0.0135(9) -0.0093(11) < g
Hg2 0.0566(11) 0.0525(13) 0.0582(13) 0.0084(10) 0.0042(9) 0.0125(9) E’ g
Hg3 0.141(3) 0.107(2) 0.0563(15) 0.0095(15) 0.0084(15) 0.075(2) 3 =
Hg4 0.0525(10) 0.0614(13) 0.0386(10) 0.0052(9) 0.0062(8) 0.0072(8) ';.I:J =)
Hgb 0.0446(9) 0.0479(12) 0.0575(12) -0.0068(9) 0.0030(8) 0.0121(8)
Hg6 0.0676(12) 0.0525(13) 0.0547(12) 0.0094(10) 0.0099(9) 0.0152(9)
Hg7 0.0436(10) 0.194(3) 0.0492(13) -0.0382(16) -0.0050(9) 0.0397(14)
Hg8 0.0494(10) 0.0548(13) 0.0572(12) 0.0200(9) 0.0046(8) 0.0116(8)
Hg9 0.144(2) 0.0657(17) 0.0540(13) 0.0234(12) 0.0353(14) 0.0600(15)
Hgl0 0.0607(11) 0.0424(11) 0.0500(11) 0.0090(9) 0.0001(8) 0.0088(8)
Hgll 0.180(3) 0.0488(15) 0.0775(18) -0.0027(13) 0.0677(19) -0.0170(16)
Hgl2 0.0681(13) 0.0460(12) 0.0633(14) 0.0082(10) 0.0071(10) 0.0081(9)

Table 4.29: Selected interatomic distances (and their frequencies) and their labels in KHgg in A. All standard
deviations are given in parentheses in units of the last digit.

Atom 1 Atom 2 Distance [ Atom 1 Atom 2 Distance
KHgy

K1 Hgl 3.428(2) (2x) Hgl Hgl 2.8047(15)

Hgl 3.556(5) (2x) Hg2 3.0010(10) (2x)

Hgl 3.5636(12) (4x) Hg2 3.0052(10) (2x)

Hg?2 3.686(5) (4x) Hgl 3.7567(12)

Hg?2 3.846(2) (4x) Hgl 3.7567(11)

Hg?2 Hg2 2.9880(16)

Hg2 3.2282(10) (2x)
KHg5

K1 g3 3.441(15) g2 g’ 2.965(4)

Hg3 3.453(14) Hg3 2.969(4)

Hgl5 3.457(15) Hg3 2.972(4)

Hgl5 3.470(14) Hg9 2.986(4)

Hgl4 3.532(15) He3 Hgl2 2.937(4)

Hgld 3.534(16) Hgl3 2.957(4)

Hgl 3.633(14) Hg9 3.450(4)

Hgl2 3.691(17) Hg8 3.459(4)

Hgl2 3.696(17) Hgd Hg7 2.931(4)

Hg2 3.711(14) Hgl3 2.940(4)

Hgl3 3.721(15) Hg8 2.997(4)
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Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Hg8 3.766(15) Hgl2 3.068(4)
Hgl3 3.773(14) Hgl3 3.142(4)
Hg9 3.777(16) Hg8 3.383(4)
Hg4 3.857(16) Hgl0 3.383(4)
Hgb6 3.951(15) Hgll 3.537(4)
Hgb 4.025(16) Hglb 3.576(4)
Hg7 4.069(16) Hg9 3.647(4)

K2 Hg3 3.354(15) Hg4 3.847(6)
Hgl0 3.463(15) Hgb 3.993(4)
Hg7 3.506(14) Hgb Hgb6 2.967(4)
Hgl5 3.529(14) Hg9 3.016(4)
Hgll 3.548(15) Hg8 3.091(4)
Hgb6 3.555(15) Hgl2 3.105(4)
Hg9 3.566(14) Hgl2 3.120(4)
Hgl0 3.575(15) Hgl3 3.180(4)
Hg2 3.578(15) Hg9 3.227(4)
Hg8 3.596(14) Hgl0 3.400(4)
Hg2 3.598(15) Hgll 3.499(4)
Hgl 3.607(14) Hglb 3.735(4)
Hgl 3.637(15) Hgb6 Hgl0 2.906(4)
Hg5 3.654(15) Hgll 3.004(4)
Hgb 3.989(16) Hglbs 3.088(4)

K3 Hglo 3.421(14) Hgl4d 3.091(4)
Hgl4 3.457(16) Hgl0 3.116(4)
Hgll 3.459(16) Hg7 Hgll 2.944(4)
Hg4 3.493(15) Hgll 2.992(4)
Hg2 3.527(14) Hg10 3.107(4)
Hg3 3.561(15) Hgl4 3.144(4)
Hg2 3.574(16) Hglb 3.144(4)
Hg9 3.588(17) Hg8 Hgl0 2.919(4)
Hg7 3.601(15) Hgl3 3.102(4)
Hgs 3.601(15) Hgl2 3.245(4)
Hgl3 3.666(16) Hgl3 3.810(4)
Hg6 3.712(16) Hg9 Hgll 2.920(4)
Hgll 3.722(15) Hgl3 3.076(4)
Hgl 3.781(14) Hgl2 3.210(4)
Hgl 3.850(16) Hgl2 3.469(4)
Hg7 3.849(14) Hgl0 Hgl5 2.914(4)

Hgl Hgb6 2.889(4) Hgl0 3.792(6)
Hg7 2.901(4) Hgll 3.866(4)
Hg2 2.916(4) Hgll Hgl4 3.139(4)
Hgl4 3.204(4) Hgl2 3.285(4)
Hgl4 3.217(4) Hgl5 2.923(4)
Hgl5 3.641(4) Hgl4d Hgl5 2.848(4)
Hgls 3.671(4)

KHgs

K1 Hg8 3.476(2) (2x) Hg3 Hg4 2.969(3)
Hg9 3.595(2) (2x) Hg7 3.045(3)
Hgll 3.602(3) (2x) Hg4 3.105(3)
Hgl2 3.640(2)(2x) Hg9 3.237(3)
Hgb 3.732(2) (2x) Hgb6 3.310(3)
Hgl0 3.767(3) (2x) Hgl2 3.379(3)
Hg9 3.768(3) (2x) Hg4 Hg4 2.992(4)
Hgb6 3.818(2) (2x) Hg8 3.053(3)
Hgl0 3.977(4) (2x) Hgl2 3.238(3)

K2 Hg8 3.481(7) Hg7 3.241(3)
Hg8 3.501(8) Hgb Hgl0 2.950(3)
Hg3 3.515(8) Hgb6 3.032(3)
Hgll 3.567(8) Hgll 3.061(3)
Hgl2 3.569(9) Hgb6 3.174(3)
Hgl 3.592(8) Hgb 3.256(4)
Hgl 3.596(8) Hgl2 3.263(3)
Hg7 3.632(9) Hg9 3.484(3)
Hg9 3.646(8) Hgb6 Hg9 2.918(3)
Hg4 3.646(9) Hgll 2.922(3)
Hg7 3.690(8) Hgl2 3.097(3)
Hg4 3.701(7) Hg10 3.206(4)
Hg2 3.729(9) Hg7 3.478(3)
Hg4 3.760(8) Hg7 Hgl2 3.021(3)
Hgl 3.778(7) Hgll 3.129(3)
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Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Hgl0 3.780(8) g8 Hgll 2.932(5)
Hg3 3.814(9) Hgl?2 3.000(5)
Hgl Hgl 2.938(3) Hg9 3.030(3)
Hg7 2.973(3) Hgl0 3.320(4)
He7 3.063(3) Hg9 Hgl0 2.826(4)
Hg?2 3.075(3) Hgl2 2.916(4)
Hgd 3.121(3) Hgl0 3.073(3)
Hg8 3.152(3) Hgl0 Hgll 2.931(5)
Hg?2 Hgl0 3.055(3)
Hg7 3.061(3)
Hg5 3.104(3)
Hg3 3.125(3)
Hgb6 3.244(3)
Hgl2 3.440(4)
Hgll 3.452(4)
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4.5 SrHgss6 — a new binary Sr amalgam

Unpublished results

4.5.1 Introduction

900

In the phase diagram of Sr-Hg, five o
types of Hg-rich amalgams with a 00 T
Hg:Sr ratio >2 can be found (cf. 700
Fig. 4.48, right): SrHgy!! (CeCuy
structure type), SrHg;!"! (NigSn type),
Sri4_Hgs1 > (Gdi4Ags; structure
family), StHgg!” (unique) and SrHgy; ")
(BaHg1 type). The existence of SrHg;3
and SroHgg is questionable, they have
not been encountered so far. It stands to
reason that additional phases in the Hg-
richer region around SrHg. g region have
previously been overlooked, since the
heavier homologue Ba also has a repre-
sentative of the composition BaHgg.["!

L 769°C

694°C

--------- 547°C

512°C
481°C

Temperature °C

Hg,S!
Hgs)
Hg,Sry
Hgs|
Hos!

30 40 50 60 70 80 90 100

Atomic % Sr Sr

Fig. 4.48: Adapted!'! phase diagram of the system Sr—Hg.
Sngs[Z] (green) as well as the new SrHgs.ss (red) have been
4.5.2 Experimental included. Unconfirmed data are coloured in gray.

In an attempt to synthesise a ternary

Na-Sr amalgam, 10.2mg (0.444 mmol) Na, 38.7mg (0.442 mmol) Sr and 1.9529 g (9.82 mmol)
Hg were filled into a Ta crucible and closed via arc-welding. With 50 K h~!, the reaction mixture
was heated to 200°C, kept at this temperature for 24h and then cooled to RT with 5 Kh~!.
Analysis: Via pXRD, only Naj;Hgso could be identified (see Fig. 7.114, p. 172).

Due to the systematic non-linear shift of all Bragg signals in the diffraction pattern and the rather
unusual shape of the obtained silver metallic crystals (needles and trigonal platelets), single crys-
tal diffraction experiments on an IPDS 1 diffractometer equipped with Ag-K, (A= 0.56087 A)
were performed. Multiple orientation measurements of the trigonal-shaped crystals yielded the
hexagonal metrics of the binary sodium amalgam NajjHgso. This is rather surprising, since
it was observed in all previous experiments that specimens of this amalgam appear to have a
hexagonal, rod-like habitus.

Consequently, the needle-shaped crystals were investigated with care. Orientation measurements
yielded an orthorhombic metric with @ = 13.521, b = 5.007 and ¢ = 10.389 A. Comparison to
known binary amalgams of Ca, Na and Sr yielded no accordance, hence a full measurement of
the single crystal was performed. Final data collection was performed on a one-circle diffrac-
tometer system (IPDS 1, Stoe & Cie, Darmstadt, Germany, image plate detector, graphite
monochromator, Ag-K, radiation) in ¢ scan geometry with Ap =1.4° and 0 < ¢ < 219.8°
and subsequently corrected for Lorentz-, polarisation and absorption effects.” 11 The system-
atic absences for 0kl : k 4+ 1 = 2n and hkO : h = 2n indicated two possible space groups for the
refinement: Pna2; and Pnma. Wilson statistics were inconclusive, which is why the latter space
group was used for the structure solution and final refinement. For the absorption correction,
the crystal shape originating from the indexed faces was optimised on the basis of the intensity
distribution,['!] and numerical absorption correction was performed.['’] All details on the results
of the data collection, structure solution and refinement are listed in Table 4.30 (right), while
fractional atomic coordinates and isotropic displacement parameters are compiled in Table 4.31.
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Anisotropic displacement parameters are shown in Table 4.32, and selected interatomic distances
in Table 4.33.

Table 4.30: Crystallographic data and details on single crystal data collection, structure solution and refinement
for SrHgs s6. Data collection was performed at room temperature. All standard deviations are given in parentheses
in units of the last digit.

Composition SrHgs 86 No. of indep. refl. (I > 20(I)) 442
Crystal system orthorhombic Rint 0.1694
Space group Pnma, No. 62 Rs 0.0764
Lattice parameters a, b, c [A] 13.5123(11), 5.007(2), F(000) 2072
10.389(4) Corrections Lorentz, Polarisation,
V [A3] 702.9(5) Absorption (multi-scan) [12]
Z 4 Structure solution direct methods [13]
Density (X-ray) [g-cm™3] 12.202 Structure refinement full-matrix least-squares
Diffractometer STOE IPDS 1 on F2 [13]
AgK, radiation, No. of L.S. parameters 44
A = 0.56087 A GooF 0.875
Absorption coeff. p [mm~1!] 75.434 R values (I > 20(1)) R1 = 0.0361,
¥ range [°] 1.95-19.99 wR2 = 0.0654
Index range —16 < h < 16, R values (all data) R1=0.1672,
—-6<k<6 wR2 = 0.0734
—-12<1<12 Res. p(e™) min/max [e~ A—3] —2.320 / 42.676
No. of collected refl. 5409 Extinction coefficient 0.000010(2)
No. of independent refl. 656

4.5.3 Results

Crystal Structure

SrHgs gs crystallises isotypic to BaHggl®) and KHggl'¥ in the
orthorhombic crystal system (space group Pnma, No. 62,
a =13.5123(11), b=15.007(2), c=10.389(4)A). Tts crystal
structure consists of only one atomic position for Sr, and six
for Hg. One Hg position (Hg2) is not fully occupied, a struc-
tural exception when compared to the known MHgg (M =K,
Ba) compounds. The structure can be built by stacking lay-
ers of Hg nets consisting of five- and eight-membered rings with
the Schlifli notation (52.8)2(5.8%) (see Fig. 4.49, right). Within
these layers, strong covalent bonds Hg—Hg bonds (2.837-3.132 A,
range I) can be found, while the Hg-Hg bonds between adjacent
layers are slightly longer (2.917-3.375 A, range IT) and therefore
weaker (cf. Table 4.33).

Fig. 4.49: Formation of the
The eight-membered rings are centered by Sr, and the nets are SrHgis—. polyhedra (blue) as a re-

stacked along [010] in an ... ABA... sequence. In these nets, one sult of the stacking of the nets par-

. . <1 s s allel to the ac plane, projection
type of distorted octagon (dark blue) is present, which is in turn along [010]. Sr: blue, Hgl-5: grey,

capped above and below by a pentagon (light blue), resulting pg6. orange, unit cell: red. The
in a 5:8:5 coordination sphere (CN = 18). The second - highly netslieat y = 1 and y = 2, respec-
distorted - pentagon (red) is not part of the coordination sphere, tively.

but occupies the gaps of the non space-filling packing of the SrHgjs_, polyhedron (blue). These
gaps can be filled by stacking of face-sharing Hgg octahedra in an interpenetrating cluster-like
fashion. The clusters share a high similarity with the ones encountered in Cs1103, without the
central atom O inside the octahedra. However, one small gap in the crystal structure remains,
and can be filled with Hgy tetrahedra (green). Its faces are not apparent in the nets, but can
be seen as a direct consequence of the 2; srew axis in this space group. A detailed view of the
relation of the nets to the structure is shown in Fig. 4.50 (below), while the different polyhedra
with their respective bond types and constituing atoms are highlighted in Fig. 4.51.
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Fig. 4.50: Left: net representation of SrHgs ss, with the projection along [010]. SrHgs octagons are coloured
in dark blue, Hgs pentagons belonging to the coordination sphere light blue, space-filling Hgs pentagons in red.
Right: SrHgis polyedra: dark blue, Hgs octahedra: red, Hgs tetrahedra: green. In both pictures, Sr atoms are
coloured in blue, Hgl/Hg3-Hg6 in grey, Hg2 in orange and the unit cell in red.

So far, the coordination pattern 5:8:5 has been encountered in other binary amalgams as well:
KHg4, KHgs, KHgg KHgs, BaHgg and SrHgg.[>% %15 Analogous to the findings in the KHgy_g
range, the voids (red) in these nets increase with rising Hg content, yielding an increasing struc-
tural complexity. However, none of these known amalgams exhibit any sign of underoccupation
of the Hg positions.

Sz
25
()
]
5 O
‘.ﬁg
n:D

Fig. 4.51: Left: 5:8:5 coordination polyhedron around Sr in SrHgs ss. Right: space-filling Hg polyhedra in
SrHgs s6. Red: Hgg octahedra, green: Hgy tetrahedra. In both pictures, labeling of atoms and bonds is analogous
to Fig. 4.49 and 4.50, as well as Table 4.33.
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Calculations of the electronic structure

. . -8 -6 -4 -2 0 2
Electronic structure calculations were performed 20 Lo,
. . [lb] . —— total DOS
with the Wien2K program package,"'®! applying the
full-potential linear augmented plane wave (FP- 104
LAPW) method. The exchange and correlation con-
tribution was described by the functional of Perdew, o —

Burke and Enzerhof (PBE) with a generalised gradi-
ent approximation (GGA).['l Muffin-tin radii were
set to 132.3pm (2.5 a.u.), while the number of ba-
sis functions was determined by the value of Ry
- Kpax = 8 with Kpax being the largest k vector.
The separation energy was set to —6 Ry. 816 k
points in the Brillouin zone (108 thereof in the ]
irreducible Brillouin zone) were calculated via a 0 ‘
6x17x8 Monkhorst-Pack grid. Cutoff energies used N \\’\/\ fo D08 os
were EP%t = 190eV (potential) and EY/ = 218eV ] VJ\.\/A’\,\/\l./‘l\, N
(interstitial PW). Charge distribution for the indi-  %°7 ; ‘
vidual atoms was calculated via analysis of the elec- 0 —
tron density map by calculation of heights and posi- ) ) )
tions of the bond critical points (saddle points).['"]
Eurther details 'and 'selected re?qlts of .the cahlcula— (tDOS) together with the partial states (pDOS)
tions are compiled in Table 4.34. It is crucial to ¢ SrHgg in the range from —9 to 2 6V relative to
note that since the Wien2K program package does FEg.

not allow for under- or mixed occupancy, the calculations were performed for the fully ordered
model with the nominal sum formula SrHgg.

—— total DOS Hg1
total DOS Hg2
—— total DOS Hg3

DOS [states eV cell ]

0,5+

—— total DOS Hg4
—— total DOS Hg5

Fig. 4.52: Calculated total density of states

The overall electronic behaviour is similar to other Hg-rich amalgams; between —9 and —6 eV,
pronounced s- and p-state mixing of Hg occurs. This can be observed in the crystal structure by
the formation of extensive Hg networks. The contributions of Sr to this network are relatively
weak, and originate mostly from p-states. Since the electron transfer from Sr to Hg is incomplete
(as seen in the Bader charge analysis), the s-states still contribute at the Fermi level.

4.5.4 Discussion

A small, but siginificant detail seems to stand out: when the data calculated for the fully
ordered model are compared to the data known for the isotypic compound BaHgg, the Bader
charge of Sr is 8 % higher than Ba (+1.41 vs. +1.30%)). This stands in contrast to their
respective electronegativities: Sr has a slightly higher electronegativity than Ba (xg = 0.95 vs.
XSr = 0.89[19}), which would then indicate a lower, or at least the same, partial charge. This
might be the reason why the atomic position of Hg2 exhibits a slightly lower occupancy; it is the
Hg position with the highest Hg coordination number (details of the Hg coordination polyhedra
have already been extensively studied for BaHgG[g]), i.e. the ‘most metallic’ position. This is
being supported by the fact that this crystallographic site is also the one where a substitution of
Hg takes place the ternary BaHgs_, M, (M = In, Ga).m A comparison of electronic structure
calculations comparing the fully ordered model to the obtained model from single crystal data
would be ideal, but is not within the scope of this work.

From a crystallographic point of view, SrHgs g¢ is a useful link in the overall behaviour of the
structural relation: if the nets are considered, the coordination polyhedron around Sr is being
enlarged to a certain upper limit (which seems to be an octagon), after which surplus Hg fills the
remaining space with increasinly complex polyhedra combinations. Fig. 4.53 (below) visualises
this trend.
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Fig. 4.53: Net representation of selected binary Sr amalgams with increasing Hg content. Unit cell: black, Sr
atoms: blue (underoccupied Hg2 in SrHgs se: orange), Hg atoms: grey. Planes of the coordination polyhedra
around are depicted in blue, while residual space filled by the Hg network is coloured in red.

4.5.5 Conclusion

SrHgs g6 is a promising new system for the investigation of polar metal behaviour via Hg-rich
amalgams, neatly complementing the binary phase diagram. So far, the crystal data and the
electronic strucure is in high accordance to other literature known examples within the same
structure family - BaHgg and KHgg.[®'*) Unfortunately, specimens of this compound have only
been found in one synthesis, all other thermochemical synthesis attempts have been unfruitful.
Suggestions for future synthetic attempts are being discussed in Chapter 6.

Table 4.31: Standardised fractional atomic coordinates,*”! occupancy factors, site symmetry and isotropic dis-
placement parameters [AQ] for SrHgs.86. Ueq is defined as 1/3 of the trace of the orthogonalised Us; tensor.
Standard deviations in units of the last digit are given in parenthes.

Occupancy Wyckoff Site
Atom factor Letter Symmetry y # Uequiv
Srl 1 4c .m. 0.3199(2) 1 0.6326(3) 0.0232(6)
Hgl 1 4c .m. 0.00177(11) i 0.10884(14) 0.0330(4)
Hg2 0.863(10) 4c .m. 0.04259(14) % 0.64250(18) 0.0385(8)
Hg3 1 4c .m. 0.09638(14) 3 0.35887(16) 0.0446(4)
Hg4 1 4c .m. 0.30172(12) i 0.27815(16) 0.0386(4)
Hgb5 1 4c .m. 0.34238(12) % 0.00495(19) 0.0442(4)
Hgb6 1 4c .m. 0.63977(13) 3 0.59953(15) 0.0370(4)

Table 4.32: Coefficients of the anisotropic displacement tensor [AQ] for SrHgs.g6. Ujj is defined as U;; =
exp—2m2[Ur1(ha*)? + ... + 2U21hka*b*]. All standard deviations are given in parentheses in units of the last
digit.

Atom Ui Uzs Uss Uzs Uis Uis
Srl 0.0268(16) 0.0167(14) 0.0260(14) 0 0.0052(10) 0
Hgl 0.0200(7) 0.0316(9) 0.0474(8) 0 -0.0004(6) 0
Hg2 0.0361(12) 0.0452(15) 0.0343(11) 0 -0.0044(7) 0
Hg3 0.0589(12) 0.0353(10) 0.0397(9) 0 0.0072(8) 0
Hgd 0.0452(9) 0.0234(9) 0.0471(9) 0 -0.0218(7) 0
Hg5 0.0406(8) 0.0365(11) 0.0554(10) 0 0.0143(7) 0
Hg6 0.0599(11) 0.0218(9) 0.0292(8) 0 -0.0050(6) 0
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Table 4.33: Selected interatomic distances (and their frequencies) and their labels in SrHgs ¢ in A. All standard
deviations are given in parentheses in units of the last digit. The Hg—Hg bond labels are the same as in Fig. 4.51,
while the range indicates the position of the bond (I: within net parallel to the ac plane, II: bond connecting the

nets.
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance label range
Srl Hgd 3.355(2) (2x) | Hgl Hg6 2.857(2) a I
Hgl 3.483(2) (2x) Hg3 2.895(3) c I
Hgl 3.511(3) Hg4 2.947(2) g I
Hgb 3.518(3) (2x) Hg6 3.1519(18) (2x) m 11
Hgb 3.583(3) (2x) Hgl 3.374(2) (2x) o 11
Hg3 3.616(3) (2x) | Hg2 Hg6 2.984(3) h I
Hg4d 3.690(4) Hg3 3.035(3) i I
Hgb6 3.697(4) Hgb 3.109(3) k I
Hg2 3.749(4) Hg3 3.130(2) (2x) 1 Il
Hg2 3.809(4) Hg5 3.275(2) (2x) n I
Hgb 3.880(4) Hg3 Hg4 2.898(3) d I
Hg3 4.149(4) Hg5 3.0422(18) (2x) ] 11
Hgb 4.335(4) Hgd Hg5 2.891(3) b I
Hg6 2.9168(15) (2x) e 11
Hg5 Hg6 2.945(3) £ I
Table 4.34: Details of the electronic structure calculations of the fully ordered SrHgg.

dist. PBCP
label [A] e[~10-A-3]
Crystal data Table 4.30 a 2.857 0.3025
Rum¢ (all atoms) 132.3pm (2.5 a.u.) b 2.892 0.2856
Rt -Kmax 8.0 c 2.896 0.2831
k-points / BZ 816 d 2.898 0.2788
k-points / IBZ 108 e 2.917 0.2709
Monkhorst-Pack-Grid 6Xx17x8 f 2.946 0.2585
DOS plot Fig. 4.52 g 2.947 0.2554
Bader charges Sr +1.41 h 2.985 0.2380
Hgl —0.277 i 3.035 0.2178
Hg2 —0.159 j 3.042 0.2152
Hg3 —0.195 k 3.110 0.1927
Hg4 —0.289 1 3.130 0.1837
Hgb —0.213 m 3.154 0.1817

Hgb6 —0.276
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4.6 Cyclic Voltammetry as a Tool for the targeted Synthesis of
Ternary Amalgams via Electrocrystallisation

Unpublished results

For the synthesis of Hg-rich amalgams, the electrocrystallisation of metal iodides in DMF has
proven to be a valuable and facile preparative tool.'™¥ By modulation of the temperature
with respect to the corresponding phase diagram, the desired compounds can be obtained in a
multigram scale, while also avoiding the need for common solid-state techniques (i.e. arc-welding
in metal ampoules) and unwanted byproducts.

So far, however, this experimental approach has only been successfully employed for the targeted
synthesis of binary amalgams. First experiments indicate that ternary amalgams can be synthe-
sised as well.l)) The electrocrystallisation of a 50 : 50 (Vol.) electrolyte comprised of saturated
Nal/KI solutions in DMF yielded a compound containing Na as well as K. The complete crystal
structure is not solved in all aspects (main structural features have been determined), and the
synthetic approach was rather difficult to reproduce.

For the targeted synthesis of ternary amalgams, the preparative method contains a main ob-
stacle: the simultaneous deposition of two different metals from solution. Walther Nernst first
discovered and formulated the relationship between electrode potential and concentration of an
electrolyte:[’]

B = g0y 8 ( Goz ) (4.1)
2 F Qred

From this equation, it becomes clear that the defining parameter for the reduction potential is
the concentration of the ion. If two different ions are considered, a simultaneous reduction takes
place when their respective reduction potentials are equal. Consequently, this can be achieved
by modulating the concentration. But since (standard) reduction potentials for metals have
so far been determined mostly for standard conditions, their investigation in respect to their
application in the aforementioned synthetic approach is neccessary.

Kupferstab
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Fig. 4.54: Left: Custom-built Schlenk apparatus for CV measurements. RE = reference electrode,
WE = working electrode, CE = counter electrode, S = sense. Right: obtained concentration- dependent halfway
potentials for the reduction of Nat (green) and K™ (blue) including their fits. Red values were omitted for further
calculations.

For this purpose, cyclic voltammetry (CV) is the tool of choice, since it enables the concentration-
dependent determination of oxidation/reduction potentials of ions present in the electrolyte. A
custom-built apparatus (see Fig. 4.54, left) has been made to ensure inert-gas conditions. In
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this apparatus, platinum electrodes serve as working (WE) and counter electrodes (CE), while
a silver wire serves as a pseudo-reference electrode. As an internal reference, ferrocene was
added to the electrolyte solution, while a constant electrical conductivity was ensured by using
[NBuy]ClO4 as supporting electrolyte.

Using a potentiostat, multiple measurements with varying scan rates were performed for concen-
trations between 13 mM and 100 mM. The determined correlation between concentration and
reduction potential is visualised in Fig. 4.54 (right). From the obtained values, a reasonable ion
concentration comparable to the overall ion concentration in the CV measurements was devised,
and the concentrations of Nal:KI were then calculated to 115 mM:112 mM (the respective
halfway potential F/, = —1.92 V). The electrosynthesis was then performed with the appara-
tus described in Ch. 3.4.2, while the potentiostat provided the electrochemical potential. Over
24 h, the potential was gradually increased from —1.2V to —2.5V in 60 min intervals. Details
on all CV measurements as well as the electrosynthesis can be obtained from the F-Bericht of
R. Hiibsch.

The obtained crystalline solid was then investigated using
pXRD. It became clear that while the overall metric of the
diffraction pattern shows a close resemblance to the one of
Naj1Hgso, intensities at lower diffraction angles can not be ac-
counted for by the model (see Fig. 7.115, p. 172). After multi-
ple attempts to obtain single crystal diffraction data, the crystal

\
quality was deemed insufficient. The sample was then diluted \ :
with a minimal amount of elemental Hg, heated to 60°C (for \
1 min) and stored for about six months. Investigation with a

microscope showed that needle-shaped specimens with a length
of several millimeters have grown (see Fig. 4.55, right). Several
subsequent attempts for the refinement of the crystal structure Fig. 4.55: Obtained crystals from
have been made, employing different X-ray sources (Ag vs. Mo- THRHOO3 after Ostwald ripening.
K,-radiation) and low-temperature measurements. But so far, all obtained data sets were insuf-
ficient. However, a preliminary model could be derived from one specimen. Details on structure
determination and refinement can be seen in Table 4.36. As indicated by the R-values as well as
the residual electron density, the model is still incomplete. What can be determined, however,
is the fact that the metric is the one of Naj;Hgso and that a variety of permutations of disorder
(i.e. Na/K, Na/Hg mixed occupancy as well as underoccupancy of K) is present. The metric is
different from the results of the previous results of F. Tambornino, where the a and b axes are
only two thirds of the corresponding axes of Naj;Hgso. %

So far, the refined model contains 99 positions for Hg, 7 for Na (3 thereof underoccupied), 11 for
K (one thereof underoccupied), 3 with mixed occupancy by Na/Hg and 1 with mixed occupancy
of K/Na. In contrast, Na;;Hgso contains 101 positions for Hg, 30 for Na and one with mixed
occupancy of Na/Hg. A comprehensive overview comparing the main structural features and
the preliminary results is given in Table 4.35 (below).
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Table 4.35: Comparison of the obtained crystal structure (middle) with the known binary amalgam Na;; Hgso !
(right) as well as data from the dataset obtained by F. Tambornino(®! (left). All unit cells are projections along c.

nominal sum formula Naj1—-KoHgs2[6] Nag 5K3.9Hgs2 Nai1Hgs2[2]
crystal system, space gr. hexagonal, P6 (No. 174), all structures
a [A] 26.13 39.74 39.70
c [A] 9.60 9.73 9.68
superstructure 2x2x1 Ix3Ix1 3x3x1
atomic positions (total) 50 (Z=2) 123 132
Hg 46 99 101
Hg/Na (mixed occ.) n.a. 3 1
Na n.a. 7 30
Na/K (mixed occ.) n.a. 1 —
K n.a. 11(+1) —
K (underocc.) n.a. 1 —
= A first comparison of the obtained crystal data '™
< g to the powder diffractogram (see Fig. 4.56,  *- = Na, Koo, (prliminary)
0 . . . — NaHg,
=9 right) shows that while the preliminary model s+ — Damona.
O . . . . . . —
§£ is not yet complete, it points in the right di- 7+
o

rection, since reflection data at low angles are
being described significantly better than by
the Naj;Hgso model. The results clearly show
that the principal method of CV is a valu-
able and accessible tool for the successful syn-
thesis of ternary amalgams via electrocrys-
tallisation. Furthermore, the indicators for
two different structures that are related to the 1 2
Gdy4Ags1 structure family give an impression
for the vast and often underestimated poten-
tial of this synthetic route.

60 —

50 —

40—

Relative Intensity [%]

30—

20—

-r“T“r“H“'v—v-‘r“\—r‘-v—T—vJ-‘ﬁ—v—\

40 50

0 30
Diffraction angle 26 (Mo-K_,,) [°]

Fig. 4.56: Powder diffractogram of THRH003 (black)
in comparison to the preliminary model generated from
the crystal data (green). Diamond!” (red) is used for
optical dilution of the sample, while NaHg,!" (blue) is
still present as a byproduct.

Table 4.36: Crystallographic data and details on single crystal data collection, structure solution and refinement
for the preliminary model of Nag 5K3.9Hgsa. Data collection was performed at room temperature. All standard
deviations are given in parentheses in units of the last digit.

Composition Nag 5K3.9Hgs2 Rint 0.4565
Crystal system hexagonal Rs 0.1966
Space group P6, No. 174 F(000) 38929
Lattice parameters a, ¢ [A] 39.736(11), 9.728(3) Corrections Lorentz, Polarisation,
V [A3] 13302(7) Absorption (multi-scan) [9]
Z 1 Structure solution direct methods [10]
Density (X-ray) [g-cm™3] 12.103 Structure refinement full-matrix least-squares
Diffractometer Bruker D8 Quest on F2 [10]
MoK, radiation, No. of L.S. parameters 838
A=0.71073 A GooF 1.126
Absorption coeff. p [mm™1] 134.834 R values (I > 20(1)) R1 = 0.1245,
9 range [°] 2.05 — 24.00 wR1 = 0.3048
Index range —45 < h, k < 45, R values (all data) R1 =0.1672,
—11<i<11 wR2 = 0.3407

continued on the next page
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No. of collected refl. 261375 Res. p(e~) min/max [e” A=3] —6.832 / +12.957
No. of independent refl. 14857 Extinction coefficient 0.000010(2)

No. of indep. refl. (I > 20([)) 10493

References

1]

F. Tambornino, J. Sappl, F. Pultar, T. M. Cong, S. Hiibner, T. Giftthaler, C. Hoch, Electrocrys-
tallization - a synthetic method for intermetallic phases with polar metal-metal bonding, Inorg.
Chem. 2016, 55, 11551-11559, DOT: 10.1021/acs.inorgchem.6b02068.

C. Hoch, A. Simon, Naj;Hgso: Complexity in a Polar Metal, Angew. Chem. Int. Ed. 2012, 51,
3262-3265, DOI: 10.1002/anie.201108064.

F. Tambornino, C. Hoch, Bad metal behaviour in the new Hg-rich amalgam KHgg with polar
metallic bonding, J. Alloys Compd. 2015, 618, 299-304, po1: 10.1016/j.jallcom.2014.08.173.

C. Hoch, A. Simon, CssHgs7, das quecksilberreichste Amalgam — ein naher Verwandter der Bergman-
Phasen, Z. Anorg. Allg. Chem. 2008, 634, 8563-856, DOI: 10.1002/zaac.200700535.

W. Nernst, Die elektromotorische Wirksamkeit der Jonen, Z. Phys. Chem. 1889, 4 U, 129-181, nDo1:
10.1515/zpch-1889-0412.

F. Tambornino, C. Hoch, The simplest representative of a complex series: the Hg-rich amalgam
Ybi11Hgss4, Z. Kristallogr. 2017, 232, 557-565, DOI: 10.1515/zkri-2016-2036.

W. H. Bragg, W. L. Bragg, The structure of the diamond, Proc. Royal Soc. London 1913, 89,
277-291, DOI: 10.1098/rspa.1913.0084.

J. W. Nielsen, N. C. Baenziger, The Crystal Structures of NaHgs, NaHg and NagHgs, Acta Crys-
tallogr. 1954, 7, 277-282, DO1: 10.1107/50365110X54000783.

SADABS, Bruker AXS Inc. (Madison, WI, USA), version 2.03, 2018.

G. M. Sheldrick, A short history of SHELX, Acta Crystallogr. 2008, A64, 112-122, po1: 10.1107/
S0108767307043930.

101

2
z
<
"
5
=}
wn
w
2

2
=
n
n
o
Q
@)
(=]



http://dx.doi.org/10.1021/acs.inorgchem.6b02068
http://dx.doi.org/10.1002/anie.201108064
http://dx.doi.org/10.1016/j.jallcom.2014.08.173
http://dx.doi.org/10.1002/zaac.200700535
http://dx.doi.org/10.1515/zpch-1889-0412
http://dx.doi.org/10.1515/zkri-2016-2036
http://dx.doi.org/10.1098/rspa.1913.0084
http://dx.doi.org/10.1107/S0365110X54000783
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930

(=]
2
<
%)
5
2
0
w
24

4
=
n
17}
)
Q
@)
o

4.7 The first Be-containing Amalgam?
Unpublished results

So far, no Be amalgam has been successfully synthesised. The conventional solid state synthesis
is not an option: applying Tamman’s rule of thumb (two thirds of the melting temperatures
of the higher melting compound; Yyt (Be) = 1287°C) would yield a reaction temperature of
¥ = T767°C. At this temperature, Hg is already evaporated (Jpp(Hg) = 365.7°C). If the trivial
synthesis of Li and Mg amalgams as well as the existence of other alkali or alkaline earth
amalgams are taken into account,? a facile route for the synthesis of a Be amalgam should
in theory be feasible. The diagonal relationship with Al, which is completely miscible with
Hg, would suggest a similar behaviour for Be. Additionally, the existence of Be-Pt (PtBes,
PtBelg)[3’4] and Be-Au (AuBe, AuBes, AuBe; and AuBelg)B’ﬁ} intermetallics further indicates
the potential existence of a Be amalgam.

4.7.1 Preparative attempts towards Be amalgams

High-pressure synthesis from the elements

In order to avoid the evaporation of Hg at temperatures as high as to activate Be metal, both
elements were attempted to react at high pressure (4 GPa) and high temperature (800°C) in a
multi-anvil pressure setup. After cooling to room temperature and pressure release, the elements
were regained.

Thermal decomposition of precursor complexes

Subsequently, syntheses via thermal composition of suitable precursor complexes were tried.
These precursors should combine several characteristics:

e good crystallinity
e thermally decomposable without residue

 complex ligands should be reducing agents (preferably anionic with terminal O or N atoms)
to facilitate the reduction of the central metal atom

Promising candidates with these properties are oxalate, ethylenediamine and guanidin.

Fig. 4.57: (a) Crystal structure of [NH4]2[Be(C204]2. Be: dark green, N: blue, C: light grey, O: red: H, white.
The tetrahedral coordination of Be is emphasised in green. (b) Crystal structure of [(Gdn)][HgCls]. Hg: grey, Cl:
neon green, N: blue, C: light grey. The distorted [HgCls] trigonal bipyramids are connected via edges, resulting
in chains along the c-axis. (c) Crystal structure of [(Hg(en))21s][Hgls]. Hg: dark grey, I: violet, N: blue, C: light
grey, H: white. The distorted [HgCls] trigonal bipyramids are connected via edges, resulting in chains along the
c-axis.
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While the synthesis of a Be amalgam via precursors was ultimately unsuccessful, several new
Hg and Be compounds were isolated and characterised: (NHy4)[Be(C204)2], [(Hg(en))oI3][Hgls)
and (Gdn)[HgCls] (all depicted in Fig. 4.57).

It was observed that thermal treatment of these precursor complexes leads to the formation of
elemental Hg and BeO. It seems that this synthetic route will not yield to the formation of a Be
amalgam.

Electrocrystallisation from Be-containing solutions

Following the procedure of dissolving the metal iodide in DMF and electrolysing this solution
with a Hg cathode, a successful route for a large number of different amalgams, did not lead to
a result here. The reason is a very high overvoltage necessary for the deposition for Be from a
DMF solvate complex present in solution, higher than the decomposition voltage of the solvent.
Be?t forms extremely stable complexes with O-donor ligands, so the solvent DMF had to be
changed to a new one which (a) is capable of dissolving Be salts and (b) forms solvates of Be**
which are much less stable than the ones of DMF. Therefore, solvents with N or S as donor atoms
were tested, and a number of Be solvate complexes could be prepared and characterised. The
results of these experiments is presented in the publication in the next paragraph. However, no
Be amalgam could be obtained from the electrolysis of the respective solvate complexes in their
solvents, mostly due to the low decomposition voltages of the solvents. The electrocrystallisation
of Bely in N-methylimidazole (NMIM) and N,N-Dimethylthioformamide (Thio-DMF) lead to
the formation of Cu;Hgg.!"]
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4.7.2 Synthesis and Crystal Structures of 3-[Be(DMF),]1., [Be(Pyr)4]I2,
[Be(NMP)4]12 and [BeIz(Lut)z]
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Abstract

Four solvent complexes of beryllium iodide were prepared by dissolving Bels in N,N-dimethyl
formamide (DMF), pyridine (Pyr), N-methyl pyrrolidone (NMP) and 2,6-dimethyl pyridine (2,6-
lutidine, Lut). Their crystal structures were established from single crystal X-ray diffraction.
For [Be(DMF)4]I2 a new modification is reported (monoclinic, space group P2;/c, a = 12.491(2),
b=11.593(2), ¢ =15.310(3) A, B =94.7073(6)°). In [Be(Pyr)4]lz (monoclinic, space group
C2/c, a =17.8799(13), b= 7.6174(5), ¢ = 18.2611(14) A, § = 113.508(4)°) and [Be(NMP)4]I,
(orthorhombic, space group Pbca, a = 13.941(5), b= 15.754(3), ¢ = 24.634(7) A) homoleptic
tetrahedral complex cations are formed, while the sterically demanding solvent ligand Lut yields
a neutral complex with covalently bound iodine ligands [Be(Lut)2Is] (monoclinic, space group
P21/c, a=T7.8492(9), b= 24.265(3), ¢ = 27.037(3) A, 3 =97.076(3)°). Their electrochemical
stability with respect to their application as beryllium electrolytes for deposition of beryllium
from solution is discussed.

Introduction

Amalgams of alkali and earth alkaline met- Table 4.37: Comparison of known Be-solvate com-
als are exceptionally suited model systems for plexes with (poly-)iodide anions, sorted by their re-

. . . spective interatomic distances. Compounds introduced
the investigation of polar metal-metal bond- in this work are highlighted in grey. (Me-Im: N-

ing. Our group has synthesized and character- methylimidazole, DIC: diisopropylcarbodiimide, TMU:
ized various of these amalgams via isothermal N,N-tetramethylurea)

electrocrystallisation.'" % Todides of the less ligand Lit.
noble metals, dissolved in an aprotic, polar Compound atom  @Beponor [A]
solvent are used for this synthetic approach as [Be(Me-Im)a]T2 N 1.703(3) 8]
electrolyte. Besides several beneficial aspects  [Be(Pyr)a]2(Is)2(1s) 1.723(8)-1.738(8) [9]
of the iodides, they serve as good indicators = [Be(Pyr)4llz 1.734(3)-1.735(3)
for the reaction progress because of the anodic _ [Be(P10)al(Is)2 1.734(6) [10]

1 _ o Bely (Lut 1.77(1)-1.81(1
oxidation of I~ to Iy which appears brown g_[Bze((DM);])‘l]IQ 1.57(2; L6 48

N

N

N

N
. . O (
in polar solvents and therefore enables a sim- [Be(NMP)4]l o 1.58(1)-1.64(2)
ple visual evaluation of the electrochemical o [Be(DMF)4]Lo 0 1.594(8)-1.636(9) [11]
O
O
O

reaction. Today, many amalgams with high  [Bel2(DMF)2] 1.601(7) ~1.606(7)  [12]
[Bel(DMF)3] 1.611(4) — 1.620(6)  [12]
[Be(TMU)4](I3)2 1.625(5) [13]
[Bel2(OFEts)2] o) 1.650(4)-1.657(4)  [14]

Coulombic polarity arising from electroneg-
ativity differences between mercury as noble
metal and alkali, earth alkaline or lanthanoid
metals as less noble components, are known.?"??) However, one of the most interesting sys-
tems, Be-Hg, still remains unknown.!?’] The lack of phases known in the binary system Be-Hg
seems to be caused in a simple preparative hindrance: as beryllium affords activation tempera-
tures which are so high that mercury already evaporates before reaction takes place, amalgam
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formation directly from the elements is not feasible. An electrochemical approach at low tem-
peratures by electrodeposition of beryllium from solution onto a reactive mercury cathode may
be a promising alternative route. Initial experiments showed that while Bely easily dissolves in
DMF, the [Be(DMF)4]?* cation is apparently too stable: the voltage needed for releasing the
beryllium at the cathode is higher than the electrochemical stability range of the solvent. For
this reason new, relatively labile complexes of Belo, where the ligand also serves as the solvent,
have to be found and characterized.

Since beryllium is the least investigated non-radioactive element, data on beryllium coordination
compounds are scarce. Additionally, due to preparative restrictions — minor amounts of water
present in solvents lead to the violent formation of hydrogen halides from beryllium halides, while
beryllium hydroxide precipitates — coordination compounds of beryllium where the solvents also
serve as the ligand, have not been investigated thoroughly. The majority of knowledge about
beryllium solvate complexes and beryllium complexes with organic ligands has been reviewed
by Dehnicke and Neumiiller in 2008.Y1 Most interestingly, some compounds prepared from
beryllium iodide also contain polyiodide anions, pointing to unidentified oxidation processes
(see Table 4.37).

In this work, we present three new beryllium solvate complexes [Be(Solv)4]I2 with N,N-dimethyl
formamide, pyridine and N-methyl pyrrolidone as well as a new [Bela(Solv)s] complex with
2,6-lutidine. It is interesting to find that the DMF complex was recently crystallized and char-
acterized by Miiller and Buchner?! in a different structure and after thorough comparison of
their crystallographic data with ours we come to the conclusion that this compound forms two
different modifications.

Table 4.39: Crystallographic data and selected details on data collection, structure solution and refinement of

B-[Be(DMF)4]I2 (1), [Be(Pyr)a]lz (2), [Be(NMP)4]Iz (3) and [Belz(Lut)2] (4).

ﬂ—[Be(DMF)4]Iz [Be(Pyr)4]12 [Be(NMP)4]12 [Belg(Lut)g]
Refined composition Bel>(NOC3H7)4 Bel2(NCs5Hs)a Bel2(NOC5Hg)a Bel2(NC7Hg)2
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21 /c (No. 14) C2/c (No. 15) Pbca (No. 61) P21 /c (No. 14)
a [A] 12.491(2) 17.8799(13) 13.941(5) 7.8492(9)
b [A] 11.593(2) 7.6174(5) 15.754(3) 24.265(3)
c [A] 15.310(3) 18.2611(14) 24.634(7) 27.037(3)
B [°] 94.7073(6) 113.508(4) 90 97.076(3)
Volume [A3] 2209.7(7) 2280.7(3) 5410(3) 5110.3(10)
Z 4 4 8 12
Calculated density [g-cm ™3] 1.67 1.69 1.62 1.86
Diffractometer BRUKER D8 Venture, BRUKER D8 Quest, SToE IPDS-I BRUKER D8 Quest,

Goebel mirror,
rotating anode

graphite-monochromatized

Goebel mirror,
microfocus tube

Radiation type Mo-K,

T [K] 109.0(2) 293(2) 293(2) 293(2)

u [mm™1] 2.9 2.8 2.4 3.7

Data range 9 [°] 3.196-27.500 2.995-32.497 2.119-24.998 2.427-24.999

Index range —16 < h < 16, —26 < h <26, —16 < h <13, —-9<h<9
~15 < k < 15, ~11 < k < 11, ~18 < k < 17, 28 < k < 28,
-19<1<19 271 <1< 27 —290<1<29 —32<1<32

No. of observed refl. 48049 34309 18470 134227

No. of independent refl. 5058 3994 4757 8997

Thereof with (I > 20(I)) 4875 3392 1094 7057

F(000) [¢] 1080 1112 2608 2712

Corrections Polarization, Lorentz, Absorption (numerical) [26, 27]

Structure solution direct methods [28]

Structure refinement full-matrix least squares on F?2 [28]

No. of L.S. parameters 217 124 281 515

GooF on F? 1.090 1.060 0.354 1.080

R1/wR2 (for I > 20(I))
R1/wR2 (all data)

Res. p(e™) min/max [e~ A—3)

CCDC deposition No.

0.0176 / 0.0427

0.0186 / 0.0432

/—0.70/+1.51
1983410

0.0346 / 0.0762
0.0428 / 0.0795

—0.82 / +1.18
1983413

0.0263 / 0.0373
0.1473 / 0.0428

—0.22 / 40.31
1983411

0.0457 / 0.0817

0.0620 / 0.0855

—1.03 / 40.78
1983412
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RESULTS AND

DISCUSSION

Results and Discussion

Details on data collection, crystallographic data, structure solution and refinement are given in
Table 4.39. Standardized atomic coordinates”) and isotropic displacement parameters can be
found in Tables 7.1-7.8 in the Appendix, as well as the anisotropic displacement parameters.
Selected interatomic distances and angles can be found in Table 4.40. Projections of the unit
cells together with depictions of single complex units are shown in Fig. 4.58.

Table 4.40: Selected interatomic distances [A] and angles [°] of (1), (2), (3) and (4) as well as the sums of
covalent radii (X(rcov)) and (E(Tionic)), respectively.[so 11 Standard deviations in units of the last digit are given
in parentheses.

d(Be-0) d(Be-N) d(Be-1) £(0-Be-0) £(N-Be-N) £(I-Be-T)
1 1.572(2) - - 106.2(9) - -

-1.64(2) -113.2(9)

5 - 1.734(3) - - 103.9(2)

~1.735(3) -113.33(7) —

3 1.58(1) 103.0(8)
-1.64(2) o o 113.1(8) o o
1.77(1) 2.46(1) 107.1(6) 2.46(1)

~1.81(1) ~2.522(9) ~108.3(5) ~2.522(9)
1.65 1.73 2.35 — — —
1.62 1.73 2.47 — — —

(d)

Fig. 4.58: Crystal structures of (a) 5-[Be(DMF)4]lz, (b) [Be(Pyr)4]lz, (c) [Be(NMP)4]I; and (d) [Belz(Lut)s].
For all compounds projections of the unit cells [(a,b): along 010, (c,d): along 100] are given together with one
single complex cation or molecule [Be(L)4]. All ellipsoids are drawn at a 50% probability level. Be: green, O: red,
N: blue, I: violet, C: grey, H: white, program DrawXTL.%?]

B-tetrakis(N,N-dimethylformamide)beryllium(II) iodide (1) forms colorloess, bisphenoidal and
deliquescent crystals. Specimens suitable for data collections were selected under a polarization
microscope and sealed in capillaries filled with dried paraffin oil to prevent hydrolysis. From the
collected intensities of one half of the Ewald sphere the monoclinic metrics together with the
extinction conditions h0l only observed for I = 2n and 0k0O only observed for &k = 2n pointed
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unambiguously towards space group P2;/c in which structure solution was performed success-
fully. All non-H atom positions were taken from structure solution and refined subsequently
with anisotropic displacement parameters. The H atom positions were fixed geometrically.

5-[Be(DMF), I o [Be(DMF), T,

Fig. 4.59: Comparison of the packing topologies in the two modifications of Be(DMF)4Iz; left: 5-[Be(DMF)4]Ia,
right: o-[Be(DMF),]L5."?) Shown are spheres of arbitrary radii depicting the [Be(DMF),] complex cationic units
with the central [BeOy4| tetrahedral cores highlighted as green tetrahedra. In both modifications the complex
cations form a distorted cubic primitive packing, however, degree of distortion and orientation of the respective
single [BeOy4] units show differences.

Miiller and Buchner recently published a crys- Table 4.41: Comparison of different settings of the

tal structure for [Be(DMF)4]12_[12] The struc- unit cells of the two modifications of Be(DMF)4I2: ours

ture model is presented in the same space (left) .and [tl}_}f literature H}Odel by Miller .and Buch-
ner (right)."* Transformation of our model in P21/c to

group type, however? in the E21/n' setting P2, /n was performed to give comparable unit cell di-
and the relations of the cell dimensions for mensions. Best comparable metrics are highlighted in

our modification and the literature structure bold.

in their respective different settings are com- B-[Be(DMF)] 412 a-[Be(DMF)]4I2

piled in Table 4.41. A graphical comparison of P2,/c P2i/n | P21/c P21/n P2i/a
the two structure models is given in Fig. 4.59. a 12.491 12491 | 15.296  30.493 25.270
It becomes clear that the best comparison in b 11.593 11593 | 11.371 11371 11.371
lattice metrics can be made between our set- ¢ 15.310  19.039 | 25.270  15.293 15.296
ting in P2;/c and the one given in literature 5 94.71 126.12 | 94.25  124.27  94.25
in P21/a. Then, the a parameter in the lit- V 2210 2210 4383 4383 4383
erature model is virtually the doubled a pa- 24 4 4 8 8 8

rameter of our cell, the b and ¢ parameters _ Vmolar 552.5 552.5 547.9 547.9 547.9
are about the same in both models, however,

being significantly smaller. This together with the fact that changing axes a and ¢ changes the
P2, /c setting to P2;/a but not to P2;/n and together with the absence of any intensities in
our diffraction images giving rise to an axis doubling shows that [Be(DMF)y]Is truly forms two
different modifications. Their respective molar volumes differ by a small but significant amount:
the one for our modificatin is larger by about 1%, probably founded in the different measure-
ment temperatures. Since crystallizations were performed from saturated solutions, different
temperatures can be taken as reason for the formation of the different modifications. As our
crystals were measured at 109 K and the literature measurement was performed at 100 K, we
chose the assignment of 5 as the HT phase to our structure model and « as the LT phase to the
literature model.

The local geometric details within the complex cations do not differ significantly between the
two modifications. We observe Be-O distances between 1.57(2) and 1.64(2) A, which are the
shortest ones in the available literature to our knowledge, and the range for Be-O distances in
a-[Be(DMF) ]I, with 1.601(5)-1.634(6) A is in very good agreement. Also the O-Be-O angles
(106.2(9)-113.2(9)° in our model and 107.3(5)-13.0(5)° in a-[Be(DMF)4]I2) do not differ signifi-
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cantly. Overall, the energetic differences between the two modifications must be very small. It is
therefore difficult to impossible to study this phase transformation with differential thermoana-
lytic measurements due to low tmperature and very small enthalpic effects. The pase transition
can be assumed to be of higher order (displacive) due to the observed minor changes in the local
complex geometric parameters, and a group-subgroup relation between the two models may be
realized within a klassengleiche transition of index 2 from the P2;/c aristotype structure to the
hettotype P2;/a structure with doubling of the a axis.

A data set of a single crystal of tetrakis(pyridine)beryllium(II) iodide (2) was successfully solved
and refined in space group C2/c (No. 15), as indicated by the monoclinic metric, the extinction
conditions hkl only observed for k+1 = 2n and h0I only observed for [ = 2n, and the E? —1 value
statistics pointing towards centrosymmetry. The crystal structure shows one crystallograhically
independent Be atom tetrahedrally coordinated by four N atoms of the pyridine ligands with Be—
N distances ranging from 1.734(3) to 1.735(3) A. These distances are similar to those reported for
the compounds [Be(Pyr)4]2(I3)2(14)) and [Be(DIC)4](I3)s.'"") The N-Be-N angles range from
103.9(2) to 113.33(7)° which deviates from the ideal tetrahedral angle by only 5.1%.

The tetrahedral complex units [Be(Pyr)4]** are packed in a hep topology, see Fig. 4.60. The unit
cell metrics indicate very low distortion and therefore small deviation of the individual complex
cations from spherical behavior: a and ¢ parameters are very similar and the monoclinic angle
is rather close to 120°, the b parameter is about half of @ and ¢, and finally C3/c is a subgroup
of P63/mmec, the space group oc the hcp packing.

Fig. 4.60: Packing topologies of the complex units [Be(L)4] in (a) Be(Pyr)4lz, (b) Be(Lut)2I2 and (c) Be(NMP)4Is.
Spheres of arbitrary radii depict the [Be(L)4] complex units with the central [Be(N/O)4] tetrahedral cores indicated
as green tetrahedra in (a) and (c). Whereas in (a) and (b) hcp packing can be found, (¢) may best be described
as a flattened arsenic-type packing.

Yellow crystals of tetrakis-(N-methylpyrrolidone)beryllium(II) iodide (3) yielded a data set
which could be solved and refined in space group Pbca (No. 61), as indicated by the char-
acteristic absence conditions together with the orthorhombic metric and the E2-1 statistics
pointing towards centrosymmetry. The crystal structure shows one crystallographically inde-
pendent Be atom which is tetrahedrally coordinated by four O atoms of the NMP ligands. The
Be-O distances range from 1.58(1) to 1.64(2) A which is very close to the distances observed
in (1). The packing of the tetrahedral [Be(NMP)4] cationic units follows a more complicated
topology here. As can be seen in Fig. 4.60, slightly puckered honeycomb layers are stacked along
the b direction, resulting in a packing topology that can be described as a flattened arsenic-type
structure.

The data set obtained from a pale orange, platelet-shaped single crystal of bis(2,6-lutidine)diiodo
beryllium(II) was indexed with a monoclinic metric and showed the extinction conditions unam-
biguously pointing towards space group P21 /c in which it could be solved and refined. There are
three topologically identical but crystallographically independent complexes [Bely(Lut)s] units
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present in the unit cell, differing only slightly in the respective ligand orientations. Symme-
try checking did not lead to higher metric symmetry, lattice centering or reduction of the unit
cell. In all the complex units the Be atom is tetrahedrally coordinated by two I atoms and
two N atoms of the 2,6-lutidine ligands with the Be-N distances between 1.77(1) and 1.81(1) A.
While the angles N- Be-N (108.3(5)°) and I-Be-1 (103.5(3)°) are relatively close to the ideal
tetrahedral angle, the N-Be-I angles range between 94.6 and 129.9(5)°, showing a considerable
distortion of the coordination tetrahedron, together with the lage difference between the Be-I
and Be-N distances. The individual [Bela(Lut)s2] units are stacked in a hcp topology with the
hexagonal layers oriented perpendicular to the stacking direction [210], see Fig. 4.60.

Experimental Section

Caution! Beryllium and its compounds are regarded as toxic and carcinogenic. Because the bio-
chemical mechanisms that cause beryllium-associated diseases are still unknown, special (safety)
precautions are strongly advised.!*’]

Synthesis of Bel;

A slightly modified version of the procedure
reported by Wood and Brenner*! and in-
cluded in Brauer’s Handbook*” was used
to prepare Bely in a multigram scale from
the elements. The apparatus shown in
Fig. 4.61 (right) was loaded with beryllium
metal (99.5%, Sigma-Aldrich) in a corundum
crucible inside a quartz tube, which was con-
nected to a Schlenk flask via a connecting
valve I. After thorough heating at 500°C un-
der vacuum for about 12h in order to estab- 1

lish anhydrous conditions, the system was al- 2

lowed to cool under inert gas (Ar). Under re-
verse flow, I beads (99.5%, Acros Organics) | |
were inserted into the Schlenk flask. Experi-

Quartz tube Be

vac/Ar

Tube furnace

valve 11

Schlenk flask

Oil bath

. . . . .. hot plate stirrer
not crucial while the amount of iodine is im- P

portant due to its partial pressure. For our
setup, we recommend not using more than Fig. 4.61: Schematic illustration of the reaction appa-
2.0g Iy (7.9mmol) in order to enable the re- ratus for the synthesis of Bela.

action product to distill off and thus ensuring an ongoing reaction. While cooling the iodine-
containing flask with liquid nitrogen, the system was once more evacuated until a sufficiently
low pressure (1073 mbar) could be established. The reaction was then carried out under vacuum
while maintaining a temperature of 650 °C for the tube furnace and 250 °C for the oil bath. The
temperature of 480°C given in literature is too low. The reaction must be performed above
the boiling temperature of Bel, (590 °Cl*%l) so that the reaction product is separated from the
beryllium metal and condenses as white crystals in the colder part of the quartz tube. To
avoid resublimation of iodine crystals in the connector, it was mantled withaluminum foil. The
synthesis was stopped when the atmosphere in the system appeared colorless again, indicating
complete iodine consumption. The Schlenk flask was disconnected, the quartz tube with the
connector still attached filled with inert gas and then transferred into the glove box for opening
and storing of Bels. Purity was checked by powder diffractometry (see Fig 7.128).

l |
ments showed that the amount of Be used is @ D @ D

A similar experimental approach, although inside a sealed quartz ampule, was recently sug-
gested by Miiller et al.??! Our approach not only combines the synthesis and the purification
process while avoiding excess quartz waste in a single step and a relatively simple system, but

109

[a]
2
<
(7))
5
=)
7]
w
x

2
=
n
n
o
Q
@)
(=]




(=]
2
<
%)
5
=)
0
w
x

4
=
n
17}
)
Q
@)
o

furthermore enables a continuous synthesis through exchanging the Schlenk flask with fresh Is.
Additionally, the amount of Be metal used is of no consequence for the success of the synthesis,
which simplifies the process even further.

Purification of solvents

The solvents were freshly distilled under Ar atmosphere and stored using a 3 A molecular sieve.
NMP and 2,6-lutidine were dried over KOH, while DMF and pyridine were dried using CaHs.
Beryllium iodide dissolves highly exothermic in DMF, pyridine and NMP. Special caution is
advised for DMF': the high solvation enthalpy may decompose the solvent and therefore calls
for intense cooling. In 2,6-lutidine, Bely dissolves only in minor amounts, therefore thermal
treatment and removal of excess solid is needed. After reducing the solutions in vacuo and
optional storage at cooler temperatures for about 10 days in case of 2,6-lutidine, crystals were
obtained and characterized.

Synthesis of 1

Due to the solvation enthalpy of Bels with DMF which is so high that decomposition of DMF
occurs when it is added dropwise to solid Bels, reaction of Bely with DMF has to be performed
slowly and under cooling. 2.174g Bely (10.33 mmol) were inserted into a Schlenk flask filled
with argon and connected to a second Schlenk flask filled with 50 ml DMF. In order to establish
equilibrium conditions, the apparatus was left in this state for 24 h. During that time, a
volumetric increase of the solid was observed indicating the formation of a solvate by slow
diffusion of DMF vapor. To enable slow solvation, Bels then was cooled with ice, while the
DMF was heated to 100°C. This lead to the complete dissolution of Bely, resulting in a light
orange liquid. After concentrating the solution in vacuo, bisphenoidal colorless crystals formed.

Synthesis of 2

2.046 g Bely (7.78 mmol) were inserted into a Schlenk flask filled with argon and connected to
a second Schlenk flask filled with 50 mL pyridine. The same procedure as described for DMF
was performed. This lead to the partial dissolution of Bels, resulting in a light yellow liquid
containing a colorless solid. A small portion of the liquid was concentrated in vacuo until crystal
formation occurred.

Synthesis of 3

To 697.9mg Bely (2.66 mmol), cooled with liquid nitrogen, 55 mL of NMP were added. After
warming to room temperature, a yellow liquid was obtained, from which a sample was concen-
trated in vacuo until crystallization occurred.

Synthesis of 4

To 19.0 mg Bely (0.70 mmol), cooled with ice, 2.0 mL 2,6-lutidine (17.3 mmol) were added. After
heating the suspension to 100°C for one hour, undissolved Belo was removed using a Schlenk
frit. The remaining liquid was stored at 5°C for 10 days, after which the formation of light
orange platelets was observed.

Single crystal X-ray diffraction

Single crystals suitable for X-ray investigations were selected under a binocular with polarization
filter and sealed in paraffin-filled glass capillaries with an inner diameter of 0.1 mm. Crystals of
(1) were centered on a three-circle goniometer of a diffractometer system D8 Venture (BRUKER
AXS GmbH, Karlsruhe, Germany) equipped with a CCD detector, a rotating anode and a
Goebel mirror using Mo-K, radiation. Data collection was performed at 109 K in a nitrogen
cooling stream. Crystals of the products (2) and (3) were centered on a one-circle goniometer of
a diffractometer system IPDS-1 (STOE & CIE., Darmstadt, Germany) equipped with an imaging
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plate detector and graphite-monochromatized Mo-K,, radiation.

A crystal of (3) was mounted in a non-arbitrary orientation on the one-circle gomiometer, leading
to systematically unobserved regions of the Ewald sphere. This may explain the uncommonly
low value of GooF (see Table 4.39). Crystals of product (4) were centered on a three-circle
goniometer of a diffractometer system D8 Quest (BRUKER AXS GmbH, Karlsruhe, Germany)
equipped with a CCD detector, a microfocus tube and a Goebel mirror using Mo-K,, radiation.
For all products, data from half of the Ewald sphere were collected and subsequently corrected
for Lorentz, polarization and absorption effects.[*?"37 In all refinements, the H atomic positions
were generated geometrically and coupled to their adjoining C atoms using a riding model.
CCDC entries 1983410 (1), 1983413 (2), 1983411 (3) and 1983412 (4) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Conclusion

Electrocrystallisation experiments employing solutions of all four complexes with their respective
ligand serving as solvent showed that all of the synthesized compounds appear to be of high
inertness and no beryllium amalgam was obtained. In these experiments, a mercury cathode,
tungsten anode and a voltage of 3.0V were used at room temperature. Further details on the
practical details can be found in our corresponding article concerning electrocrystallisation.['”] A
crucial parameter of a successful electrocrystallisation is the lability of the metal-solvent complex.
If the lability of the complex is too low an overvoltage is needed to release the metal during
electrolysis. In those cases where this overvoltage is higher than the decomposition potential of
the solvent, an electrolytic deposition of the metal cannot be observed. Lability of a complex is a
consequence of the metal-donor interaction. Since the nature of the Be—donor bond is generally
not discussed in literature on beryllium complexes with organic ligands, it seems that this is a
non-trivial topic. Comparing ionic and covalent radii sums***!l lead to no further judgement
regarding the nature of the Be-N or the Be-O bond in our complexes can be made due to their
very small, if even existent differences (see Tab. 4.40). In order to make a qualified estimation
of the degree of covalency in the Be-donor bonds in these complexes and therefore to give an
estimation of their lability, quantum mechanical calculations and bonding analyses with Bader
charge distributions or analysis of the electron localizability indicator (ELI) seem promising but
are not within the scope of this work.
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Electrocrystallisation in liquid Ammonia

Since all attempts from ‘regular’ solvents were unfruitful with regard to the successful synthesis
of a Be amalgam, other systems had to be considered. The electrochemical reduction of Be
on an industrial scale to obtain a high-purity metal is performed as a fused-salt electrolysis of
BeCly (in LiCl at 500°C or NaCl at 350°C) or BeFy (in LiCl or KCI at 500°C).l**] Because
of the energy-intensive processes owing to the eleveated temperatures, numerous experimental
approaches for the electrodeposition of elemental Be were explored, and summarised in detail
by Wood and Brenner.*) The most promising results were found for a 3M Be(Me)y + 2.3M
BeCls solution in diethyl ether. However, the need for the synthesis of the starting material
quickly ruled out this approach. Another promising synthetic route was proposed in 1931 by H.
S. Booth and G. G. Torrey,”” and in contrast to many other syntheses, confirmed in 1959 by I.
A. Menzies et al.[*)]

Based on these findings, a new attempt for the electrochemical synthe- ‘
sis of a Be amalgam was made. The experimental details can be found x
in Chapter 3.4.2 (p. 22). Since the electrocrystallisation calls for a lig-
uid Mercury cathode, the synthesis temperature must be above its |
crystallisation temperature (¢,,¢:(Hg) = —38.83°C), but below the oy
boiling point of ammonia (¢4,(NH3) = —33°C). Consequently, the N——"
solubility of Bely in liquid NHg was tested in a preliminary experi- -
ment and was confirmed, it dissolves readily at —52°C in concentra-
tions sufficient for the subsequent electrocrystallisation experiments
(¢ ~ 1molL1), forming a colourless solution (see right image). It
was already discovered in 1899 by P. Lebeaul"!! that Beryllium iodide
has a good solubility in liquid ammonia (“En chauffant légérement,
il se produit une nouvelle absorption d’ammoniac et la substance fondFig d6Ziguidenresobote;
cristallisant par refroidissement.”), but the exact concentrations and %%%ﬁﬁ?egq%@“ﬁﬁ‘t
published. He even described the formation of a complex salt of th%ar%om_ir’gapcomposition
2GlI3-3 AzH3 (Gl = Be, from the term Glucinium, AzHs = NHs, from Azote), which was only
recently confirmed and characterised as [Be(NHjz)4]To.!*]

In the first attempt, a copper rod served as an anode. Dur-
ing the experiment, it was observed that the electrolyte
has changed colour: the previously colourless solution has
turned slightly blue (see Fig. 4.63, right). This colour in-
dicates the presence of Cu?t in the system, which then
forms the characteristically blue [Cu(NH3)4]?"T complex.
A crystalline, metallic solid was obtained, but was iden-
tified as CuyHgg (cf. Fig. 7.91, p. 168). ICP-OES mea-
Fig. 4.63: Left: Mercury cathode during Surements were performed and confirmed these findings.
the first electrocrystallisation experiment While the standard electrode potentials E° for aqueous
of Bel, in liquid NH3. As can be seen, the gystems (E°(Be?t) = —1.487V, E°(Cu?") = 0.344 V)[43]
spoon appears to have a shiny and smooth 4\ 1o that the reduction of Be?+ should be favoured over
surface, showing the liquid state of the ele- . . . .

mental Hg. The light blue colour indicates the oxidation of Cu and its subsequent reduction to form
the formation of the [Cu(NHs)4]** com- a copper amalgam, they have rarely been determined in
plex. Right: corroded Cu anode from the non-aqueous systems, so the reason for the favoured gal-
electrosynthesis. vanic corrosion might simply lie in their vastly different
standard potentials in liquid ammonia.
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In a subsequent synthesis, a tungsten rod was
used as anode, to avoid the formation of a
copper amalgam. FElectrolysis was performed
for 44 hours in total, and after removal of the
copper spoon from the apparatus, a silver-
black, crystalline solid was obtained. How-
ever, all attempts to analyse the compound
were unsuccessful: if ground in a mortar for
powder diffraction analyis, the compound de-
composed, yielding elemental Hg droplets. In-
spection of the crystalline specimens was per-
formed aft?r tran.Sfer out of the. glovebox un- Fig. 4.64: Left: Mercury cathode during the sec-
der potassium-dried paraffin oil. The com- ond electrocrystallisation experiment of Bels in liquid
pound decomposed within minutes, building a NH;s. The amalgamated copper spoon shows visible crys-
spongy, colourless solid (most probably from tallinity. Right: Extracted cathode after performed
Be(OH),) and elemental Hg droplets. All at- clectrocrystallisation.

tempts to isolate crystals for single crystal X-ray diffraction experiments were unsuccesful, since
the obtained product decomposed even in flame-sealed glass capillaries. A final, conclusive
analysis was not possible within the scope of this work, but the results so far have been quite
promising, and future efforts should be made. Hopefully, the very elusive Be-amalgam will then
be unambiguously identified: the experimental findings indicate that a Be amalgam can be pre-
pared by electrolysis of a solution of Bels in liquid NHs at a temperature between —39 and
—33° on a mercury cathode using a W anode. The amalgam most probably is not only very
sensitive towards moisture and air, but also seems to be stable only below room temperature.
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4.8 The ‘Bad Metal’ Behaviour and its Contributing Factors

‘Bad metal’ behaviour as an indication of high polarity in an intermetallic phase has been
observed in several binary amalgams so far. Increasing the number of representatives by the
targeted synthesis of ternary amalgams facilitates the identification of several parameters that
are decisive for the specific ‘bad metal’ behaviour of an individual amalgam through the compar-
ison of multiple, different examples. The identification of these parameters and the estimation
of their relative impact is necessary in order to understand the underlying structure-property
relations and deliberately tune the properties of polar intermetallics by preparative means. We
were able to detect the decisive parameters for ‘bad metal’ behaviour and discuss them in this
subchapter.

The ‘bad metal’ behaviour of amalgams is caused by multiple factors, which can not always be
fully separated. These factors are:

« Polarity in the sense of the electron transfer § in M*[Hg,]°~
e Structural Complexity
e Structural Disorder

Measurements of the specific resistivity p, which have been performed for the structurally unique
CsNagHgs (Chapter 4.1) and the solid solution K;_,Rb,Hg;; (Chapter 4.3) as well as for several
literature-known amalgams, are the most direct approach for the quantification of the ‘bad metal’
behaviour.

4.8.1 Structural Disorder

The introduction of disorder can be imple- 100
mented in the form of statistical mixed occu-
pancy in otherwise isostructural compounds. 80
This way, other factors (e.g. structural com-
plexity or valence eletron concentration) be-
come neglibible, and the direct influence of
disorder on the overall structure can be con-
sidered in an isolated manner. KHg;; and
RbHg11 show an very similar behaviour, while
for Ki—,Rb,Hg11, the slope appears steeper.
This proves that the influence of disorder has

no influence on the lower limit of the conduc- e e S
tivity pmin, while the influence on the non- Temperature /K

linear temperature dependence becomes more Fig. 4.65: Specific resitivities p of the isostructural amal-

pronounced, resulting in a reduced mean free gams KHgii (red), RbHgii blue and the mixed crystal
Kl_xbeng (black).

o Ko.5R0y sH9 4
o KHg,,
o RbHg,

60 —

40 —

Specific resistivity p / pQcm

20—

path length and more scattering events.

4.8.2 Polarity

In order to estimate the electron transfer between the less noble metal and mercury, electronic
calculations of ‘Bader charges’ can be made. Bader charges, which are based on the AIM (atoms
in molecules) (1) concept, are calculated as results of a topological analysis of molecular and atomic
electron densities and included in most modern ab initio quantum chemical calculation methods
(such as Wien2K).[?) The obtained results should not be taken as absolute values, since they
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only represent a spatial charge state. The reason for this is found in the AIM theory, where
the calculations are being made only in a geometric fashion. A three-dimensional space for one
atom is assigned, and the overall electron density integrated, which then lacks the appropriate
inclusion of covalent or metallic bonding contributions.
Bader charges have been calculated for amalgams LisHg, LiHg, LiHgs, NaHgo, KHgg, KHg1y
and CsNaoHgg (see. Tables 4.42 and 4.43). For these, temperature-dependent resistivity mea-
surements were performed. Details for the calculations are summarised in the table below. For
maximum comparability, all parameters were the same, while the number of k-points in the
Brillouin zone was chosen to be as close as possible.

Table 4.42: Details of the electronic structure calculations for LisHg, LiHg, NaHgs and LiHgs with an emphasis
on Bader charges. Multiplicities of the atoms are given in the parentheses.

Compound LisHg LiHg NaHgo LiHgs
Ref. [3] [3] [4] [3]
Rum¢ (all atoms) 132.3pm (2.5 a.u.)
Rt Kmax 8.0
k-points / BZ 1000 1000 972 990
k-points / IBZ 47 35 84 72
Monkhorst-Pack-Grid 10 x 10 x 10 10 x 10 x 10 9x9x12 9x9x10
Lil (4) +0.82 Lil (1) +0.85 Nal (1) +0.79 Lil (2) +0.87
Bader charges Li2 (8) +0.83 Hgl (1) —0.85 Hgl (2) —-0.39 Hgl (6) —0.29
Hgl (4) —0.82 a
=z 2
< ©
n
£ 2
Table 4.43: Details of the electronic structure calculations for KHgg, KHg11 and CsNasHgis with an emphasis = Z
on Bader charges. Multiplicities (given in the parentheses) are factored into the final charge. & o
Compound KHgg CsNagxHgs KHgi1
Ref. [5] Tab. 4.2 [6]
Rt (all atoms) 132.3pm (2.5 a.u.)
Rt Kmax 8.0
k-points / BZ 816 1000 1000
k-points / IBZ 108 99 35
Monkhorst-Pack-Grid 6x17x8 10 x 10 x 10 10 x 10 x 10
K1 (4) +0.77 Nal (4) +0.82 K1 (3) +0.78
Hgl (4) —0.09 Csl (2) +0.76 Hgl (1) —0.04
Hg2 (4) —0.11 Hgl (16) —0.11 Hg2 (8) —0.08
Bader charges Hg3 (4) —0.16 Hg2 (16) —0.17 Hg3 (12) —0.09
Hg4 (4) —0.15 Hg3 (4) —-0.07 Hg4 (12) —0.05
Hg5 (4) —0.12 +0.82
Hg6 (4) —0.14 +0.82
While absolute values are not appropriate for the quantifi- 2%

cation of the polarity, the calculations can be useful since _
they mirror the overall increase of partial electron transfer

with higher Hg contents. It can also be seen that the calcu- ?50* o

lated values behave in accordance with the respective elec- £ 1

tronegativities of the less-noble metals. However, when £

resistivity measurements of the different Li amalgams are 3

being compared (see Fig. 4.66, right), the differences in ‘é ] e
(2]

o
)
|

their calculated Bader charges fails to explain the signif- LiHg
icantly different behaviour. NMR investigations (Knight
shift) combined with pDOS calculations conducted by F.

Tamborninol’! showed that these approaches are not only R e S
more precise, but can — at least to a certain extent — ex- Temperature [K]

plain the observed behaviour. This also emphasises that

Fig. 4.66: Specific resitivities p of LizHg
(red), LiHg (blue) and LiHgs (green).
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the calculation of the Bader charges can give a broad estimate, but fails to describe the quanti-
tative polarity of the amalgam.

If resistivity measurements of two compounds 4]
with an equal Hg content and similar Bader 1 — KHg,
charges (i.e. KHgg and CsNagHg1g, see Fig. — CsNa;Hgg
4.67) are compared, the difference in their re-
spective partial charges can not explain their
significantly different physical behaviour.
While the existing data indicates that the
influence of polarity on the ‘bad metal’ be-
haviour is in the order of several magnitudes,
the structural complexity has to be taken into

account as well. 0

— — T T T T ———
0 50 100 150 200
Temperature [K]

Specific resistivity p [mQ cm]
o o
n w
| |

o
1

4.8.3 Structural Complexity Fig. 4.67: Specific resitivities p of KHgs (blue) and

It is clear that the complexity of the crystal CsNazHgis (red).

structures in amalgams correlates with their ‘bad metal’ behaviour. However, the broad termi-
nation of ‘complex’ crystal structures often encountered in literature is not precise enough. A
mathematical approach is found by the definition of complexity measures.[”*) These are based on
a numerical approach, where structural information is transformed and applied within informa-
tion theory concepts. This concept then treats the total crystal structure as a graph, containing
vertices/nodes (atoms) and edges/links (bonds). The structural information content I of a
given crystal structure is calculated as the sum of the probabilities of atoms present in a crystal-
lographic orbit of the structure. This information content in [bits/atom] can then be multiplied
by the number of atoms per unit cell, yielding I totq; in [bits/unit cell]. Normalisation can be
made by as well, leading to the dimensionless Ig ,orm between 0 and 1. Different approaches
can be made when comparing different structures. For structures with a similar composition, a
comparison of the information density (pmf = Iq total /V seems appropriate, since it accounts
for the differences of their unit cells as a consequence of the size differences of their constituing
atoms. If different compositions are being considered, their complexities should be compared
with focus on either I or Ig totai-

In the following table, the information content of the selected structures is compiled.

Table 4.44: Calculations of the information content in Kng,[‘r’] CsNagHg:s, KHgll,[G] Rnglh[G] Ki_.Rb;Hgi1,
LiHg,! LiHgs"! and Naj;Hgss.[! They were performed with the program package CrystIT.['"]

I [bits/atom] TG, totar [bits/unit cell] I norm pins [bits/A 7]
KHgg 2.81 78.6 0.584 0.106
CsNazHgs 1.92 40.23 0.436 0.075
KHg1:1 1.98 71.32 0.383 0.079
RbHgi1 1.98 71.32 0.383 0.078
Ki-zRb,Hgi1 2.06 74.31 0.399 0.081
LiHg 1.00 2.00 1.00 0.056
LiHgs 0.811 6.49 0.27 0.040
Nai1Hgso 6.95 3939.03 0.759 0.298
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From these values, it becomes clear that the
structural complexity clearly has an influence
on the ‘bad metal’ behaviour. The comparison
of the calculated values explains why the con-
ductivity of the solid solution K;_,Rb,Hg1
has a steeper slope, and also why the specific
resistivity of CsNaoHgig is smaller than the
one of KHgg. It highlights the reason why
Naj;Hgso exhibits higher resistivities than ei-
ther KHgg and CsNagHgg (cf. Fig. 4.68. On
the other hand, it fails to comprehend the un-
usually high resistivities measured for the Li-
amalgams.

2.0
g Na,,Hg,,
1.5
o]
E
2
=
=
2 1.0
7]
1
L2
‘©
s
& 0.5 KHgg
L0 e B s sy B L R B S s s s
0 50 100 150 200 250

Temperature [K]

Fig. 4.68: Specific resitivities p of KHgg (red) and

Nalng52 (blue)
4.8.4 A Qualitative Scale

Based on these comparison, the contributing factors for the ‘bad metal’ behaviour of amalgams
can now for the first time be put in qualitative relation to each other. It seems that the that the
factor with the highest impact is the polarity, as discussed on the examples of the Li amalgams.
This also correlates — to a certain degree — with the Hg content.

Fig. 4.69 (below) compares the specific resistivities of different amalgams previously discussed,
as well as those of regular metals.

0.4 2.0 200

Na, Hg,,

0510

Specific resistivity p [mQ cm]

— 0.5

- : KHg, r L
/Fg’ : /’——‘ i Na, Hg,, L
Al Hg 0 - [

cy— 0 o
R S A NRana L N e o e e I A N B L e e AR
0 50 100 150 200 250 300 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Temperature / K Temperature / K Temperature / K Temperature / K

0

Fig. 4.69: Visualisation of the increasing ‘bad metal’ behaviour in selected amalgams for the relative quantification
of the influencing paramters.

Lesser contributions seem to originate from the structural complexity of the amalgams, which
is discernible by the comparison of CsNasHgg vs. KHgg vs. NajiHgss. So far, the smallest in-
luence seems to be the introduction of disorder, which has been shown in Fig. 4.65.

This can be summarised on a relative scale:

high

low contribution

disorder

Fig. 4.70: Relative scale for the contribution of the different parameters disorder, structural complexity and
degree of electron transfer 51/
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Summary

Overview

The primary objective of this work was the first systematic study of ternary amalgams containing
two different electropositive metals. For this purpose, the huge number of possible candidate
systems was first screened by a combination of thermoanalytical measurements and powder X-
ray diffraction. The existing methods for the preparation of amalgams had to be adapted to
new conditions, and new synthetic routes were established.

The new ternary amalgams were characterised by modern X-ray diffraction techniques, employ-
ing single crystal measurements as well as powder diffraction with laboratory and synchrotron
radiation. Four different possibilities for ternary amalgams can be expected: (1) new structure
types, (2) solid solutions of isotypic binary amalgams, (3) colouring variants of binary structure
types and (4) substitutional mixed crystals. For all four cases, examples could be established.

Additionally, the ‘bad metal’ behaviour for a number of amalgams was characterised with a
combination of measurements of the specific resistivity, superconductivity, thermal stability and
calculations of the electronic structures. With the help of the new ternary amalgams and their
comparison to reported and additional new binary compounds, it was for the first time possible
to establish the relevant parameters which control the ‘bad metal’ behaviour: structural dis-
order, structural complexity and the degree of polarity in terms of electron transfer from the
electropositive metal to mercury. The interplay is complex, however, and their relative contribu-
tions on the overall behaviour could be estimated by chosen examples. Through this, it is now
possible to perform targeted experiments in order to deliberately tune the physical properties
of amalgams and other polar intermetallics with higher relevance for future applications.

Against this background, summaries of the previous (published and unpublished) results are
given in the following.
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5.1 Structure and Bonding in CsNasHg;s, a New Ternary
Amalgam with strong Coulombic Bonding Contributions

published in: Crystals 2022, 12(11), 1679.
Access via: DOI: 10.3390/cryst12111679
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Fig. 5.1: Visualisation of the crystal structure of CsNagHgis (top right; Hg: grey, Na: orange, Cs: turquoise),
the results of the electronic structure calculations (top left) and comparison of the specific resistivity p to KHgg
and elemental Hg (bottom).

In Chapter 4.1, the synthesis of the new Hg-rich ternary amalgam CsNasHgg is discussed. It is a
representative of ternary amalgams with a new structure type in the sense of the classification in
5. Via a newly developed synthetic approach — the combination of the elements at temperatures
below their crystallisation point and slow thawing to ambient temperatures — it was possible
to obtain the first ternary Na-Cs amalgam as a phase-pure product. It crystallises in well-
shaped cuboid specimens with a silver-metallic luster and exhibits a tetragonal metric (space
group I4/mmm, No. 139, a = 7.3054(7) A, ¢ =20.046(3) A) in a unique structure type. Its
structure can be described via the stacking of five nets or alternatively via the packing of two
different, hitherto unreported coordination polyhedra: Na is surrounded by a [NaHgig] snub
square antiprism, Cs is surrounded by a [CsHgag] rhombicuboctahedron. Both descriptions
emphasise the unusual bonding situation present in amalgams as an interplay of covalent Hg
networks, Coulombic charge distribution and overall metallic properties. Specific resistivity
measurements as well as electronic structure calculations have been performed. The different
contributions of the s- and p-states to the band structure highlight the interplay of of covalent and
metallic bonding contributions, while the calculations of the Bader charges determines the degree
of the charge transfer from the less noble metals to the Hg network, yielding a further indicator
towards the ‘polarity’ of the bonding situation prevalent in this amalgam. The ‘bad metal’
behaviour is surprisingly less pronounced than in other amalgams with a ratio M :Hg=1:6 or
with comparable structural complexity.
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5.2 Ternary Amalgams: Expanding the Structural Variety of
the Gdi4Ags; Structure Family

published in: Z. Krist. 2023. in print.
Access via: DOI: 10.1515/2zkri-2023-0007
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Fig. 5.2: Graphical representation of the different coordination polyhedra of the GdisAgsi structure family
in amalgams (left), and a comparison of atomic radii and polyhedra volumina of the newly discovered ternary
variants Yb10.75ro.3Hgss, Cas.sEus.sHgsa and Cag.9Naa.1Hgss with the binary representatives (right).

In Chapter 4.2, the structural investigation of the three ternary amalgams Ybig7Srg.sHgsa,
Caygs5FEug5Hgss and CaggNayg1Hgsy is discussed. They represent the first ternary structural
variants of the amalgams of the Gdi4Ags; structure family, where the known binary amalgams
are distinguished by individual disorder phenomena in their crystal structures (except for the
Yb amalgam YbHHg54).[l"4]

The presented ternary amalgams are derivatives of the binary hettotypes, but the combination of
different structural disorder phenomena has not been observed before and cannot be obtained by
addition of the ones existing in the binaries. They can therefore be interpreted as representatives
of ‘coloured’ variants of the respective binary amalgams.

All three ternary compounds crystallise in the hexagonal space group P6 (with a = 3.5811(11),
13.5406(8) and 13.564(5) A, ¢ = 9.7948(12), 9.7149 and 9.810(7) A for the Yb-Sr, Ca-Eu and
Ca-Na amalgam, respectively). The individual disorder phenomena concern the four crystal-
lographic positions of the less noble metals, M1-M4. In the Yb-Sr amalgam, the polyhedra
M1-M3 are fully occupied by Yb, while only M4 exhibits mixed occupancy of Yb and Sr. In the
Ca-Na amalgam, M1 is fully occupied by Ca, all other ccp’s are showing mixed occupancies of
Ca and Na. And lastly, in the Ca-Eu amalgam, not only do all polyhedra show different mixed
occupancies of Ca and Eu, but also mutually eclusive Hg split positions along the ¢ axis can be
observed.

It was shown that in the amalgams, the comparison of the metallic radii with the polyhedra
volume of the cation coordination polyhedra (ccp) leads to the conclusion that geometric consid-
erations can only partially explain the appearing disorder phenomena. Electronic contributions
will therefore have to be taken into account as well.

In comparison to the reported members of the structure family, the three new ternary amalgams
give a direct insight into the role of geometric and electronic parameters on structural complexity
as the determining factors of ‘bad metal’ behaviour.
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5.3 Influence of Disorder on the ‘Bad Metal’ Behaviour in Polar
Amalgams

Published in: Inorg. Chem. 2023, 62(9), 3965-3975.
Access via: DOI: 10.1021 /acs.inorgchem.2¢04430
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Fig. 5.3: Visualisation of the Vegard-type solid solution of Ki_,Rb,Hg11, as well as specific resistivity (top right)
and magnetic susceptibility measurements (bottom right).

In Chapter 4.3, the influence of structural disorder on the ‘bad metal’ behaviour of polar amal-
gams is discussed on the basis of two different types of mixed crystals, represented by two newly
synthesised ternary amalgams. The first compound, K;_,Rb,Hgy; (with x=0.472(2), cubic,
space group Pm3m, a= 9.69143(3) A, Rietveld refinement from synchrotron powder diffraction
data), a Vegard-type mixed crystal (or solid solution) contains disorder in the sense that the
single crystallographic position of the less-noble metal atom (Rb or K) in the isotypic structures
of the BaHgq; structure type exhibits a statistically mixed occupancy, mirroring the original
weighing scheme. In the second compound, Css_,Ca,Hga (with = =0.20(3), cubic, space group
Pm3m, a=10.89553(14) A, Rietveld refinement from X-ray powder diffraction data), disorder
can be observed by the introduction of about 6% Ca on the single crystallographic position for
Cs. This compound represents an example of a substitutional mixed crystal, since no isotypic
structure of the RbgHgog type has been found for Ca.

The investigation of their physicochemical properties (i.e. specific resistivity and magnetic sus-
ceptibility), thermoanalysis and the calculation of electronic structures have been performed. By
comparison of the specific resistivities and the calculated electronic structures, it can be shown
that structural disorder has a significant, but rather minor effect on the ‘bad metal’ behaviour.
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5.4 The Hg-rich part of the Binary System, K—Hg revised:
Synthesis, Crystal and Electronic Structures of KHg,, KHgjs
and KHgsg

Fig. 5.4: Crystal structures of the new binary potassium amalgams KHga (left), KHgs (middle) and KHgsg (right).
Cation coordination polyhedra around K are coloured in yellow/orange, polyhedra by Hg in red and green. Hg:
grey, unit cell: black.

The synthesis and stuctural characterisation of three . L% g
new Hg-rich binary potassium amalgams is re- e
ported. Each structure crystallises in a new struc-
ture type (KHgy: orthorhombic, space group Cmcem e L
(No. 63), a=9.374(3), b=28.735(3), c = 6.456(2) A;
KHgs: monoclinic, space group P2;/c (No. 14), - . Ny
a = 11.4832(10), b= 17.5862(15), c = 10.3152(9)A, .
g =116.6871(11)° and KHgg: triclinic, space group 63.};=c¥

P1 (No. 2), a=6.3001(17), b=289723(19), c=

195°C(?)

are [°C]

Tempere

[ (K)

FKg,
KHg,

12.637(3) A, o = 99.30(3), B = 91.34(3), v = 98.36(3)°, © el
respectively). In all structures, previously unobserved ool gl - 1
cationic coordination environments with CN = 16+2 Ko X% Hg

(KHgg), 17+1/18+1 (KHgs) and 18 (KHgg) are Fig. 5.5: Revised K-Hg phase diagram with
present. The trend of higher coordination numbers can an emphasis on the Hg-rich part of the sys-

also be visualised by net representation of the amal- tem. Newly assigned data as well as points of
interest are colour-differentiated.
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gams:

Fig. 5.6: Net representation of selected binary potassium amalgams with increasing Hg content. Unit cell: black,
Hg atoms: grey, K atoms: orange. Octagons are depicted in orange, merged octagons or heptagons in yellow,
capping penta- or hexagons in blue, while interstitial polygons are depicted in red.

Electronic calculations emphasise the partial electron transfer from the less noble alkali metal
to the Hg network. Based on the combination of thermoanalysis and powder diffraction exper-
iments, the Hg-rich part of the binary K-Hg phase diagram was revised, again indicating the
impact of new preparation techniques on a deeper understanding of phase formation and phase
relations.
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5.5 SrHgs.s¢ — a new binary Sr amalgam

The synthesis and crystal structure determi-
nation of the new binary Sr-amalgam SrHgs s
is reported. Starting from a ternary weigh-
ing stoichiometry (Na:Sr:Hg = 1:1:22), needle-
shaped specimens of the title compound
were isolated, next to trigonal platelets of
Naj;Hgse.  The structure with an ortho-
rhombic unit cell (space group Pnma,
No. 62, a=13.5123(11)A, b=5.007(2) A,
¢ = 10.389(4) A) is isotypic to other known bi-
nary amalgams with this M : Hg ratio (BaHgg,
KHg6).[5’6] Due to an underoccupancy of one
of the six crystallographic sites for Hg, this
amalgam is best described with the nominal
sum formula SrHgg_ .

In order to find a reason of this underoccu-
pancy, electronic calculations of the fully or-
dered model (SrHgg) were performed. While
the exact reason for the lower occupancy of
the one atomic Hg site could not be taken di-
rectly from details of the DOS, the calcula-
tion of the Bader charges for the fully ordered
model revealed an significantly higher charge
for the alkaline earth atom than in the isotyp-

&
—&
IS
o
°
N

"~ total DOS Hgt
—— total DOS Hg2

DOS [states eV cell ']

Fig. 5.7: Visualisation of the crystal structure of
SrHgs.s6 by the stacking of nets (top right) or polyhedra
(top left) and the electronic structure calculation results
for the fully ordered model SrHgg. (bottom)

ical BaHgg. Together with the fact that this position exhibits the highest number of Hg atoms
in its coordination sphere (i.e. the most metallic position where high coulombic partial charges
are unfavourable), this corroborates the need for the underoccupancy.

This study highlights again how new preparative approaches can yield new phases in well-studied
systems. The example of StHgg_,, is a very instructive model for the direct interplay of structural

disorder and electronic structure.

126



5.6 Cyclic Voltammetry as a Tool for the targeted Synthesis of
Ternary Amalgams via Electrocrystallisation

Due to the different reduction potential of metals, synthesis of ternary amalgams via electrocrys-
tallisation is difficult. But since their potentials depend on concentration, they can be adjusted.
During the scope of this thesis, first attempts for the determination of concentration- dependent
reduction potentials of Na™ and K+ have been performed on their iodides in DMF via cyclic
voltammetry (CV). Based on these data, an electrocrystallisation experiment with a mixture of
Nal/KI was performed. Via X-ray diffraction experiments on powder samples and single crys-
tals, the (preliminarily determined) crystal structure represents a new member of the Gd4Ags;
structure family with close relation to the crystal structure of Naj;Hgso, but with manifold and
new disorder phenomena. By this, it was proven that the electrocrystallisation method, once
developed for the synthesis of binary amalgams, can in principle be adapted so that it is equally
useful for the synthesis of ternary amalgams.

5.7 The first Be-containing Amalgam?

Parts published in: Z. Naturforsch. 2020, 75b, 509-516.
Access via: DOI: 10.1515/znb-2020-0035

ﬁ-[Be(DMF)4]I2 [Be(Pyr)4]12 [Be(NMP)4]I2 [BGIQ (Lut>2]

Fig. 5.8: Crystal structures of new complex salts of Be and Hg discovered within the Bachelor thesis (top row)
and new solvate complexes of Be (bottom row).

The thermochemical approach via decomposition of precursor complexes did not yield any
promising results, and neither did electrocrystallisation experiments in ‘classical’ organic sol-
vents. While the experimental attempts yielded several new complex salts of mercury and
beryllium (see Chapter 4.7), advanced experimental techniques were tested. So far, the electrol-
ysis of Bely in liquid ammonia seems the most promising appproach. Reproducably, a metallic,
crystalline product was obtained and most probably represents the first beryllium amalgam.
However, its extreme sensitivity made characterisation via X-ray diffraction experiments unsuc-
cessful within the scope of this work.
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5.8 The ‘Bad Metal’ Behaviour and its Contributing Factors

Three main parameters are contributing for the observed ‘bad metal’ behaviour in amalgams:
o Polarity in the sense of the electron transfer § in M°*[Hg,]°~
e Sturctural complexity
e Structural disorder

Through comparison of the ‘bad metal’ behaviour in amalgams synthesised in this work with
already reported phases, these variables can thus be analysed independently of each other. While
a clear separation of these parameters is not always possible, they can now be sorted on a relative
scale, particularities have been discussed in Chapter 4.8.

For the first time, these parameters can not only be identified, but also put in a qualitative
scale based on our results. There are indications that the degree of polarity (i.e. the exact
partial charge) has the biggest influence on the ‘bad metal’ behaviour in amalgams, followed
by structural complexity. The smallest impact seems to be contributed by the introduction of
structural disorder, since this in turn has small consequences on the structural complexity.

low contribution high

disorder co

Fig. 5.9: Relative scale for the contribution of the different parameters disorder, structural complexity and degree
of electron transfer 51/~

Since we have shown that these parameters can be directly influenced by chemical means (Hg
content, choice of the electropositive metal, formation of mixed crystals, etc.), the deliberate
tailoring of the ‘bad metal’ behaviour in polar intermetallics appears to be feasible in the nearer
future.
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Outlook

The first systematic approach to synthesis, structural and physicochemical characterisation of
ternary amalgams with two different electropositive metals has proven to be fruitful. The initial
screening of promising systems was designed in a way that ternary phases with high formation
enthalpies were favourably detected. This can be taken as a starting point for further investi-
gations going more into detail and reveal new phases with more delicate formation conditions.
For those phases, the newly developed preparation routes can be applied.

Especially the electrochemical synthesis shows a high potential. The determination of the exact
reduction potentials, which then serve as the basis for the calculation of neccessary concentra-
tions for the simultaneous electrocrystallisation experiments, is crucial. Since the electrodes used
are hand-made, experiments with standard electrodes, as well as the usage of a standard ref-
erence electrode instead of a pseudo-reference electrode should guarantee reliable, reproducible
results. Furthermore, the current apparatus for the electrocrystallisations should be modified in
a manner that allows for the inclusion of such a standard reference electrode in order to enable
the precise observation and direct manipulation of the overall potential of the system.

The revision of binary systems with the aid of new preparative strategies will be lucrative. As
shown on the examples of the new binary amalgams of Sr and K, the reported binary phase
diagrams of amalgams of the less noble metals are still incomplete. Through the combination
of thermoanalysis and X-ray powder diffraction, newly found phases can be integrated into the
phase diagrams. As a first step, the phase-pure syntheses of the Hg-rich compounds SrHgs g¢ and
KHgg for the determination of their physical properties should be performed. A new preparative
procedure for the screening of the Hg-rich part of a binary system has already been developed
for the investigation of the K-Hg system and is depicted in Fig. 7.1 (p. 141). The idea is to
put a large amount of the Hg-richest amalgam on a coarse glass frit and slowly heat until the
amalgam undergoes a peritectic decomposition. The Hg-rich melt is then separated via the frit
while the remaining Hg-poorer amalgam can be analysed. Then, it is reheated until the next
peritectic decomposition, and this process is continued until the first congruently melting phase
is reached. This typically has a composition MHg or MHgs. A complementary access to new
phases would be a modified electrocrystallisation procedure: The exact weight of the Hg used
on the amalgamated copper spoon has to be determined, and the amount of available e.g. KT in
the electrolyte limited accordingly — the electrolysis stops automatically if one of the metals has
been completely depleted. The temperature of the electrocrystallisation has to be kept above
the decomposition temperature of the Hg-richer amalgam, ideally only by 1°C. The composition
of the final product is then limited by the ‘weighing scheme’ and should in theory allow for the
crystallisation of KHgg.
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Following the example of the Vegard-type Table 6.1: Comparison of isotypic binary amalgams for
mixed crystal series K;_,Rb,Hgq; in Chap- fut.ure investigations, sorted. by increasirllg .Hg content
ter 4.3, several other solid solutions should (Wlfch Hg: M 2,2) and atomic number V‘flthm the satne

. ] . . . main group. Li, Be, Na and Mg are omitted. Gray in-
be of interest according to pairs of isotypic dicates the same nominal sum formula, but a diverging
binary amalgams with M atoms with radius crystal structure.
quotients close to 1. Table 6.1 (right) shows K Rb Cs Ca Sy Ba
potential systems where the formation of solid - _
solutions seems possible. Indicators for the =y,
presence of solid solutions in the shown sys- MsHg1o
tem so far exists for the system Cs;_,Rb,Hgqg My Hes,
(THO11-1, THO74, THO083), but attempts of MHg6
confirmation via Rietveld refinement on the - _
basis of Synchrotron powder data have been

MHg11

unsuccessful so far. These systems would al-
low further investigation of the influence of
structural disorder on the ‘bad metal’ behaviour with negligeable contributions by structural
complexity or differences in polarity.

As additional and complementary tools for the characterisation of the ‘bad metal’ behaviour,
solid state NMR measurements on '9Hg can be of great value, since they allow for the exact
quantification of the electron transfer and hence a quantification of the polarity in amalgams.
Initial, very promising experiments have been performed on the series of Li amalgams. A sup-
plementary method for the quantification of polarity is the measurement of the Hall coefficient.
This allows for the quantification of the free charge carrier concentration, an additional pa-
rameter influencing the ‘bad metal’ behaviour which has so far been neglected. A screening of
reported and new amalgams with this respect is necessary for a more detailed insight. Extensive
electronic calculations will have to be performed for the binary and ternary representatives of the
Gdi4Ags; structure family as well, since this might give additional insight about the underlying
reasons for the oberseved disorder patterns in their crystal structures. These analyses should be
performed on selected, literature-known amalgams as well.

Lastly, the electrocrystallisation experiment of Bels in liquid ammonia should be repeated, but
with modifications: (1) the electrode should be washed with liquid ammonia to remove excess
Be salts and (2) reattempting the isolation of single crystals directly from the apparatus without
interrupting the cold chain. This way, the verification of the existence as well as the structural
characterisation of the elusive Be amalgam is in direct reach.

Based on the results of this work, the qualitative influence of the factors influencing the ‘bad
metal’ behaviour could be discovered. Through systematic preparative efforts and complement-
ing quantum-mechanical calculations, we are confident that the last steps in the unraveling of
the structure-property relations in polar metals can soon be taken, enabling a targeted design
of substances with the desired physical properties.
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7.1 Crystallographic Data

7.1.1 B- [Be(DMF)4]Ig

Appendix

Table 7.1: Standardised fractional atomic coordinates'! and equivalent isotropic displacement parameters [A2]

for ﬂ- [Be(DMF)4]12

(1).

The equivalent isotropic displacement parameter is defined as 1/3 of the trace of the

anisotropic displacement tensor. Standard deviations in units of the last digit are given in parentheses.

Atom T Y z Uequiv
Bel 0.2113(2) 0.2429(2) 0.43116(15) 0.0220(4)
11 0.01991(2) 0.89923(2) 0.30024(2) 0.03073(5)
12 0.56530(2) 0.24838(2) 0.35936(2) 0.02567(4)
o1 0.26570(10) 0.31616(11) 0.01930(8) 0.0247(3)
N1 0.41223(12) 0.37744(13) 0.10217(10) 0.0238(3)
C11 0.36530(15) 0.33584(15) 0.02959(11) 0.0235(3)
Hi1 0.4071 0.3200 -0.0165 0.028
C12 0.3531(2) 0.4046(2) 0.17809(11) 0.0284(4)
H12A 0.3610 0.4851 0.1917 0.043
H12B 0.3810 0.3596 0.2274 0.043
H12C 0.2784 0.3870 0.1650 0.043
C13 0.5279(2) 0.4018(2) 0.11020(14) 0.0327(4)
H13A 0.5588 0.3767 0.0581 0.049
H13B 0.5612 0.3613 0.1600 0.049
H13C 0.5392 0.4832 0.1178 0.049

02 0.23849(10) 0.16597(11) 0.34789(8) 0.0246(3)
N2 0.21126(13) 0.11475(13) 0.20537(10) 0.0260(3)
C21 0.18095(15) 0.16202(15) 0.27631(11) 0.0229(3)
H21 0.1128 0.1948 0.2741 0.027
C22 0.1353(2) 0.1054(2) 0.12827(12) 0.0366(5)
H22A 0.0981 0.0330 0.1295 0.055
H22B 0.1734 0.1095 0.0764 0.055
H22C 0.0844 0.1675 0.1281 0.055
C23 0.3137(2) 0.0586(3) 0.20359(19) 0.0698(10)
H23A 0.3636 0.0916 0.2477 0.105
H23B 0.3401 0.0689 0.1470 0.105
H23C 0.3057 -0.0223 0.2149 0.105

03 0.08361(10) 0.25676(11) 0.43881(8) 0.0231(3)
N3 0.08416(12) 0.69135(13) 0.04881(10) 0.0230(3)
C31 0.01652(14) 0.1755(2) 0.44017(11) 0.0243(3)
H31 0.0406 0.1004 0.4329 0.029
C32 0.1586(2) 0.5947(2) 0.04325(15) 0.0328(4)
H32A 0.1255 0.5253 0.0623 0.049
H32B 0.2230 0.6096 0.0801 0.049
H32C 0.1760 0.5857 -0.0163 0.049
C33 0.1249(2) 0.8061(2) 0.0348(2) 0.0533(7)
H33A 0.0876 0.8606 0.0685 0.080
H33B 0.1139 0.8252 -0.0262 0.080
H33C 0.2003 0.8085 0.0530 0.080

04 0.26221(10) 0.37102(11) 0.42331(8) 0.0244(3)

continued on the next page
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Atom T y z Uequi'v

N4 0.27335(13) 0.54643(14) 0.36165(10) 0.0265(3)
c41 0.22179(15) 0.4517(2) 0.37686(11) 0.0234(3)
HA1 0.1517 0.4434 0.3521 0.028
C42 0.2210(2) 0.6394(2) 0.3093(2) 0.0438(5)
HA2A 0.1497 0.6160 0.2885 0.066
H42B 0.2617 0.6559 0.2602 0.066
H42C 0.2173 0.7073 0.3448 0.066
C43 0.6156(2) 0.0644(2) 0.10402(15) 0.0379(5)
HA3A 0.6141 0.1081 0.0507 0.057
H43B 0.5779 0.1059 0.1463 0.057
H43C 0.5816 -0.0089 0.0925 0.057

Table 7.2: Coefficients of the anisotropic displacement parameters [A%] for 8-[Be(DMF)4]I2 (1). Us; is defined
as Uj; = exp—2m2[Uii(ha™)? 4 ... + 2Ua1hka*b*]. Standard deviations in units of the last digit are given in

parentheses.

Atom Ui Usz Uss Uzs Uis Uiz

Bel 0.0229(11) 0.0238(11) 0.0187(10) 0 -0.0017(8) -0.0006(8)
11 0.03377(7) 0.02479(7) 0.03230(7) -0.00043(5) -0.00536(5) -0.00294(5)
12 0.02199(6) 0.02735(7) 0.02774(7) 0.00586(4) 0.00255(4) 0.00226(4)
01 0.0253(6) 0.0293(7) 0.0189(6) -0.0042(5) -0.0022(5) 0.0017(5)
N1 0.0263(8) 0.0240(7) 0.0203(7) -0.0026(6) -0.0028(6) 0.0023(6)
Cl11 0.0278(9) 0.0230(8) 0.0193(7) -0.0012(6) -0.0003(6) 0.0031(7)
C12 0.0365(10) 0.0306(10) 0.0173(8) -0.0046(7) -0.0023(7) 0.0061(8)
C13 0.0274(9) 0.0371(11) 0.0324(10) -0.0058(8) -0.0053(8) -0.0034(8)
02 0.0252(6) 0. 0276(7) 0.0205(6) -0.0037(5) -0.0023(5) 0.0022(5)
N2 0.0353(8) 0.0223(7) 0.0202(7) -0.0006(6) 0.0018(6) 0.0038(6)
C21 0.0264(8) 0.0217(8) 0.0204(8) 0.0013(6) 0.0007(6) 0.0012(7)
C22 0.0554(13) 0. 0359(11) 0.0174(8) -0.0021(8) -0.0027(8) 0.0040(10)
C23 0.059(2) 0.103(3) 0.0457(14) -0.029(2) -0.0072(12) 0.049(2)
03 0.0236(6) 0.0259(6) 0.0195(6) -0.0010(5) -0.0006(5) -0.0013(5)
N3 0. 0231(7) 0. 0239(7) 0.0216(7) -0.0006(6) -0.0007(5) -0.0007(6)
C31 0.0240(8) 0.0236(8) 0.0246(8) -0.0035(7) -0.0028(7) 0.0013(7)
C32 0.0243(9) 0.0308(10) 0.0425(11) -0.0002(8) -0.0030(8) 0.0039(8)
C33 0.0318(11) 0. 0284(11) 0.101(2) 0.0083(13) 0.0159(13) -0.0052(9)
04 0.0270(6) 0.0237(6) 0.0218(6) 0.0003(5) -0.0020(5) -0.0038(5)
N4 0.0304(8) 0.0221(7) 0.0278(7) -0.0016(6) 0.0074(6) 0.0007(6)
C41 0. 0254(8) 0. 0255(9) 0.0199(8) -0.0023(7) 0 0048(6) 0.0006(7)
C42 0.0458(13) 0.0304(11) 0.0562(14) 0.0147(10) 0.0103(11) 0.0062(10)
C43 0.0366(11) 0.0305(10) 0.0459(12) 0.0025(9) 0.0003(9) 0.0114(9)

7.1.2 [Be(Pyr)4]1:

Table 7.3: Standardised fractional atomic coordinates!" and equivalent isotropic displacement parameters [A?] for
[Be(Pyr)4]I2 (2). The equivalent isotropic displacement parameter is defined as 1/3 of the trace of the anisotropic
displacement tensor. Standard deviations in units of the last digit are given in parentheses.

Atom T Y z Uecquiv
11 0.36534(2) 0.19194(2) 0.43023(2) 0.05936(10)
Bel 0 0.5327(5) 1 0.0373(6)
X N1 0.05573(9) 0.3922(2) 0.21623(9) 0.0391(3)
S C11 0.01539(14) 0.2853(3) 0.15407(14) 0.0507(5)
= Hil -0.0409 0.2971 0.1278 0.061
5 C12 0.0544(2) 0.1595(4) 0.1282(2) 0.0612(6)
H12 0.0248 0.0874 0.0852 0.073
C13 0.1372(2) 0.1413(4) 0.1661(2) 0.0591(6)
H13 0.1645 0.0573 0.1491 0.071

continued on the next page
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Atom T y z Uequ'i'v

C14 0.17946(15) 0.2483(4) 0.2296(2) 0.0575(6)
H14 0.2358 0.2389 0.2562 0.069
C15 0.13685(12) 0.3721(3) 0.25328(12) 0.0465(4)
H15 0.1655 0.4440 0.2966 0.056
N2 0.43534(10) 0.1700(2) 0.17618(10) 0.0392(3)
ca1 0.3864(2) 0.2785(3) 0.19701(15) 0.0522(5)
H21 0.3888 0.2737 0.2488 0.063
22 0.3796(2) 0.2959(5) 0.0464(2) 0.0752(9)
H22 0.3782 0.3004 -0.0050 0.090
c23 0.3302(2) 0.4043(4) 0.0674(2) 0.0667(7)
H23 0.2951 0.4828 0.0307 0.080
c24 0.3337(2) 0.3944(4) 0.1439(2) 0.0635(6)
H24 0.3006 0.4660 0.1595 0.076
C25 0.43141(15) 0.1800(3) 0.10157(14) 0.0536(5)
H25 0.4644 0.1069 0.0864 0.064

Table 7.4: Coefficients of the anisotropic displacement parameters [A?] for [Be(Pyr)4]lz (2). Ui; is defined
as Uiy = exp—2m*[Ui1(ha*)? + ... + 2U21hka*b*]. Standard deviations in units of the last digit are given in
parentheses.

Atom Ui, Usz Uss Uss Uis U2

il 0.05528(12) 0.06351(13) 0.04890(12) 0.00295(7) 0.00981(7) 20.01271(7)
Bel 0.0348(14) 0.045(2) 0.0320(14) 0 0.0127(11) 0

N1 0.0362(7) 0.0459(3) 0.0336(7) -0.0012(6) 0.0122(6) 0.0021(6)
cl1 0.0433(10) 0.0597(13) 0.0430(10) -0.0100(9) 0.0107(8) 0.0029(9)
C12 0.0717(16) 0.0595(14) 0.0494(12) -0.0151(10) 0.0208(11) 0.0046(12)
C13 0.0692(15) 0.0595(13) 0.0526(12) 0.0056(11) 0.0286(12) 0.0237(12)
c14 0.0463(11) 0.0681(14) 0.0548(13) 0.0082(11) 0.0166(10) 0.0194(11)
C15 0.0384(9) 0.0568(11) 0.0396(9) 0.0008(8) 0.0108(7) 0.0044(8)
N2 0.0407(8) 0.0426(8) 0.0343(7) 0.0020(6) 0.0151(6) 0.0034(6)
21 0.0586(12) 0.0546(12) 0.0454(11) 0.0005(9) 0.0228(10) 0.0133(10)
022 0.078(2) 0.104(2) 0.0451(12) 0.0295(14) 0.0265(13) 0.027(2)
€23 0.0629(14) 0.0642(15) 0.0614(15) 0.0212(12) 0.0124(12) 0.0148(12)
24 0.0677(15) 0.0544(13) 0.0653(15) 0.0024(11) 0.0233(12) 0.0219(12)
€25 0.0522(11) 0.0732(15) 0.0399(10) 0.0110(10) 0.0230(9) 0.0156(10)

7.1.3 [Be(NMP),]L,

Table 7.5: Standardised fractional atomic coordinates!’! and equivalent isotropic displacement parameters [AQ]
for [Be(NMP)4]I> (3). The equivalent isotropic displacement parameter is defined as 1/3 of the trace of the
anisotropic displacement tensor. Standard deviations in units of the last digit are given in parentheses.

Atom T Y z Uecquiv

11 0.36534(2) 0.19194(2) 0.43023(2) 0.05936(10)

Bel 0 0.5327(5) i 0.0373(6)

N1 0.05573(9) 0.3922(2) 0.21623(9) 0.0391(3)

Cl11 0.01539(14) 0.2853(3) 0.15407(14) 0.0507(5)

H11 -0.0409 0.2971 0.1278 0.061

C12 0.0544(2) 0.1595(4) 0.1282(2) 0.0612(6)

Hi12 0.0248 0.0874 0.0852 0.073

C13 0.1372(2) 0.1413(4) 0.1661(2) 0.0591(6) x
H13 0.1645 0.0573 0.1491 0.071 2
Cl14 0.17946(15) 0.2488(4) 0.2296(2) 0.0575(6) o
H14 0.2358 0.2389 0.2562 0.069 &
C15 0.13685(12) 0.3721(3) 0.25328(12) 0.0465(4)

H15 0.1655 0.4440 0.2966 0.056

N2 0.43534(10) 0.1700(2) 0.17618(10) 0.0392(3)
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c21 0.3864(2) 0.2785(3) 0.19701(15) 0.0522(5)
H21 0.3888 0.2737 0.2488 0.063
C22 0.3796(2) 0.2959(5) 0.0464(2) 0.0752(9)
H22 0.3782 0.3004 -0.0050 0.090
C23 0.3302(2) 0.4043(4) 0.0674(2) 0.0667(7)
H23 0.2951 0.4828 0.0307 0.080
c24 0.3337(2) 0.3944(4) 0.1439(2) 0.0635(6)
H24 0.3006 0.4660 0.1595 0.076
C25 0.43141(15) 0.1800(3) 0.10157(14) 0.0536(5)
H25 0.4644 0.1069 0.0864 0.064

Table 7.6: Coefficients of the anisotropic displacement parameters [A?] for [Be(NMP)4]I> (8). Ui; is defined
as Uj; = exp—2m2[Ui1(ha™)? 4 ... + 2Us1hka*b*]. Standard deviations in units of the last digit are given in

parentheses.

Atom Uii Usz Uss Uzs U3 Uiz

Il 0.05528(12) 0.06351(13) 0.04390(12) 0.00295(7) 0.00981(7) 20.01271(7)
Bel 0.0348(14) 0.045(2) 0.0320(14) 0 0.0127(11) 0

N1 0.0362(7) 0.0459(8) 0.0336(7) -0.0012(6) 0.0122(6) 0.0021(6)
C11 0.0433(10) 0.0597(13) 0.0430(10) -0.0100(9) 0.0107(8) 0.0029(9)
C12 0.0717(16) 0.0595(14) 0.0494(12) -0.0151(10) 0.0208(11) 0.0046(12)
C13 0.0692(15) 0.0595(13) 0.0526(12) 0.0056(11) 0.0286(12) 0.0237(12)
C14 0.0463(11) 0.0681(14) 0.0548(13) 0.0082(11) 0.0166(10) 0.0194(11)
Cl15 0.0384(9) 0.0568(11) 0.0396(9) 0.0008(8) 0.0108(7) 0.0044(8)
N2 0.0407(8) 0.0426(8) 0.0343(7) 0.0020(6) 0.0151(6) 0.0034(6)
C21 0.0586(12) 0.0546(12) 0.0454(11) 0.0005(9) 0.0228(10) 0.0133(10)
022 0.078(2) 0.104(2) 0.0451(12) 0.0295(14) 0.0265(13) 0.027(2)
€23 0.0629(14) 0.0642(15) 0.0614(15) 0.0212(12) 0.0124(12) 0.0148(12)
C24 0.0677(15) 0.0544(13) 0.0653(15) 0.0024(11) 0.0233(12) 0.0219(12)
€25 0.0522(11) 0.0732(15) 0.0399(10) 0.0110(10) 0.0230(9) 0.0156(10)

7.1.4 [BeIz (Lut)z]

Table 7.7: Standardised fractional atomic coordinates!' and equivalent isotropic displacement parameters [AZ] for
[Belz(Lut)2] (4). The equivalent isotropic displacement parameter is defined as 1/3 of the trace of the anisotropic
displacement tensor. Standard deviations in units of the last digit are given in parentheses.

Atom x Y z Uequiv
111 0.18598(6) 0.66146(2) 0.64007(2) 0.04604(13)
112 0.05949(6) 0.81734(2) 0.62201(2) 0.04988(14)
Bel 0.3141(11) 0.7531(4) 0.6293(3) 0.037(2)
N11 0.4836(7) 0.7462(2) 0.6792(2) 0.0362(13)
C111 0.6353(9) 0.7224(3) 0.6700(3) 0.040(2)
C112 -0.2261(9) 0.7192(3) 0.7071(3) 0.047(2)
H112 -0.1224 0.7047 0.6998 0.056
C113 -0.2405(10) 0.7372(3) 0.7541(3) 0.055(2)
H113 -0.1475 0.7352 0.7790 0.066
C114 0.3948(10) 0.2582(3) 0.7358(3) 0.047(2)
H114 0.4088 0.2698 0.7037 0.057
C115 0.4711(8) 0.7621(3) 0.7263(2) 0.0353(15)

X C11A 0.6568(10) 0.6976(3) 0.6203(3) 0.055(2)

g H11A 0.7710 0.6831 0.6211 0.083

i H11B 0.5751 0.6684 0.6130 0.083

& H11C 0.6382 0.7254 0.5949 0.083
C11B 0.3023(11) 0.7834(4) 0.7391(3) 0.063(2)
H11D 0.3131 0.7931 0.7738 0.095
H11E 0.2697 0.8155 0.7193 0.095
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H11F 0.2161 0.7555 0.7323 0.095

N12 0.4008(7) 0.7814(2) 0.5772(2) 0.0369(13)
C121 0.5024(9) 0.8270(3) 0.5842(3) 0.047(2)
C122 -0.4263(13) 0.8500(5) 0.5446(4) 0.083(3)
H122 -0.3561 0.8809 0.5498 0.100
C123 0.5422(15) 0.6720(5) 0.9983(4) 0.095(4)
H123 0.5916 0.6565 0.9720 0.113
C124 0.4379(12) 0.7168(4) 0.9904(3)

H124 0.4157 0.7323 0.9588 0.085
C125 0.3656(9) 0.7611(3) 0.5301(3) 0.047(2)
C12A 0.5420(10) 0.8533(3) 0.6343(3) 0.055(2)
H12A 0.6148 0.8847 0.6318 0.083
H12B 0.4371 0.8649 0.6460 0.083
H12C 0.5994 0.8271 0.6573 0.083
C12B 0.2427(13) 0.7151(4) 0.5205(3) 0.073(3)
H12D 0.2316 0.7056 0.4858 0.110
H12E 0.2839 0.6838 0.5401 0.110
H12F 0.1329 0.7261 0.5293 0.110

121 0.15835(6) 0.67878(2) 0.85467(2) 0.04949(14)
122 0.28315(7) 0.52344(2) 0.87034(2) 0.05114(14)
Be2 0.0280(12) 0.5868(4) 0.8603(3) 0.040(2)
N21 -0.0716(7) 0.5579(3) 0.9112(2) 0.0431(14)
c211 -0.1722(10) 0.5128(3) 0.9024(3) 0.053(2)
0212 0.7401(11) 0.4909(4) 0.9398(4) 0.071(3)
€213 0.2440(12) 0.4857(5) 1.0145(4) 0.081(3)
H213 0.3083 0.4989 0.9903 0.098
C214 0.1350(12) 0.4435(4) 1.0041(3) 0.065(3)
H214 0.1173 0.4289 0.9720 0.078
C215 -0.0486(10) 0.5785(3) 0.9585(3) 0.054(2)
C21A -0.1928(11) 0.4847(3) 0.8517(3) 0.062(2)
H21A -0.2681 0.4537 0.8523 0.094
H21B -0.2405 0.5104 0.8267 0.094
H21C -0.0826 0.4725 0.8441 0.094
C21B 0.0718(14) 0.6244(4) 0.9702(3) 0.080(3)
H21D 0.0743 0.6342 1.0046 0.120
H21E 0.1846 0.6133 0.9639 0.120
H21F 0.0352 0.6555 0.9497 0.120

N22 -0.1352(7) 0.5936(2) 0.8087(2) 0.0374(13)
C221 -0.2933(9) 0.6148(3) 0.8157(3) 0.042(2)
222 0.5709(10) 0.6143(3) 0.7782(3) 0.056(2)
H222 0.4647 0.6280 0.7842 0.067
0223 0.5921(12) 0.5937(3) 0.7319(4) 0.066(3)
H223 0.4998 0.5913 0.7068 0.079
224 0.7544(11) 0.5764(3) 0.7235(3) 0.055(2)
H224 0.7733 0.5647 0.6919 0.066
225 -0.1123(10) 0.5765(3) 0.7616(2) 0.041(2)
0227 -0.3170(10) 0.6403(4) 0.8639(3) 0.060(2)
H22A -0.2123 0.6376 0.8862 0.090
H22B -0.3470 0.6785 0.8588 0.090
H22C -0.4073 0.6216 0.8781 0.090
0228 0.0616(11) 0.5594(4) 0.7513(3) 0.061(2)
H22D 0.0573 0.5486 0.7171 0.091
H22E 0.1399 0.5896 0.7579 0.091
H22F 0.0999 0.5288 0.7724 0.091 E
131 0.49758(6) 0.50821(2) 0.60296(2) 0.04983(14) S
132 0.58904(7) 0.34833(3) 0.61768(2) 0.0600(2) o
Be3 0.3579(11) 0.4176(4) 0.6117(3) 0.0352(19) =
N31 0.1906(7) 0.4261(2) 0.5623(2) 0.0331(12)
o311 0.2017(9) 0.4058(3) 0.5155(2) 0.0399(16)
C312 -0.0601(10) 0.5957(3) 0.5202(3) 0.051(2)
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H312 -0.0695 0.6110 0.5513 0.061
€313 0.0919(10) 0.5751(3) 0.5103(3) 0.057(2)
H313 0.1887 0.5777 0.5338 0.069
C314 0.8984(9) 0.4495(3) 0.5345(3) 0.051(2)
H314 0.7962 0.4657 0.5411 0.061
€315 0.0407(8) 0.4505(3) 0.5704(3) 0.039(2)
C31A 0.3697(11) 0.3856(4) 0.5026(3) 0.063(2)
H31A 0.3561 0.3728 0.4687 0.094
H31B 0.4519 0.4150 0.5062 0.094
H31C 0.4095 0.3558 0.5244 0.094
C31B 0.0253(9) 0.4812(3) 0.6176(3) 0.050(2)
H31D -0.0891 0.4955 0.6168 0.073
H31E 0.0492 0.4567 0.6455 0.073
H31F 0.1060 0.5111 0.6209 0.073
N32 0.2627(7) 0.3959(2) 0.6657(2) 0.0388(13)
€321 0.3042(10) 0.4182(3) 0.7126(2) 0.048(2)
C322 0.2047(12) 0.4068(3) 0.7496(3) 0.061(2)
H322 0.2321 0.4227 0.7808 0.073
€323 -0.0667(11) 0.8726(4) 0.7586(3) 0.065(2)
H323 0.0052 0.8673 0.7341 0.078
C324 1.0363(10) 0.3466(3) 0.6973(3) 0.056(2)
H324 0.9479 0.3209 0.6922 0.067
C325 0.1348(8) 0.3575(3) 0.6594(3) 0.040(2)
C32A 0.4599(13) 0.4528(4) 0.7224(3) 0.085(3)
H32A 0.5129 0.4564 0.6924 0.127
H32B 0.4288 0.4887 0.7334 0.127
H32C 0.5391 0.4359 0.7478 0.127
C32B 0.1011(10) 0.3237(3) 0.6134(3) 0.059(2)
H32D 0.0065 0.2993 0.6163 0.088
H32E 0.0735 0.3475 0.5852 0.088
H32F 0.2014 0.3025 0.6091 0.088

Table 7.8: Coefficients of the anisotropic displacement parameters [A?] for [Bel2(Lut)2] (4). Ui is defined
as Uj; = exp—2r2[Ui1(ha™)? 4 ... + 2Us1hka*b*]. Standard deviations in units of the last digit are given in

parentheses.
Atom Ui Us2 Uss Uzs U3 Uiz
11 0.0433(3) 0.0423(3) 0.0510(3) 20.0007(2) 0.0018(2) 20.0047(2)
112 0.0429(3) 0.0546(3) 0.0526(3) 0.0033(2) 0.0074(2) 0.0107(2)
Bel 0.025(4) 0.054(6) 0.032(4) -0.007(4) 0 0.002(4)
N11 0.033(3) 0.040(3) 0.035(3) -0.003(2) = Uss -0.006(2)
C111 0.035(4) 0.039(4) 0.045(4) 0.004(3) 0.003(3) =Uss
C112 0.032(4) 0.047(4) 0.059(5) -0.001(4) -0.001(3) 0.002(3)
C113 0.050(5) 0.052(5) 0.055(5) 0.003(4) -0.018(4) -0.007(4)
C114 0.056(5) 0.049(4) 0.034(4) 0.006(3) =—Uss 0.003(4)
C115 0.038(4) 0.036(4) 0.031(3) -0.009(3) 0.003(3) -0.001(3)
C11A 0.046(5) 0.071(6) 0.052(5) -0.011(4) 0.018(4) 0.014(4)
C11B 0.059(5) 0.095(7) 0.037(4) -0.013(4) 0.009(4) 0.013(5)
N12 0.030(3) 0.043(3) 0.038(3) 0.003(3) 0.002(2) 0.001(2)
C121 0.039(4) 0.049(4) 0.054(5) 0.010(4) 0.011(3) -0.006(3)
C122 0.073(7) 0.100(8) 0.081(7) 0.020(6) 0.023(5) -0.029(6)
C123 0.108(9) 0.123(10) 0.059(6) -0.030(6) 0.035(6) 0.023(8)
x C124 0.083(7) 0.091(7) 0.041(5) -0.009(5) 0.019(5) -0.002(6)
= C125 0.041(4) 0.062(5) 0.039(4) -0.001(4) 0.004(3) 0.008(4)
& C12A 0.055(5) 0.048(5) 0.060(5) 0.004(4) -0.003(4) -0.019(4)
< C12B 0.094(7) 0.091(7) 0.035(4) -0.013(4) 0.005(4) -0.026(6)
121 0.0432(3) 0.0404(3) 0.0625(3) -0.0003(2) -0.0027(2) -0.0016(2)
122 0.0475(3) 0.0545(3) 0.0514(3) 0.0038(2) 0.0058(2) 0.0163(2)
Be2 0.039(5) 0.042(5) 0.037(5) -0.001(4) 0.001(4) —Uss
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N21 0.042(3) 0.052(4) 0.036(3) 0.006(3) 0.006(3) 0.014(3)
c211 0.046(4) 0.056(5) 0.055(5) 0.017(4) 0.003(4) 0.011(4)
C212 0.049(5) 0.083(7) 0.082(7) 0.042(6) 0.005(5) -0.004(5)
C213 0.048(5) 0.141(10) 0.057(6) 0.041(6) 0.017(4) 0.020(6)
C214 0.056(6) 0.102(8) 0.040(5) 0.014(5) 0.015(4) 0.034(5)
C215 0.056(5) 0.065(5) 0.041(4) 0 0.007(4) 0.018(4)
C21A 0.067(6) 0.050(5) 0.069(6) 0.006(4) 0.002(4) -0.013(4)
C21B 0.112(8) 0.082(7) 0.044(5) -0.021(5) 0.007(5) -0.004(6)
N22 0.039(3) 0.035(3) 0.037(3) 0.001(2) 0 -0.003(2)
C221 0.034(4) 0.037(4) 0.053(4) 0.002(3) =Uss 0

222 0.039(4) 0.056(5) 0.070(6) 0.004(4) -0.007(4) -0.008(4)
€223 0.058(6) 0.055(5) 0.076(6) 0.006(5) -0.027(5) -0.012(4)
C224 0.075(6) 0.044(4) 0.042(4) -0.001(3) -0.009(4) -0.010(4)
€225 0.052(4) 0.035(4) 0.036(4) 0.005(3) -0.003(3) 0.001(3)
C22A 0.042(5) 0.073(6) 0.065(5) -0.001(4) 0.011(4) 0.018(4)
C22B 0.068(6) 0.075(6) 0.040(4) 0.001(4) 0.011(4) 0.015(5)
131 0.0432(3) 0.0507(3) 0.0547(3) -0.0006(2) 0.0026(2) -0.0098(2)
132 0.0503(3) 0.0754(4) 0.0547(3) 0.0148(3) 0.0086(2) 0.0242(3)
Be3 0.039(5) 0.043(5) 0.024(4) -0.005(4) 0.007(4) -0.004(4)
N31 0.033(3) 0.035(3) 0.031(3) 0.001(2) 0 -0.003(2)
C311 0.048(4) 0.037(4) 0.034(4) 0.001(3) 0 -0.002(3)
€312 0.063(5) 0.046(4) 0.036(4) -0.002(3) -0.018(4) -0.007(4)
€313 0.045(5) 0.058(5) 0.063(5) -0.001(4) -0.021(4) -0.013(4)
C314 0.031(4) 0.047(4) 0.071(5) 0.011(4) -0.006(4) -0.004(3)
C315 0.031(4) 0.039(4) 0.048(4) 0.008(3) 0.004(3) -0.003(3)
C31A 0.077(6) 0.077(6) 0.035(4) -0.010(4) 0.013(4) 0.012(5)
C31B 0.040(4) 0.057(5) 0.049(4) 0.006(4) 0.004(3) 0.008(4)
N32 0.036(3) 0.044(3) 0.035(3) 0.002(3) 0.001(2) -0.003(3)
C321 0.068(5) 0.047(4) 0.029(4) 0.002(3) 0.006(3) -0.007(4)
C322 0.094(7) 0.057(5) 0.034(4) 0.007(4) 0.015(4) 0.020(5)
€323 0.060(6) 0.086(7) 0.053(5) -0.014(5) 0.023(4) -0.007(5)
C324 0.046(5) 0.062(5) 0.062(5) 0.017(4) 0.015(4) -0.004(4)
€325 0.034(4) 0.042(4) 0.044(4) 0.008(3) 0.002(3) 0

C32A 0.112(8) 0.105(8) 0.034(4) -0.014(5) -0.003(5) -0.058(7)
C32B 0.053(5) 0.059(5) 0.062(5) -0.003(4) 0 -0.021(4)

7.2 Detailed Compilation of all performed Experiments

Unless stated otherwise, all following experiments and their further handling were performed
inside a glovebox.

Mgls -6 DMF (THOL7)

To 30mL HI(aq) (57wt.%), Mg was added until no further reaction was observed. To ensure
a quantitative reaction, a small amount of excess Mg was added and the solution stored for at
least twelve hours. The solution was then filtered and reduced under vacuum until crystallisation
was observed. The obtained crystalline solid was then completely dissolved in the mimimum
amount of DMF. A Dean-Stark apparatus was connected, the setup rinsed with Ar for 15 min,
5mL Toluene added and then heated until boiling. In sum, 30 mL of condensate were removed,
afterwards the solution was reduced under vacuum to ca. 30 mL. After cooling to 4°C, colorless
crystalline solid was obtained and filtered in a Schlenk frit under Ar gas. Lastly, the obtained
product was dried thoroughly under vacuum. Due to the high sensitivity of the compound
towards air and moisture, it was subsequently stored in the glovebox.

Analysis: Via pXRD the obtained product was identified as pure Mgly - 6 DMF (see Fig. 7.18,
p. 156).
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Calz -6 DMF (THRH - Cal, -6 DMFE)

To a suspension of 13.5g (135 mmol) CaCOs3 in 200mL DMF, 42mL HI(aq) (57 wt.%) were
slowly added. 25mL Toluene were added, and a Dean-Stark apparatus was connected. The
system was rinsed with Ny for 15 min, and the temperature of the oil bath gradually increased
to 180°C. In total, approx. 100 mL solvent were removed, and the solution was cooled with
an ice bath for crystallisation. The colourless crystals were isolated with a Schlenk frit and
dried thoroughly under vacuum. Due to the high sensitivity of the compound towards air and
moisture, it was subsequently stored in the glovebox.

Analysis: Via pXRD the obtained product was identified as pure Cals - 6 DMF (see Fig. 7.112,
p. 172).

Srl; - 7DMF (THRH - Srl, - 7DME)

(20.0 g, 135 mmol) SrCO3 were mixed in 200 mL DMF. Under stirring, 36 mL HI(aq) (57 wt.%)
were slowly added. The solution was stirred at room temperature for 1 hr. Residual solid was
removed by vacuum filtration with a Schlenk frit. 20 mL. Toluene were added to the clear, light
yellow solution. A Dean-Stark apparatus was connected, the setup rinsed with Ny for 15 min
and then heated until boiling. The temperature of the oil bath was stepwise increased to 170 °C,
and in total 50 mL solvent removed. The solution was reduced in vacuum (60°C, 20-26 mbar)
by approx. 40 mL. After cooling to 4°C over night, the crystalline product was isolated with a
Schlenk frit and washed once with ice-cold DMF (20mL). The product was then dried under
vacuum and transferred into the glovebox for storage and further usage.

Analysis: Via pXRD the obtained product was identified as pure Srly - 7DMF (see Fig. 7.113,
p. 172).

7.2.1 Synthesis of Binary Amalgams - Starting Materials

CsHg, (THO080)

In a 100mL Schlenk flask, 7.512¢g (37.5 mmol) Hg were slowly added to 2.4885¢ (18.7 mmol)
Cs. While lightly shaking, the reaction mixture was homogenised by melting with a hot-air gun
(300°C) and allowed to cool to RT. The obtained product served as starting material for TH082
and THO83 (see p. 146 and 146).

Analysis: The obtained product was identified via pXRD as a mixture of CsHgo and CssHgig
(see p. 165, Fig. 7.69).

CSgHg20 (THO76, TH079)

THO076: In a 100mL Schlenk flask, 9.10g (45.3mmol) Hg were slowly added to 954.6 mg
(7.2mmol) Cs. Under light shaking, the reaction mixture was homogenised by melting with
a hot-air gun (300°C) and the melt was allowed to cool to RT. The obtained solid was used in
THO77 (see p. 146) and THO78 (see p. 146).

Analysis: Due to experiment design, the obtained product was analysed via pXRD together
with THO75 (RbgHggp). As can be seen, the only Cs amalgam synthesised was CssHgag (see
Fig. 7.66, p. 164).

THO079: To 452.0mg (3.4mmol) Cs, 4.56 g (22.7 mmol) Hg were slowly added inside a 100mL
Schlenk flask. The obtained solid was molten with a hot-air gun (300 °C) while lightly shaking.
Afterwards, the melt was allowed to cool to RT.

Analysis: Via pXRD analysis, the obtained product could be identified as phase-pure CssHgag
(see Fig. 7.68, p. 165).
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KHg, (TH121)

To 889.1 mg (22.74 mmol) K 9.1172 g (45.45 mmol) Hg were carefully added. Under light shaking,
the reaction mixture was homogenised by melting with a hot air gun (470°C), after which is
was allowed to cool to RT.

Analysis: Via pXRD, the obtained violet, crystalline solid was identified as KHgs and trace
amounts of a yet unknown phase (see Fig. 7.95, p. 169).

KHgy; (TH110, TH122)

TH110: In a 100mL Schlenk flask 181.1 mg (4.63 mmol) K were cooled to —78°C with an
acetone/dry ice mixture. Under Ar reverse flow, 10.2281 ¢ (50.99 mmol) Hg were slowly added
dropwise. Over night, the reaction mixture was left inside the cooling agent and slowly thawed
to RT.

Analysis: The obtained silver crystalline solid was identified as phase-pure KHgy; (see Fig. 7.85,
p. 167).

TH122: TH112 was performed the same way as TH110, the only changes were the amounts of
metal used: 800 mg (20.5 mmol) K, 49.0g (244.3 mmol) Hg.

Analysis: The obtained silver crystalline solid was identified as phase-pure KHgy; (see Fig. 7.96,
p. 169).

RbHg, (TH081)

In a 100mL Schlenk flask, 8.2438 g (41.4 mmol) Hg were slowly added to 1.7563 g (20.6 mmol)
Rb. The reaction mixture was homogenised by lightly shaking and melting with a hot-air gun
(300°C) and then allowed to cool off to RT. The obtained crystalline, lightly violet metal was
used in THO82 and THS83 (see p. 146).

Analysis: The product was identified as RbHgo with minor impurities originating from RbsHg1g
(see p. 165, Fig. 7.70).

Rb3 Hg20 (TH075)

In a 100mL Schlenk flask, 9.399 g (46.96 mmol) Hg were carefully added to 600.8 mg (7.0 mmol)
Rb and the reaction mixture homogenised by melting with a hot-air gun at 300 °C under light
shaking. The obtained crystalline solid was used in THO77 (see p. 146) and THO78 (see p. 146).
Analysis: Due to experiment design, the obtained product was analysed via pXRD together
with THO76 (CssHgap). As can be seen, the only Rb amalgam synthesised was RbsHgo (see
Fig. 7.66, p. 164).

Rb7Hg31 (TH115)

In a 50mL Schlenk flask, 450.6 mg (5.27 mmol) Rb were cooled to —78°C with an acetone/dry
ice mixture. Under reverse Ar flow, 4.6879 g (23.37 mmol) Hg were slowly added dropwise. The
mixture was then allowed to slowly thaw to RT together with the cooling bath.

Analysis: The obtained crystalline solid was identified as a mixture of RbsHgsy and RbsHgig
(see Fig. 7.90, p. 168).

RbHgg (TH109)

In a 50mL Schlenk flask, 504.6 mg (5.30 mmol) Rb were cooled to —78°C with an acetone/dry
ice mixture. Under reverse Ar flow, 9.4917 g (47.52 mmol) Hg were slowly added dropwise. The
mixture was then allowed to slowly thaw to RT together with the cooling bath.

Analysis: The obtained solid was identified as phase-pure RbHg;; (see Fig. 7.84, p. 167).
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Rngll (THlll)

In a 100mL Schlenk flask, 474.1 mg (5.55 mmol) Rb were cooled to —78°C with an acetone/dry
ice mixture. Under reverse Ar flow, 12.2349¢ (60.99 mmol) Hg were slowly added dropwise.
While staying in the cooling agent, the mixture was allowed to slowly thaw to RT over night.
Analysis: The obtained solid was identified as phase-pure RbHg; (see Fig. 7.86, p. 168).

7.2.2 Electrocrystallisation Experiments
7.2.2.1 Preliminary Tests

Electrolysis of 0.1 M KI/Nal in DMF (THO002)

A freshly prepared equimolar solution of 5 mmol Nal and 5 mmol KI in 100 mL. DMF was elec-
trolysed for 48 h with a terminal voltage of 3V. A formation of silver crystals was observed.
Analysis: An isolated single crystal was investigated with SCXRD. Since orienting measure-
ments yielded the cell metric of the known Na amalgam NajiHgss,[?) further analysis was not
performed.

Electrolysis of Na-containing Hg in 0.1 M KI (THO003)

In a first step, NaHgy was prepared by carefully adding 4.73g (23.6 mmol) Hg to 270 mg
(11.7 mmol) Na in the glovebox in a 50mL Schlenk flask. Outside the glovebox, the reaction
mixture was homogenised by melting with a hot-air gun at 300°C under light shaking. The
obtained silver-metallic solid was then thoroughly ground and further 16.55¢ (82.5mmol) Hg
were added. After tempering the reaction mixture for 10h at 50°C in an oil bath, the solid
residue was removed with a Schlenk frit. Analysis via ICP-AES determined the Sodium content
at 0.7 %.

The electrolysis was performed with a 0.1 M solution of KI in DMF,| where the amalgamated cop-
per spoon was filled with the prepared sodium-containing mercury. Electrolysis was performed
over 48 h with a terminal voltage of 3V. A significant formation of crystals was observed.
Analysis: Via SCXRD, an isolated single crystal was investigated. Orienting measurements
yielded the cell metric of the known KHg; 1, therefore further analysis was not performed.

Electrolysis of Na-containing Hg in 0.1 M CsI (THO005, TH006, TH007)

THO005: The experiment was performed analogous to TH003, but a solution of 0.1 M Csl in
DMF was used. After 24 h (terminal voltage: 3V) crystal formation was observed, but rapidly
dissolved within seconds after turning off the voltage source.

THO006: The experiment TH0O05 was repeated, but with a slightly smaller amount of Hg. After
7 days (terminal voltage 3 V) no crystal formation was observed.

THO07: The electrolysis was repeated analogous to TH005, with no change of outcome.

7.2.2.2 Syntheses

Elektrolysis of 0.1 M Mgl, in DMF (THO018)

A freshly prepared solution of 5 mmol Mgl, in 100 mL DMF was electrolysed for 48 h (terminal
voltage 3 V). The formation of silver-metallic crystals occured.
Analysis: Via pXRD, the obtained solid was identified as MgHgy (see Fig. 7.19, p. 156).

Solubility of Bel; in liquid NHs (TH113)

For validation purposes considering the feasability of an electrosynthesis, Belo was tried to
dissolve in liquid ammonia. The apparatus used is analogous to the one depicted in Fig. 3.7, but
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instead of an electrolysis chamber in (B) with a cryostat, a quartz tube and a common Dewar
with an -PrOH/dry ice mixture was used and the temperature gradually increased via addition
of more solvent. The rest of the procedure (condensation onto elemental Na and distillation of
NHs3) was performed as described in Chapter 3.4.2. 100 mg Bels (1.90 mmol) were filled into the
quartz tube together with a stir bar. It was observed that Bely could be dissolved completely in
about 3mL at —52°C, which yields a solubility of at least 0.63mol L~'. The whole apparatus
was allowed to warm up to RT over night and then evacuated to < 1 x 1073 mbar.

Analysis: After evaporation, colourless, needle-shaped crystals were obtained. Via pXRD, they
were identified as Be(NHgz)4lo (see Fig. 7.88, p. 168).

Electrolysis 0.1 M KI at 75°C (TH127)

A solution of 0.1 mol L~ KI in DMF was electrolysed at 75°C (setting of Thermostat: 78°C)
with a starting current of 3V. After 16 h, the current was increased to 5V. The formation of
small amounts of a crystalline metallic solid was observed, and the current further increased to
8 V. After additional 48 h, the synthesis was stopped.

Analysis: Via pXRD, the obtained solid was identified as KHgg and small amounts of an
unknown compound (see. Fig. 7.106, p. 171).

7.2.3 Thermochemical Experiments
7.2.3.1 Syntheses in Binary Systems

K7Hg31 (TH114)

In a 100mL Schlenk flask, 219.4mg (5.55 mmol) K were cooled
to —78°C with an acetone/dry ice mixture. Under reverse Ar
flow, 4.9868 g (24.86 mmol) Hg dropwise added. While staying
in the cooling agent, the mixture was allowed to slowly thaw to
RT over night.

Analysis: An isolated single crystal was identified as the new
potassium amalgam KHgg (see Chapter 4.4, p. 76), while pXRD
analysis identified the product as a mixture of KHgy and KHgs
(see Fig. 7.89, p. 168).

Fig. 7.1: Special Schlenk frit for
the separation of liquid and solid
components in at elevated temper-

KHgg (TH118, TH119, TH124, TH125, TH126, TH128) atures under inert conditions.

TH118: In a 100mL Schlenk flask 249.7mg (6.39 mmol) K were cooled to to —78°C with
an acetone/dry ice mixture. Under reverse Ar flow, 10.2479g (51.09 mmol) Hg were dropwise
added. While staying in the cooling agent, the mixture thawed to RT over night.

Analysis: The obtained solid was identified as a mixuture of KHgg and KHgy; with minimal
amounts of KHgg (see Fig. 7.92, p. 169).

TH119: In a quartz flask, 9.7347g (48.53mmol) Hg were added dropwise to 237.3mg
(6.07mmol) K. With a hot-air gun at 200°C the reaction mixture was homogenised under
light shaking, and rapidly cooled in ice water.

Analysis: The obtained solid was identified as a mixture of KHgg and KHgi,, with traces of
KHgg (see Fig. 7.93, p. 169).

TH124: To 859.4mg (21.98 mmol, 1.0eq.) K, 48.4542 ¢ (241.60 mmol) Hg were dropwise added
under acetone/dry ice cooling. The mixture was allowed to thaw to RT over night. The crys-
talline solid was thoroughly ground and further 192.7mg (4.93 mmol) K were added to reach
a stoichiometry of KHgg. pXRD identified the mixture as pure KHgj; (TH124; see Fig. 7.97,
p. 169). After heating to 60°C and cooling to RT, the composition was still identified as
KHgy; (TH124-2; Fig. 7.98, p. 170). Additional Ostwald ripening (TH124-3) still yielded KHg;
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(TH124-3; Fig. 7.99, p. 170). 47.2626¢g of TH124-2 were ground and mixed with 105.6 mg
(2.70mmol) K, transferred into a specially devised Schlenk-frit (see Fig. 7.1), stored for 7 days
at 69°C and the obtained solid characterised via pXRD. As can be seen, the solid contains
KHg; as well as KHgg (TH124-4; see Fig. 7.100, p. 170). It was then kept at 70°C for three
months.

Analysis: Via pXRD the obtained solid was identified as KHg; (see Fig. 7.101, p. 170).
TH125: To 600.2mg (15.35mmol, 1.0 eq.) K, 18.414¢g (92.14 mmol, 6.0 eq.) Hg were added
under reverse Ar flow while cooling in an acetone/dry ice bath. Over night, the mixture was
allowed to thaw to RT in the cooling agent. The solid was characterised via pXRD as KHgg (see
Fig. 7.102, p. 170). 15.9360 g (1.0 eq.) of TH125 were thoroughly ground, and 5.1595 g (0.33 eq.)
Hg were dropwise added. After each drop, the mixture was carefully ground. Analysis: Via
pXRD the obtained solid was identified as KHgj; (see Fig. 7.103, p. 170).

TH126: To 625.0mg (15.99 mmol, 1.0 eq.) K, 19.2487 g (95.96 mmol, 6.0 eq.) Hg were added
under Ar reverse flow while cooling in an acetone/dry ice bath. The mixture was allowed to thaw
to RT over night while staying in the cooling agent. Via pXRD, it was identified as a mixture
of KHgg and KHgll (see Fig. 7.2.3.1, p. 142). 7.2477¢g (1.0 eq.) of TH126 were thouroughly
ground, and further 2.3422 g (0.33 eq.) Hg were slowly added.

Analysis: The obtained product was identified as a mixture of KHgj; and KHgg (see Fig. 7.105,
p. 171).

TH128: 119.4mg (3.05mmol) K and 4.8997 g (24.43 mmol) Hg were weighed into a Ta crucible
and welded shut. With a heating rate of 5 Kmin~!, the crucible was heated to 300°C and
kept at this temperature for 24 h, after which it was rapidly cooled off with ice water. Analysis
via pXRD identified the obtained product as a mixture of KHgg and KHgy; (see Fig. 7.107,
p. 171). Ca. 2.4 g of TH128 were then thouroughly ground and transferred into a Schlenk flask
for Ostwald ripening (30 min intervals at 45 °C for 30 days). The product obtained was identified
as a mixture of KHgg and KHgy; (see Fig. 7.108, p. 171). The remaining solid from TH128 was
pressed into pills (diameter = 10 mm) and treated with the same Ostwald ripening process. It
was identified as a mixture of KHgg and KHgy; (see Fig. 7.109, p. 171).

SI'Hg5_86 (TH120)

TH120: In a quartz flask, 9.2999 g (46.36 mmol) Hg were added dropwise to 693.7 mg (7.92 mmol)
Sr. For homogenisation, the mixture was molten with a hot-air gun at 650 °C for approx. 10 min,
and rapidly cooled in ice water.

Analysis: Via pXRD, the obtained metallic solid was identified as a mixture of SrHgs gg,
Sr10.5Hgs4 5, and SrHgg (see Fig. 7.94, p. 169).

7.2.3.2 Syntheses in Ternary Systems

Na—-K-Hg (THO010)

THO010: In a 100mL Schlenk flask 11.23 g (56.0 mmol) Hg were dropwise added under reverse
Ar flow to 160.9mg (7.0mmol) Na and 273.3mg (7.0 mmol) K. With a hot-air gun (300°C),
the reaction mixture was melted while lightly shaking, and allowed to cool to RT. The obtained
solid was identified as a mixture of NaHgs, Naj;Hgso and KHgs (see Fig. 7.10, p. 155). After
thorough grounding, additional 15.0g (74.8 mmol) Hg were dropwise added left at 105°C for
several weeks. The mixture was allowed to cool to RT in a sand bath, and excess mercury
removed with a Schlenk frit.

Analysis: The obtained solid was identified as KHgi; (see Fig. 7.11, p. 155).
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Na—Rb-Hg (TH004, TH061, TH084, TH086, THO087)

THO004: In a 100mL Schlenk flask 11.23¢g (56.0mmol) Hg were slowly added to 160.9mg
(7.0mmol) Na and 598.3mg (7.0mmol) Rb. With a hot-air gun (300°C), the reaction mixture
was melted while lightly shaking, and allowed to cool to RT. The obtained solid was identified
as a mixture of RbsHgyp and NaHgy (see Fig. 7.4, p. 154). After thorough grinding, additional
11.23g (56.0mmol) Hg were added dropwise and the reaction mixture was kept at 105°C for
five months. With a Schlenk frit, a crystalline solid was isolated.

Analysis: The obtained solid was identified as NajiHgso, with a slight shift towards higher
diffraction angles (see Fig. 7.5, p. 154).

THO061: To improve the crystal quality of TH004-2, Ostwald ripening (35°C/RT) was per-
formed.

Analysis: Analysis via SCXRD yielded mixed occupancy of some Na positions of the Naj;Hgso
structure. Due to standard deviations higher than the occupancy factors, no final structure
model was determined.

THO084: In a Quartz flask, 39.245 g (195.65 mmol) Hg were dropwise added to 160.1 mg (6.96 mmol)
Na and 589.9mg (6.90 mmol) Rb. The reaction mixture was homogenised by melting with a
hot-air gun at 300 °C under light shaking and then rapidly cooled in an ice bath. The reaction
mixture was then divided into TH086 and THOS87.

Analysis: The obtained suspension was identified as a mixture of Hg, Na;;Hgse and RbHgi;
(see Fig. 7.73, p. 165).

THO86: Approx. half of THO84 were transferred into a 10mL Schlenk flask, after which they
were treated via Ostwald ripening (80 £ 5°C, ca. 100 cycles).

Analysis: Via pXRD, only RbHgj; was found as a product (see Fig. 7.75, p. 166).

THO87: Approx. half of THO84 was tranferred into a 10mL Schlenk flask and then treated via
Ostwald ripening (50 £ 5°C).

Analysis: Via pXRD, only RbHgy; was found as a product (see Fig. 7.76, p. 166).

Na—Cs—Hg (TH001, TH040-043, TH072, TH096, TH130)

THO001: In a 100mL Schlenk flask, 11.79 g (58.8 mmol) Hg were dropwise added under reverse
Ar flow to 975.0mg (7.34mmol) Cs and 162mg (7.04mmol) Na. The reaction mixture was
homogenised by slightly shaking the mixture while melting with a hot air gun ( 300°C). The
obtained solid was identified as a mixture of NaHgy and CsgHgy (see Fig. 7.2, p. 154). After
thourough grinding, further 10.0g (49.9 mmol) Hg were added and the mixture was kept in a
drying oven (105°C). Cube-shaped crystals were then isolated with a Schlenk frit.

Analysis: The obtained single crystals were identified as a new ternary amalgam, CsNasHgg
(see Ch. 4.1, p. 27). Furthermore, pXRD analysis showed that the majority of the obtained solid
was CsNagHgg with impurities by CssHgag (see Fig. 7.3, p. 154).

THO040: 257.8mg (11.2mmol) Na, 745.1 mg (5.6 mmol) Cs and 8.9971 ¢ (44.9 mmol) Hg were
weighed into a 100mL Schlenk flask. The released heat was so intense that a boiling retardation
took place. The reaction mixture was then disposed of.

THO041: 257.8mg (11.2mmol) Na and 745.1mg (5.6 mmol) Cs were weighed into a 100mL
Schlenk flask and 8.9971¢g (44.9mmol) Hg slowly added. The reaction mixture was then ho-
mogenised under light shaking while melting with a hot air gun (350 °C) and allowed to cool of
to RT. Afterwards, the experiment was stored in a drying oven (105°C).

Analysis: After seven and fourteen days the reaction mixture was analysed via pXRD. It was
discovered that after 14 days, the reaction was almost finished, with CszHggg as a byproduct (see
Fig. 7.41, p. 160). DSC measurements showed two reversible processes (see p. 174, Fig. 7.124),
thus Ostwald ripening at 60 °C was performed (see TH072).
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THO042: For DSC measurements, 182.0 mg (7.92 mmol, 10 mol-%) Na and 526.1 mg (3.96 mmol,
2.5 mol-%) Cs were weighed into a 100mL Schlenk flask. While cooling with an ice bath, 14.292 g
(71.25 mmol, 87.5 mol-%) Hg were dropwise added. The reaction mixture was then homogenised
with a hot air gun (400 °C) while lightly shaking and allowed to cool to RT.

Analysis: Via pXRD, the obtained product was identified as mostly CsNasHgig, with minor
impurities from Naj;Hgso (see Fig. 7.42, p. 160

THO043: For DSC measurements, 53.3 mg (2.31 mmol, 4.4 mol-%) Na and 395.5 mg (2.98 mmol,
5.6 mol%) Cs were weighed into a 100mL Schlenk flask. While cooling with an ice bath, 9.5411 g
(47.62 mmol, 90.0 mol-%) Hg were dropwise added. The reaction mixture was then homogenised
with a hot air gun (400 °C) while lightly shaking and allowed to cool to RT.

Analysis: Via pXRD, the obtained product was identified as mostly CsNasHgg, with minor
impurities of CszHgyp and Naj;Hgso (see Fig. 7.43, p. 160

THO72: The solid obtained in TH041 was tempered at 60°C. To enable Ostwald ripening, the
oven was not closed off completely in order to facilitate regular heating and cooling. Tempering
took place over the course of six weeks.

Analysis: Rietveld analysis showed that the product contained CsNasHgig, with XX -at%
CssHgao as byproduct (see Fig. 7.64, p. 164).

THO096: In order to synthesise phase-pure CseCsHgg, 271.3 mg (3.45 mmol) Na and 624.4 mg
(4.70mmol) Cs were weighed into a 100mL Schlenk flask. The liquid mixture was then cooled
to —78°C with an acetone/dry ice mixture. 17.0708 g (85.10 mmol) Hg were added dropwise,
and the mixture allowed to slowly warm up to RT by leaving it in the cooling bath.

Analysis: Rietveld analyis confirmed that the obtained product is phase-pure CsNasHgig (see
Fig. 4.7 and Table 4.7, p. 36).

TH130: Because of the results of the DSC measurement of TH096 (see Fig. 7.127, p. 174),
about 15g of TH096 were put onto a special Schlenk frit, heated to 130°C for 24h and then
filtered using vacuum. Analysis: pXRD of both the remaining solid as well as the solidified
filtrate was performed. Both solids consist of CsNagHg1s, CssHgoo and Naj1Hgse (see Fig. 7.110
and 7.111, p. 172).

K-Rb—Hg (THO008)

THO008: In a 100mL Schlenk flask, 11.23 g (56.0 mmol) Hg were added slowly in a dropwise
manner to a mixture of 273.3mg (7.0mmol) K and 598.3mg (7.0mmol) Rb. The reaction
mixture was homogenised by lightly shaking while melting with a hot air gun at 350°C. Via
pXRD the obtained solid was identified as Rb7Hgs; and most likely KHgs or KHgy (see Fig. 7.6,
p. 154). The solid was thoroughly ground, further 23.54 g (117.4 mmol Hg were added and the
mixture tempered at 105 °C for fourteen months. Afterwards, it was slowly cooled to RT inside
a sand bath.

Analysis: The obtained product was identified as a solid solution of KHgi; and RbHg;; (see
Fig. 7.7, p. 154). Further details on this compound are discussed in Chapter 4.3, p. 61.

K-Cs-Hg (TH009, TH044, TH070, TH071, TH085, TH088, THO089)

THO009: In a 100mL Schlenk flask, 11.23 g (56.0 mmol) Hg were added dropwise to a mixture
of 273.7mg (7.0mmol) K and 930.3 mg (7.0 mmol) Cs. The reaction mixture was homogenised
under light shaking while melting with a hot air gun at 350 °C and cooled off to RT. Via pXRD,
the obtained solid was identified as a mixture of Cs3Hgoy and KHgg (see Fig. 7.8, p. 155). The
solid was then thoroughly ground and further 25.06 g (124.9 mmol) Hg were added. The reaction
mixture was tempered for 100 days at 105°C. Afterwards, it was cooled to RT in a sand bath
and excess mercury was removed with a Schlenk frit. The solid consisted of cuboid crystals.

Analysis: Via pXRD, the crystalline product was identified as KHgj; (see Fig. 7.9, p. 155).
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THO044: In a 100mL Schlenk flask, 36.03 g (179.6 mmol) Hg were slowly added dropwise to a
mixture of 273.7mg (7.0 mmol) K and 930.3 mg (7.0 mmol) Cs. The reaction mixture was then
homogenised under light shaking while melting with a hot air gun at 350 °C and allowed to cool
to RT. The product was then divided into equal parts (TH070 and THO71).

Analysis: The obtained product was identified as a mixture of KHgj; and CssHgay (see
Fig. 7.44, p. 161).

THO70: Half of TH044 were transferred into a quartz flask and stored at 105°C for three
months. Afterwards, the reaction mixture was rapidly cooled off with an acetone/dry ice mix-
ture.

Analysis: Via pXRD, the obtained product was identified as KHgy; (see Fig. 7.62, p. 164).
THO71: Half of TH044 were transferred into a quartz flask and stored at 105°C for three
months. Afterwards, the reaction mixture was rapidly cooled off with ice water.

Analysis: Via pXRD, the obtained product was identified as KHg;; (see Fig. 7.63, p. 164).
THO85: In a 20mL quartz flask, 41.454¢g (206.7 mmol) Hg were slowly added to 277.6 mg
(7.09 mmol) K and 929.5mg (6.99 mmol) Cs. The reaction mixture was then homogenised un-
der light shaking while melting with a hot air gut at 350°C and allowed to cool to RT. It was
then divided into two parts: THO88 and THO089.

Analysis: Via pXRD, the obtained product was identified as KHgy; (see Fig. 7.74, p. 166).
THO088: Half of TH085 was transferred into a Schlenk flask and Ostwald ripening performed
(80 £ 5°C, 15 min intervals, total time two weeks).

Analysis: Via pXRD, the obtained product was identified as KHgy; (see Fig. 7.77, p. 166).
THO089: Half of THO085 was transferred into a Schlenk flask and Ostwald ripening performed
(50 £ 5°C, 15 min intervals, total time two weeks).

Analysis: Via pXRD, the obtained product was identified as KHg;; (see Fig. 7.78, p. 166).

Rb—Cs—Hg (THO11, TH031, TH073, TH074, TH077, THO78, TH082, THO083)

THO11: In a 100mL Schlenk flask, 11.23¢g (56.0 mmol) Hg were slowly added to a mixture
of 598.3mg (7.0mmol) Rb and 930.3mg (7.0mmol) Cs. The reaction mixture was then ho-
mogenised under light shaking while melting with a hot air gun at 300°C and allowed to cool
to RT. Via pXRD, the obtained solid was identified as a solid solution of CssHg19 and RbsHgg
(see Fig. 7.12, p. 155). The obtained solid was then ground thoroughly and further 31.23 ¢
(155.7mmol) Hg were added. It was then tempered for fourteen months at 105°C. It was
cooled to RT inside a sand bath and excess Hg was removed via Schlenk frit.

Analysis: Via pXRD, the obtained solid was identified as a mixture of CsgsHgoy and RbHgiy
(see Fig. 7.13, p. 155).

THO31: In a 100mL Schlenk flask, 9.245 g (46.1 mmol) Hg were dropwise added to a mixture
of 295.4mg (3.46 mmol) Rb and 459.42mg (3.46 mmol) Cs. The reaction mixture was then ho-
mogenised under light shaking while melting with a hot air gun at 400°C and allowed to cool
to RT. It was subsequently tempered at 105 °C for four months. It was then cooled off to RT in
a sand bath.

Analysis: Via pXRD, the obtained solid was identified as a mixture of CssHgyy and RbHgi;
(see Fig. 7.32, p. 159).

THO73: Because of the results of the DSC measurement of TH031, Ostwald ripening was per-
formed at 140°C.

Analysis: After reevaluation of the pXRD of THO031, it was discovered that the product only
consisted of CsgHgog. It was then decided to stop the experiment, since further treatment did
not seem promising.
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THO74: In a 100mL Schlenk flask, 18.16 g (90.53 mmol Hg were slowly added to a mixture of
926.2mg (10.84 mmol) Rb and 960.1 mg (7.22mmol) Cs. The reaction mixture was then ho-
mogenised under light shaking while melting with a hot air gun at 400 °C and allowed to cool
to RT. It was then thoroughly ground and tempered at 105 °C for four months.

Analysis: Via pXRD, the solid product was identified as a solid solution of CssHgsg and
CssHgao (see Fig. 7.65, p. 164) Unfortunately, Rietveld refinement of the obtained solid solution
was not possible, since convergence could not be reached.

THO77: 9.7g of a 1:1 mixture (volume) of THO075 and THO76 were thoroughly ground and
tempered at 105°C for three months. The reaction mixture was cooled to RT inside a sand
bath. The originally silver-metallic solid appeard black and powderlike, with small droplets of
mercury present. This indicated a decomposition due to leaky glass joints, and the reaction
mixture was then discarded.

Analysis: Due to the aforementioned problem, further analysis was not done.

THO78: 10.0g of a 1:1 mixture (volume) of THO75 and TH076 were thoroughly ground, 11.4 g
(56.8 mmol) Hg were added and the reaction mixture was and tempered at 105°C for three
months. It was then cooled down to RT inside a sand bath.

Analysis: Via pXRD, the obtained product was identified as RbHgi1, a Cs-containing phase
does not seem to be present (see Fig. 7.67, p. 164).

THO082: 4.2909g (8.82mmol) RbHgs (obtained in TH081) and 4.7091 ¢ (8.82mmol) CsHg2
(obtained in THO80) were thoroughly ground and tempered at 105°C for three months. After-
wards, the reaction mixture was cooled down to RT inside a sand bath.

Analysis: Via pXRD, the obtained product was identified as a mixture of RbHgs and RbsHg;g,
no Cs-containing phase was found (see Fig. 7.71, p. 165).

THO83: 4.2909¢ (8.82mmol) RbHgs (obtained in THO081) and 4.7091¢g (8.82mmol) CsHg2
(obtained in THO080) were thoroughly ground and 3.540g (17.64 mmol) Hg were added. The
reaction mixture was ground again and tempered at 105°C for three months. Afterwards, the
reaction mixture was cooled down to RT inside a sand bath.

Analysis: Via pXRD, the product was identified as a mixture of RbHg2 and a not-indentifiable
phase Rb;_,Cs,Hgig (see Fig. 7.72, p. 165). Due to lack of crystallinity, analysis via SCXRD
was not possible.

Na—Mg-Hg (TH023, TH027)

THO023: 29.4mg (1.21 mmol) Mg, 27.8 mg (1.21 mmol) Na and 1.943 g (9.68 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered
for four months. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product as identified as a mixture of Naj;Hgso and MgHgs (see
Fig. 7.24, p. 157).

THO027: 14.9mg (0.61 mmol) Mg, 14.1mg (0.61 mmol) Na and 1.971g (9.83 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 K h™!, it was heated to 300°C and tempered
for three months. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was identified as MgHg, MgHgs as well as a further, uniden-
tified phase (see Fig. 7.28, p. 158).

Na—Ca—Hg (TH012, TH013, TH019, TH032, TH036, TH053, TH054)

THO012: 285.3mg (7.0mmol) Ca, 160.9mg (7.0mmol) Na and 11.230g (56.0 mmol) Hg were
weighed into a 100mL Schlenk flask. Since the Ca did not appear to melt after 30 min of heating
at 350 °C with a hot air gun, the experiment was stopped.

Analysis: Further analysis was not performed.
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THO013: 48.1mg (1.2mmol) Ca, 27.6 mg (1.2mmol) Na and 1.924 g (9.6 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered for
eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was identified as a a mixture of NajiHgss and Caiq1Hgsy
(see Fig. 7.14, p. 156).

THO019: 48.1mg (1.2 mmol) Ca, 27.6 mg (1.2mmol) Na and 3.848 g (19.2 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the obtainted product was identified as a mixture of NajiHgss and
Ca14Hg51 (see Fig. 7.20, P. 157).

THO032: 48.1mg (1.2mmol) Ca, 27.6 mg (1.2mmol) Na and 1.924 g (9.6 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was identified as a mixture of Caj;Hgss and NajiHgso (see
Fig. 7.33, p. 159).

THO036: 24.5mg (0.61 mmol) Ca, 14.1mg (0.61 mmol) Na and 1.961g (9.78 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300 °C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as Caj1Hgsq4 with a slight shift
towards higher diffraction angles (see Fig. 7.37, p. 159). Synchrotron powder diffraction analysis
yielded a new ternary amalgam, CaggNay 1Hgsy (for details, see Chapter 4.2, p. 42).

THO053: Due to the performed DSC measurement of TH013 (see Fig. 7.116, p. 173), the crystal
quality was tried to improve at 140 °C via Ostwald ripening. Since the reaction mixture solidified
over night, further 2.132 g (10.6 mmol) Hg were added. In sum, 19 cycles of heating/cooling with
10 min intervals were performed.

Analysis: After analysis via pXRD, it was determined that the composition has not changed
(see Fig. 7.51, p. 162). It was later determined to be the new ternary amalgam CaggNay 1Hgsyg
(see Chapter 4.2, p. 42).

THO054: Due to the DSC measurement of THO19 (see Fig. 7.120, p. 173, crystal quality was
tried to be improved at 180 °C via Ostwald ripening (22 cycles, 10 min heating/cooling intervals).
Analysis: Via pXRD analysis, it was confirmed that the composition after Ostwald ripening
did not change. Diffraction intensities were still between those of Naj;Hgso and CajqHgs (see
Fig. 7.52, p. 162).

Na-Sr-Hg (THO045, THO046)

THO045: 102.2mg (1.17mmol) Sr, 26.8 mg (1.17mmol) Na and 1.864 g (9.29 mmol) were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the product was identified as a mixture of Srig5Hgs45 and NajiHgso
(see Fig. 7.45, p. 161).

THO046: 52.8 mg (0.60 mmol) Sr, 13.9mg (0.60 mmol) Na and 1.964 g (9.79 mmol) Hg were filled
into a Ta crucible and welded shut. With 50Kh~!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: As can be seen in the powder diffractogram, the obtained product show diffraction
reflections between those of Sr19 5Hgs4 5 and Naj Hgso, indicating a ternary variant (see Fig. 7.46,
p. 161). Unfortunately, further attempts at Rietveld analysis based on synchrotron powder
diffraction data did not reach convergence.
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Na-Ba-Hg (THO062, THO066)

THO062: 155.6mg (1.14mmol) Ba, 26.1 mg (1.14mmol) Na and 1.832¢g (9.13 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of Naj;Hgse, BarHgs;
and BaHgg (see Fig. 7.59, p. 163).

THO066: 81.5mg (0.59mmol) Ba, 13.6 mg (0.59 mmol) Na and 1.890g (9.42mmol) Hg were
filled into a Ta crucible and welded shut. With 50 K h™!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of BaHg;; and Naj1Hgso
(see Fig. 7.60, p. 163).

K-Mg-Hg (TH024, TH028)

THO024: 29.1 mg (1.20 mmol) Mg, 46.9 mg (1.20 mmol) K and 1.924 g (9.58 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered for
four months. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the obtained product was identified as a mixture of MgHgo, KHgg and
KHg;; (see Fig. 7.25, p. 157).

THO028: 14.9mg (0.61 mmol) Mg, 23.9mg (0.61 mmol) K and 1.961 g (9.78 mmol) Hg were filled
into a Ta crucible and welded shut. With 50Kh~!, it was heated to 300°C and tempered for
three months. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was indentified as a mixture of KHgy; and MgHgs (see
Fig. 7.29, p. 158).

K-Ca-Hg (TH014, TH020, TH033, TH037, TH055, TH056)

THO014: 47.6 mg (1.19 mmol) Ca, 46.4 mg (1.19mmol) K and 1.906 g (9.5 mmol) Hg were filled
into a Ta crucible and welded shut. With 50Kh™!, it was heated to 300°C and tempered for
eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was identified as a mixture of CaHgs, K7Hgs; and KHgs
(see Fig. 7.15, p. 156).

THO020: 47.6 mg (1.19mmol) Ca, 46.4mg (1.19mmol) K and 3.812 ¢ (19.0 mmol) Hg were filled
into a Ta crucible and welded shut. With 50Kh™!, it was heated to 300°C and tempered for
eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the obtained product was identified as a mixture of CaHgy1, Caj1Hgsy
and KHg;; (see Fig. 7.21, p. 157).

THO033: 47.6 mg (1.19mmol) Ca, 46.4mg (1.19 mmol) K and 1.906 g (9.50 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, only CaHgs and Caj1Hgs4 could be identified, a K-containing phase was
not present (see Fig. 7.34, p. 159).

THO37: 24.4mg (0.61 mmol) Ca, 23.8 mg (0.61 mmol) K and 1.952¢g (9.73 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the product was identified as a mixture of Ca;;Hgss and KHg;; (see
Fig. 7.38, p. 160).

THO055: Due to the DSC measurement of TH014 (see Fig. 7.117, p. 173), crystal quality was
tried to improve by performing Ostwald ripening at 120°C. For this purpose, approx. 0.5g
(2.5 mmol) Hg were added and heating/cooling was done over 21 cycles with 10 min intervals.
Analysis: Via pXRD, the product was identified as a mixture of KHg;;, CaHg;; and Caj1Hgsy
(see Fig. 7.53, p. 162).
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THO056: Due to the DSC measurement of THO020, crystal quality was tried to improved by
Ostwald ripening at 190°C. For this purpose, 2.279g (11.4mmol) Hg were added and heat-
ing/cooling was performed over 22 cycles with 10 min intervals.

Analysis: Via pXRD, it was confirmed that the composition of the sample has not changed
(see Fig. 7.54, p. 162).

K-Sr—Hg (TH047, TH048)

THO047: 101.2mg (1.16 mmol) Sr, 45.2mg (1.16 mmol) K and 1.847 g (9.21 mmol) Hg were filled
into a Ta crucible and welded shut. With 50Kh™!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Fur-
ther analysis was not performed.

THO048: 52.5mg (0.60 mmol) Sr, 23.4mg (0.60 mmol) K and 1.915g (9.55 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of KHgy1 and Sr19.5Hgs4.5
(see Fig. 7.47, p. 161).

K-Ba—Hg (TH063, THO067)

THO063: 154.2mg (1.12mmol) Ba, 43.9mg (1.12mmol) K and 1.778g (8.86 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300 °C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.

THO067: 81.1mg (0.59 mmol) Ba, 23.1 mg (0.59mmol) K and 1.875¢ (9.35 mmol) Hg were filled
into a Ta crucible and welded shut. With 50K h~!, it was heated to 300°C and tempered for
four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of KHgq1, BasgHg103
and BaHgg (see Fig. 7.61, p. 163).

Rb—-Mg-Hg (THO025, TH029)

THO025: 28.4mg (1.17mmol) Mg, 85.5mg (1.00mmol) Rb and 1.872g (9.33 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300 °C and tempered
for four months. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was identified as a mixture of RbHg;; and RbsHgsg, no
Mg-containing phase seems to be present (see Fig. 7.26, p. 158).

THO029: 14.6mg (0.60 mmol) Mg, 51.5mg (0.60 mmol) Rb and 1.934¢g (9.64 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered
for four months. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the product was identified as RbHg11, no Mg-containing phase seems to
be present (see Fig. 7.30, p. 158).

Rb-Ca-Hg (THO015, TH021, TH034, TH038, TH057, THO058)

THO15: 46.3mg (1.13mmol) Ca, 98.8mg (1.13mmol) Rb and 1.855g (9.25 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300 °C and tempered
for eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the obtained product was identified as RbsHgog, other phases, expecially
Ca-containing ones, are not present (see Fig. 7.16, p. 156).
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THO021: 48.3mg (1.13 mmol) Ca, 98.8 mg (1.13mmol) Rb and 3.71 g (18.5 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered for
eight weeks. It was then cooled to RT by turning off the oven.

Analysis: Via pXRD, the obtained product was identified as a mixture of RbHg;1, Caj1Hgsy
and CaHgy (see Fig. 7.22, p. 157).

THO034: 46.3mg (1.13mmol) Ca, 98.8mg (1.13mmol) Rb and 1.855g (9.25 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 K h™!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of CaHgs, RboHg7 and
RbgHgQ() (see Fig. 7.35, p. 159).

THO038: 24.0mg (0.60mmol) Ca, 51.2mg (0.60 mmol) Rb and 1.925¢g (9.60 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 K h™!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of RbHg1; and Ca4Hgs
(see Fig. 7.39, p. 160).

THO57: Due to the DSC measurement of THO15 (see Fig. 7.118, p. 173), the crystal quality
was tried to improve via Ostwald ripening. For this purpose, 1.666 g (8.31 mmol) Hg were added
and 21 heating/cooling cycles of 10 min intervals were performed.

Analysis: Via pXRD, the obtained product was identified as only CajiHgsy (see Fig. 7.55,
p. 162).

THO058: Due to the DSC measurement of TH021 (see Fig. 7.122, p. 174), the crystal quality was
tried to improve via Ostwald ripening. For this purpose, 2.033 g (10.13 mmol) Hg were added
and 22 heating/cooling cycles of 10 min intervals were performed.

Analysis: After analysis via pXRD, it was determined that the composition has not changed,
the product still consisted of CaHgi;, CajiHgss and RbHgy; (see Fig. 7.56, p. 163).

Rb—Sr—Hg (TH049, THO050)

THO049: 98.6 mg (1.12 mmol) Sr, 96.1 mg (1.12 mmol) Rb and 1.808 g (9.01 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of RbsHgi9 and
Sr10.5Hgs4.5 (see Fig. 7.48, p. 161).

THO050: 51.8 mg (0.59 mmol) Sr, 50.5 mg (0.59 mmol) Rb und 1.885 g (9.40 mmol) Hg were filled
into a Ta crucible and welded shut. With 50K h~!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the product was identified as a mixture of RbgHgsg, RbHgi; and
SI‘10,5Hg54.5 (See Flg 749, p. 161)

Rb-Ba-Hg (THO064, THO068)

THO064: 130.3mg (1.09mmol) Ba, 93.5mg (1.09mmol) Rb and 1.772¢g (8.83 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300 °C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.

THO068: 80.0mg (0.59 mmol) Ba, 49.8 mg (0.59 mmol) Rb and 1.8745¢g (9.34 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.
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Cs—Mg-Hg (TH026, THO030)

THO026: 29.4mg (1.21 mmol) Mg, 150.9 mg (1.21 mmol) Cs and 1.822g (9.08 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300 °C and tempered
for three months. It was cooled to RT by turning off the oven.

Analysis: Via pXRD, the obtained product was identified as a mixture of CssHgsg and MgHgs
(see Fig. 7.27, p. 158).

THO030: 14.4 mg (0.59 mmol) Mg, 78.9mg (0.59 mmol) Cs and 1.91 g (9.52 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
three months. It was cooled to RT by turning off the oven.

Analysis: Via pXRD, only CsgHgyy was found, no Mg-containing phase was present (see
Fig. 7.31, p. 158).

Cs—Ca—Hg (THO016, TH022, TH035, TH039, TH059, TH060)

THO016: 45.1mg (1.13mmol) Ca, 149.5mg (1.13mmol) Cs and 1.805g (9.30 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered
for eight weeks. It was cooled to RT by turning off the oven.

Analysis: Via pXRD Analysis, the diffraction pattern of CssHgsg with a shift towards higher
diffraction angles was found (see Fig. 7.17, p. 156). On this basis, Rietveld refinement was
performed, yielding a mixed occupation of Cs/Ca (for further details see Ch. 4.3, p.61).
THO022: 45.1 mg (1.13mmol) Ca, 149.5mg (1.13 mmol) Cs and 3.61 g (18.0 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
eight weeks. It was cooled to RT by turning off the oven.

Analysis: Via pXRD, only Caij4Hgs; was identified, no Cs-containing phase seemed present
(see Fig. 7.23, p. 157).

THO035: 45.1mg (1.13mmol) Ca, 149.5mg (1.13mmol) Cs and 1.805g (9.30 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of Ca;;Hgsy, CaHgs
and CsgHgy (see Fig. 7.36, p. 159).

THO039: 23.7mg (0.59 mmol) Ca, 78.6mg (0.59mmol) Cs und 1.898g (9.46 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 Kh™!, it was heated to 300 °C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of Caj;;Hgss and
CssHgao (see Fig. 7.40, p. 160).

THO059: Due to the results of the DSC measurement of TH016 (see Fig. 7.119, p. 173), crystal
quality was tried to be improved via Ostwald ripening at 120°C. For this purpose, 1.448 ¢
(7.22mmol) Hg were added and 22 cycles of heating/cooling with 10 min intervals were per-
formed.

Analysis: pXRD Analysis showed that during Ostwald ripening, the composition has changed.
In addition to CsgHgag, Caj1Hgsy and CajsHgs, were identified (see Fig. 7.57, p. 163).
THO060: Due to the results of the DSC measurement of TH016 (see Fig. 7.123, p. 174), crystal
quality was tried to be improved via Ostwald added and 8 cycles of heating/cooling with 10 min
intervals were performed. Afterwards, the temperature was increased to 130°C and further 20
cycles of heating/cooling were performed.

Analysis: Via pXRD it was confirmed that the composition of the product has not changed,
it still consists only of Caj4Hgs1 (see Fig. 7.58, p. 163).
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Cs—Sr—Hg (THO051, TH052)

THO051: 96.0mg (1.10mmol) Sr, 145.6 mg (1.10mmol) Cs and 1.731g (8.63 mmol) Hg were
filled into a Ta crucible and welded shut. With 50 K h™!, it was heated to 300 °C and tempered
for three months. It was then rapidly cooled with ice water.

Analysis: Via pXRD, the obtained product was identified as a mixture of CsgHgsg, CssHgg,
Sri3Hgsg and SrHgyp (see Fig. 7.50, p. 162).

THO052: 51.1 mg (0.58 mmol) Sr, 77.5mg (0.58 mmol) Cs and 1.874 g (9.34 mmol) Hg were filled
into a Ta crucible and welded shut. With 50 Kh~!, it was heated to 300°C and tempered for
three months. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.

Cs-Ba—-Hg (THO065, TH069)

THO065: 146.5mg (1.07mmol) Ba, 141.8 mg (1.07mmol) Cs and 1.729 ¢ (8.62mmol) Hg were
filled into a Ta crucible and welded shut. With 50 K h™!, it was heated to 300°C and tempered
for four months. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.

THO069: 79.0 mg (0.57 mmol) Ba, 76.4mg (0.57 mmol) Cs and 1.827 g (9.11 mmol) Hg were filled
into a Ta crucible and welded shut. With 50Kh™!, it was heated to 300°C and tempered for
one week. It was then rapidly cooled with ice water.

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.

Eu-Mg-Hg (TH090, TH094)

THO090: 22.6 mg (0.93 mmol) Mg, 140.7 mg (0.93 mmol) Eu and 1.8303 g (9.12 mmol) Hg were
filled into a Ta crucible and welded shut. With 100 Kh~! it was heated to 800°C, kept at this
temperature for 24 h, cooled with 100 K h~! to 350 °C and then cooled with 0.5 Kh~! to 250 °C.
After further 123456 h, it was rapidly cooled with ice water inside the quartz tube, since the
welding was not complete.

Analysis: Via pXRD, only EuHgs and MgHgs could be identified. Another, unknown phase
seems to be present as the majority compound (see Fig. 7.79, p. 166)

THO094: 22.5mg (0.93 mmol) Mg, 140.3 mg (0.92mmol) Eu and 1.8385g (9.13 mmol) Hg were
filled into a Ta crucible and welded shut. With 100 K h~! it was heated to 800°C kept at this
temperature for 24 h, cooled with 100 K h~! to 350 °C and then cooled with 0.5 Kh~! to 250 °C.
After further 123456 h, it was rapidly cooled with ice water

Analysis: Upon opening the crucible, it was discovered that the sealing was incomplete. Further
analysis was not performed.

Eu—Ca—Hg (THO091)

THO091: 37.5mg (0.94 mmol) Ca, 136.7mg (0.90 mmol) Eu and 1.8470¢g (9.21 mmol) Hg were
filled into a Ta crucible and welded shut. With 100 Kh~! it was heated to 800°C kept at this
temperature for 24 h, cooled with 0.5 Kh~! to 650°C and then rapidly cooled to RT with ice
water.

Analysis: Analysis via pXRD showed that the diffraction pattern was directly between the ones
of Caj1Hgsy and EujgHgsy (see Fig. 7.80, p. 167). Single crystal analysis as well as Rietveld
refinement yielded the new ternary Amalgam Cay sEugsHgss (see Ch. 4.2, p. 42).
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Eu-Ba—-Hg (TH092)

THO092: 119.3mg (0.87 mmol) Ba, 136.1 mg (0.90 mmol) Eu and 1.7346 g (8.65 mmol) Hg were
filled into a Ta crucible and welded shut. With 100 K h~! it was heated to 800°C kept at this
temperature for 24 h, cooled with 100 K h~! to 200°C and then cooled to 100°C with 0.5 Kh~1.
Finally, it was rapidly cooled to RT with ice water.

Analysis: Via pXRD, the product was identified as a mixture of BaHg;;, EuHgs and EujgHgss
(see Fig. 7.82, p. 167).

Yb-Na—Hg (TH093, TH095)

THO093: 21.0mg (0.91 mmol) Na, 154.3mg (0.89 mmol) Yb and 1.8137 g (9.04 mmol) Hg were
filled into a Ta crucible and welded shut. With 100 Kh~! it was heated to 800°C, kept at this
temperature for 24 h, cooled with 100 K h~! to 300°C and then cooled to 200°C with 0.5 Kh~!.
Finally, it was rapidly cooled to RT with ice water inside the quartz tube.

Analysis: Via pXRD, the obtained product was identified as a mixture of NajiHgss, YbHgs
and NaHgs (see Fig. 7.82, p. 167).

THO095: 20.9mg (0.91 mmol) Na, 178.8 mg (1.03mmol) Yb and 1.8147 g (9.05 mmol) Hg were
filled into a Ta crucible and welded shut. With 100 K h~!, it was heated to 800°C, kept at this
temperature for 24 h belassen, cooled with 100 Kh™! to 300°C and then cooled with 0.5 Kh~!
to 200°C. After further 24 h it was rapidly cooled to RT with ice water.

Analysis: Via pXRD, the product was identified as a mixture of Naj1Hgss, Ybi1Hgss and
YbHgs (see Fig. 7.83, p. 167).
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7.3 Powder diffractograms

100 100 4
— NaHg, — Diamond
90— — Diamond 90— —— Cs,;Hg,,
Cs,Hg,, — Na,CsHg,,
80 — TH001-1-2 80 | — THo01-2
70— 70—
=z 507 < 60
£ k7]
g &
£ 50 £ 50|
° [T o
2 T T T 2
S 40 10 12 14 16 18 S 404
o« i
30| 30
20— 20—
10+ FI l 1 Lﬁ l l 10 ‘ ’ Ll “J o ~ A A
M
0 L “‘ | L m.l ‘ L Hl I l‘ FTARTE FOWRY IR | ) 0-L1 II 1 I l \ Ll_‘_llml.n.lu”ullull |1|I. . siepilie |
™ L B o A AN B LB L e o bt e
10 20 30 40 50 10 2 40 50

Diffraction angle 26 (Mo-K,)) [°]

Fig. 7.2: Powder diffractogram of THO01 after quenching
(black). Diamond![*] (red) was used for optical dilution. Only
NaHgs %! (blue) and CszHgao!0! (green) were obtained.
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Fig. 7.4: Powder diffractogram of THO004-1 (black).
Diamond[¥ (red) was used for optical dilution. The ob-
tained solid was identified as a mixture of NaHga!®! (blue)and
RbzHgao!% (green).

0 30

Diffraction angle 26 (Mo-Km) 1
Fig. 7.3: Powder diffractogram of THO001-2 (black).
Diamond!¥l (red) was used for optical dilution. The obtained
solid consist of CsNagHg1g (blue, generated from single crys-
tal data) and Cs3Hgao (6] (green).
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Fig. 7.5: Powder diffractogram of THO004-2 (black).

Diamond!*] (red) was used for optical dilution. The obtained
product consists only of Naj;Hgsa (% (green).
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Fig. 7.6: Powder diffractogram of THO008-1 (black).
Diamont!4] (red) was used for optical dilution. Rb7Hg31[6]

(green) was obtained.
signed unequivocally,

generated from single
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The remaining reflexes cannot be as-
but KHgy(blue) or KHgs(red, both

crystal data) seem most fitting.

20 30
Diffraction angle 26 (Mo-K ) [°]

Fig. 7.7: Powder diffractogram of THO008-2(black) with
THO08-1(gray) in comparison. Diamond[*! (red) was used
for optical dilution. As can be seen, the obtained product
is a solid solution of KHgy1[®! (green) and RbHgy1[?! (blue).
For further details, see Chapter 4.3, p. 61).
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Fig. 7.8: Powder diffractogram of THO009-1 (black).

Diamond!¥ (red) was used for optical dilution. The obtained
product consists of KHgg!”) (green) and Cs3Hgao!®! (blue).

100 4
90 — Diamond
— NaHg,
80 — Na,;Hgg,
KHgg
70 — THO10-1

Relative Intensity [%)]
@
3
|

et ]
U

40 50

20 30

Diffraction angle 26 (Mo-K,)) [*]
Fig. 7.10: Powder diffractogram of THO010-1 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
product consists NaHgy["] (blue), Naj1Hgso (2] (green) and
KHgs (orange, generated from single crystal data).

20 30
Diffraction angle 26 (Mo-K,,)) [°]

Fig. 7.9: Powder diffractogram of THO009-2 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
product contains only KHg1[®) (green).
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Fig. 7.11: Powder diffractogram of THO010-2 (black).

Diamond!¥ (red) was used for optical dilution. The obtained
product consists only of KHg 1 [?] (blue).
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Fig. 7.12: Powder diffractogram of THO011-1 (black).
Diamond[¥ (red) was used for optical dilution. The diffrac-
tion pattern of the obtained product is exactly between the
ones of CszHg19!% (green) and RbsHg1o!®! (blue).

30
Diffraction angle 26 (Mo-K,)) [°]
Fig. 7.13: Powder diffractogram of TH011-2 (black) and
THO11-1 in comparison (grau). Diamond!¥ (red) was used

for optical dilution. The obtained product consists of
Cs3Hgao (green)lf] and RbHgyy (blue).l”]

155



X
(=]
2
w
a
o
<

100 4

90—

80—

L
=

Relative Intensity [%]
o
g
|

100 4

90 —

80—

70—

60—

50 —

Relative Intensity [%]

] Y L M

30—

20—

s stk lJ

[T L R PP I

20
Diffraction angle 26 (Mo-K ) [°]

Powder diffractogram of THO013
Diamond!¥ (red) was used for optical dilution. The product
only contained NajiHgso (2] (blue) and Ca14Hg51[9] (green).
Sharp intensitied at angles > 29.5° 2¢ originate from a de-

Fig. 7.14: (black).

tector malfunction.
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Fig. 7.15: Powder diffractogram of THO014 (black).
Diamond!¥] (red) was used for optical dilution. The obtained
product consists of CaHgz['?! (green), K7Hga1[% (blue) as
well as KHgs (orange, generated from single crystal data).
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Fig. 7.16: Powder diffractogram of THO015 (black). Fig. 7.17: Powder diffractogram of THO016 (black). The

Diamond["] (red) was used for optical dilution. Only
RbzHgzo "] (green) is present, no other phases can be seen.
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Fig. 7.18: Powder diffractogram of THO017 (black) with sim-
ulated intensities of Mgls -6 DMF!'! (red).

156

diffraction patter indicates CS3Hg20[“] (green), but a shift
towards higher diffraction angles can be seen. Thus, Rietveld
refinement was performed, yielding a mixed occupation of the
Cs site with Ca (further details see Ch. 4.3, p. 61).
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Fig. 7.19: Powder diffactogram of THO018 (black).

Diamond (red)!!] was used to optically dilute the sample. The
obtained solid can be identified as MgHga!'? (green).
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diffractogram of THO019

Diamond!¥ (red) was used for optical dilution. The ob-
tained product is a mixture of Na11Hg52[21 (green) and

Fig. 7.20: Powder (black).

Ca14Hgs11%] (blue).
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Fig. 7.21: Powder diffractogram of THO020 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
product consists of Calng54[”] (green), CaHgi1 (14] (orange)
and KHg11[?! (blue).
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Fig. 7.22: Powder diffractogram of THO021 (black). Fig. 7.23: Powder diffractogram of THO022 (black).
Diamond!¥l (red) was used for optical dilution. The prod- Diamond!¥l (red) was used for optical dilution. Only

uct consists of Caqu54[9] (green), CaHg11[14] (blue) and
RbHg:[?] (orange).
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Ca14Hg51[13] (green) was found, no Cs-containing phase

seemed present.
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Fig. 7.24: Powder diffractrogram of TH023 (black).
Diamond!*] (red) was used for optical dilution. The obtained

product is a mixture of NajiHgso (green)[Q] and MgHgo
(blue).[*2]
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Fig. 7.25: Powder diffractogram of TH024 (black).

Diamond[*! (red) was used for optical dilution. The obtained
product consists of MgHgs['?! (orange), KHgg!”! (green) and
KHgH[:;] (blue).
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Fig. 7.26: Powder diffractogram of THO025 (black). Fig. 7.27: Powder diffractogram of THO026 (black).

Diamond!¥] (red) was used for optical dilution. The prod-
uct consists of Rngll[S] (green) and RbgHggo[G] (blue), no
Mg-containing phase seems to be present.

Diamond[*! (red) was used for optical dilution. The obtained
product consists of Cs3Hgaol% (green) and MgHgo'?] (blue).
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Fig. 7.28: Powder diffractogram of THO027 (black).
Diamond[¥l (red) was used for optical dilution. The obtained
products are MgHgl!?] (green), MgoHgl!9] (blue) and an un-
known phase (marked with *).
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Fig. 7.29: Powder diffractogram of TH028 (black).
Diamond[¥ (red) was used for optical dilution. The prod-
uct consists of KHgy1[? (green) and MgHg,[1?] (blue).
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Fig. 7.30: Powder diffractogram of THO029 (black). The
product consist only of RbHgy1 % (green), no Mg-containing
phase seems to be present.
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Fig. 7.31: Powder diffractogram of THO030 (black).
Diamond[¥l (red) was used for optical dilution. Only
Cs3Hgoo!%! (green) can be identified, a Mg-containing phase
is not present.
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Fig. 7.32: Powder diffractogram of THO031 (black). Fig. 7.33: Powder diffractogram of THO032 (black).

Diamont[* (red) was used for optical dilution. The obtained
product contains only RbHg; ] (blue) and CszHgao 0]
(green).

Diamond!¥ (red) was used for optical dilution. The obtained
product consists of Naj;Hgso (2] (green) and Calng54[‘(’}
(blue).
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Fig. 7.34: Powder diffractogram of THO033 (black). Fig. 7.35: Powder diffractogram of THO034 (black).

Diamond[¥ (red) was used for optical dilution. The prod-
uct contains only CaHgs!'0] (green) and Caj1Hgs4" (blue),
a K-containing phase does not seem to be present.
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Fig. 7.36: Powder diffractogram of THO035 (black).

Diamond!¥] (red) was used for optical dilution.Th obtained
product consists of CaHgg[”] (green), Ca11Hg54M (blue)
and CszHgool (orange).

Diamond!¥ (red) was used for optical dilution. The obtained
product consists of CaHgz['?! (orange), RboHgr['%! (green)
and RbaHgao[% (blue).
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Fig. 7.37: Powder diffractogram of THO036 (black).

Diamond[*! (red) was used for optical dilution. The obtained
product was identified as CajqHgsy ") (blue) with a slight
shift towards higher diffraction angles.
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Fig. 7.38: Powder diffractogram of THO037 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
product consists of Calng54[‘(’] (blue) and KHg11 (3] (green).
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Fig. 7.40: Powder diffractogram of THO039 (black).

Diamond!!l (red) was used for optical dilution. The obtained
product consists of Calng54[9] (green) and C83Hg20[“]
(blue).
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Fig. 7.42: Powder diffractogram of THO042 before (black)
and after DSC measurement (grey). The obtained product
consists of CsNagsHgig (green) and after DSC additionally
Nalng52[2] (blue).
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Fig. 7.39: Powder diffractogram of THO038 (black).
Diamond!?] (red) was used for optical dilution. The prod-
uct consists of Ca14Hg51[13] (blue) and Rngll[:g] (green).
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Fig. 7.41: Powder diffractogram of TH041 (black) after two
weeks of tempering. Diamond!!] (red)was used for optical
dilution. CsNagHgis (green, generated from single crystal
data) was obtained as main product, with Cs3Hgzo[% (blue)
as byphase.
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Fig. 7.43: Powder diffractogram of THO043 before (black)
and after DSC (grey). Diamond[*! (red) was used for opti-
cal dilution. The obtained product constists of CsNagHgig
(green) as well as Naji1Hgso (2] (green) and CszHgagl") (pur-
ple).
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Fig. 7.44: Powder diffractogram of THO044 (black). The ob-
tained product consists of Cs3Hgag!®! (green) and KHgp, ]
(blue).
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Fig. 7.46: Powder diffractogram of THO046 (black).
Diamond[¥ (red) was used for optical dilution. The diffrac-
tion reflections are between those of Na11Hg52[21 (green)
und Sr10.5Hg54_5[9] (blue), indicating a new ternary amal-
gam with the structural motif of the Gd14Ags1 family.
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diffractogram of THO045

Diamond!¥ (red) was used for optical dilution. The obtained
product constists of Nalng52[2] (green) and Sr10_5Hg54,5[9]

Fig. 7.45: Powder (black).

(blue).
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Fig. 7.47: Powder diffractogram of THO048 (black).

Diamond!¥ (red) was used for optical dilution. The prod-
uct consists of KHgy1 % (green) and Srig.5Hgs4.5°] (blue).
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Fig. 7.48: Powder diffractogram of THO049 (black). Fig. 7.49: Powder diffractogram of THO050 (black).

Diamond!*] (red) was used for optical dilution. The product
consists of RbsHgo!®! (green) and Sri0.5Hgs4.5°] (blue).

Diamond!¥ (red) was used for optical dilution. The prod-
uct consists of RbgHgaglf (blue), RbHg1 ? (green) and
Sr10.5Hgsa.5[) (orange).
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diffractogram of THO051

Diamond!* (red) was used for optical dilution. The obtained
product consists of CszHgag!% (green), CssHg19[0 (cyan),

Fig. 7.50: Powder (black).

Sr13Hgss['®! (blue) and SrHgi;[?! (orange).
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Fig. 7.52: Powder diffractogram of THO054 (black) in
comparison to before Ostwald ripening (THO019, gray).
Diamond¥l (red) was used for optical dilution. The prod-
uct consists of NajiHgsa[? (green) and Cai4Hgs 13 (blue).
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Fig. 7.51: Powder diffractogram of TH053 (black) and be-
fore Ostwald ripening (THO13, gray). Diamond!*] (red)
was used for optical dilution. The diffraciton intensi-
ties exactly between NajiHgso (2] (green) and Ca11Hg54[9]
(blue). It was later indentified as the new ternary amalgam
Cag.gNay.1Hgs4. Sharp intensities at higher angles originate
from a detector malfunction.
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Fig. 7.53: Powder diffractogram of THO055 (black) in
comparison to before Ostwald ripening (THO14, gray).
Diamond[*! (red) was used for optical dilution. The product
only constains KHg1[®! (orange), CaHgii['*! (green) and
Ca11Hgsa!”! (blue).
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Fig. 7.54: Powder diffractogram of THO056 (black) in
comparison to before Ostwald ripening (THO020, gray).
Diamond[¥ (red) was used for optical dilution. The sam-
ple still consists of KHg1 7] (blue), CaHgy, 14 (orange) and
Cai1Hgss! (green).
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20 30

Diffraction angle 26 (Mo-K ) [°]
Fig. 7.55: Powder diffractogram of THO5 (black) in com-
parison to before Ostwald ripening (THO15, gray). Only
Ca11Hg54M (green) was found, RbsHgog is not present any-
more.
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Fig. 7.56: Powder diffractogram of THO058 (black) as well as
before Ostwald ripening (TH021, gray). The composition of
the product has not changed, it still consists of Calng54[9]
(green), CaHg11[' (blue) and RbHg;1 ] (orange). Sharp,
regular intensities originate from a detector malfunction.
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Fig. 7.57: Powder diffractogram of THO059 (black) in
comparison to before Ostwald ripening (THO016, gray).
Diamond!¥ (red) was used for optical dilution. The prod-

uct was identified as a mixture of CajjHgss[”) (green),
Ca14Hg51[9] (blue) and C53Hg20[(’] (orange).
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Fig. 7.58: Powder diffractogram of THO060 (black) in
comparison to before Ostwald ripening (THO022, gray).
Diamond!! (red) was used for optical dilution. The prod-
uct still only consists of CajsHgs %) (blue), a Cs-containing
phase seems not to be present.
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Fig. 7.59: Powder diffractogram of THO062 (black).
Diamond!¥] (red) was used for optical dilution. The prod-
uct obtainted consists of NajiHgsa!?! (green), BayHgs [
(blue) and BaHgg[??! (orange).
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Fig. 7.60: Powder diffractogram of THO066 (black). Fig. 7.61: Powder diffractogram of THO067 (black).

Diamond[¥ (red) was used for optical dilution. The prod-
uct consists of BaHg11[?! (blue) and NajiHgs2[? (green).

Diamond[*] (red) was used for optical dilution. The obtained
product consists of BaggHgisz!2!] (green), KHg, ] (blue)
and BaHgg[2?! (orange).
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Fig. 7.62: Powder diffractogram of THO70 (black). Fig. 7.63: Powder diffractogram of THO071 (black).

Diamond!¥ (red) was used for optical dilution. The obtained
product contains only KHg11[®) (blue).

Diamond!¥] (red) was used for optical dilution. The obtained
product contains only KHg11[®! (blue).
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Fig. 7.65: Powder diffractogram of THO074 (black).

Fig. 7.64: Rietveld refinement of THO72 (black). Back-
ground is shown in green, calculated intensities in red. Dif-
ference plot is cyan, CsNagHgig (blue, generated from sin-
gle crystal data) is the main product obtained, with small
(< 3wt.% impurites of Cs3Hgao!%! (orange). The refinement
was performed with the GSAS-I1[22] software.
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Fig. 7.66: Powder diffractogram of THO75 together with
THO76 (black). Diamond[* (red) was used for optical di-
lution. The mixture contains only CszHgaol®! (green) and
Rb3Hg20[6] (blue).
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Diamond!¥] (red) was used for optical dilution. The observed
intensities are in between those of CszHgag!"! (green) und
Rb3Hgao!%! (blue).
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Fig. 7.67: Powder diffractogram of THO078 (black).
Diamond[¥ (red)!*] was used for optical dilution. Only

RbHg1 % (green) is identifiable, a Cs-containing phase does
not seem to be present.
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Powder diffractogram of THO079 (black).

7.68:
Diamond[¥ (red)¥] was used for optical dilution. The ob-
tained product was identified as CszHgool®! (green) with
minimal amounts of CszHg19!%) (marked with *).
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Fig. 7.69: Powder diffractogram of THO080 (black).

Diamond!¥ (red) was used for optical dilution. The obtained
product contains CsHgz![?3] (blue) and CssHg1o!! (green).
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Fig. 7.70: Powder diffractogram of THO081 (black). Fig. 7.71: Powder diffractogram of THO082 (black).

Diamond[*] (red) was used for optical dilution. The obtained
product contains RbHga!?3] (blue) and small impurities of
RbsHg1o!®! (green).

Diamond!¥] (red) was used for optical dilution. The prod-
uct contains only RbHg2[?3] (blue) and RbsHg19[®! (green),
no Cs-containing phase can be seen.
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Fig. 7.72: Powder diffractogram of THO083 (black). Fig. 7.73: Powder diffractogram of THO084 (black).

Diamond[¥ (red) was used for optical dilution. The prod-
uct contains RbHgz!?3] (orange) and a solid solution of
RbsHg19!®! (blue) and CssHgi9l®! (green).

Diamond[*] (red) was used for optical dilution. The obtained
products consists of NajjHgso!?! (green) and RbHg1 %)
(blue).
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Fig. 7.74: Powder diffractogram of THO085 (black).

Diamond!¥] (red) was used for optical dilution. The prod-
uct contains only KHgy13 (blue).
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Fig. 7.76: Powder diffractogram of THO087 (black).
Diamond[¥ (red) was used for optical dilution. The prod-
uct contains only RbHgy1[®! (green).
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Fig. 7.75: Powder diffractogram of THO086 (black).
Diamond!*] (red) was used for optical dilution. The prod-
uct contains only Rngu[g] (green).
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Fig. 7.77: Powder diffractogram of THO088 (black).
Diamond!¥] (red) was used for optical dilution. The prod-
uct contains only KHg11[?! (blue).
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Fig. 7.78: Powder diffractogram of THO089 (black).
Diamond!¥] (red) was used for optical dilution. The prod-
uct contains only KHg;1[3 (blue).
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Fig. 7.79: Powder diffractogram of THO090 (black).

Diamond[¥ (red) was used for optical dilution. The prod-
uct contains EuHgo[??l (green), MgHgo!'?l (blue) and a yet
unknown phase.
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Fig. 7.80: Powder diffractogram of THO091 (black). Fig. 7.81: Powder diffractogram of THO092 (black).

Diamond!¥] (red) was used for optical dilution. The diffrac-
tion pattern of the obtained product is eg{actly between those
of Cay1Hgs4" (green) and EujoHgss!?%] (blue).

Diamond!¥ (red) was used for optical dilution. The obtained
product consists of BaHg11 %! (blue), EuHgs 24 (orange) and
EulOHg55[26] (green).
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Fig. 7.82: Powder diffractogram of THO093 (black). Fig. 7.83: Powder diffractogram of TH095 (black).

Diamond[¥ (red) was used for optical dilution. The prod-
uct consists of Naj;Hgso? (green), YbHg327] (blue) and
NaHg, ] (orange)
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Fig. 7.84: Powder diffractogram of TH109 before DSC
(gray) and after DSC (black). Diamond[’]l (red) was used
for optical dilution. As can be seen, the crystalline solid con-
tains only RbHg11[?! (green)

Diamond[*! (red) was used for optical dilution. The obtained
product consists of NajiHgso[?l (green), YbiiHgs4[2%] (dark
blue) and YbHgz[?7 (cyan).
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Fig. 7.85: Powder diffractogram of TH110 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
product contains only KHg11[®) (green).
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Fig. 7.86: Powder diffractogram of TH111 (black).

Diamond!¥ (red) was used for optical dilution. The obtained
product contains only RbHgy; %] (green).
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Fig. 7.88: Powder diffractogram of TH113 (black) with sim-
ulated intensities of Be(NHz)4I2[3%) (red) as reference.
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Fig. 7.90: Powder diffractogram of TH115 (black).
Diamond[¥ (red) was used for optical dilution. The ob-
tained product consists of RbgHgag (0] (blue) and RbsHg1g9!®]
(green).
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Fig. 7.87: Powder diffractogram of TH112 (black) with sim-
ulated intensities of B-Belz[2?] (red) as reference.
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Fig. 7.89: Powder diffractogram of THI114 (black).
Diamond¥ (red) was used for optical dilution. The obtained

crystalline solid was identified as a mixture of KHga (green)
and KHgs (blue), both generated from single crystal data.
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Fig. 7.91: Powder diffractogram of THI116 (black).

Diamond[¥] (red) was used for optical dilution. The obtained
crystalline solid was identified as CuyHgg[3!] (green).
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Fig. 7.92: Powder diffractogram of TH118 (black).
Diamont[* (red) was used for optical dilution. The obtained
solid contains KHgg!"] (orange), KHg, 2] (green) and small
amounts of KHgg (blue, generated from single crystal data).
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Fig. 7.94: Powder diffractogram of TH120 (black).
Diamond[¥ (red) was used to dilute the sample. The ob-
tained product is a mixture of SrHgs g¢ (blue, generated from
single crystal data), Sri.5Hgsa.5") (green) and SrHgg[32]
(orange).
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Fig. 7.93: Powder diffractogram of TH119 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
solid contains KHgg!"] (orange), KHg, ] (green) and small
amounts of KHgg (blue, generated from single crystal data).
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Fig. 7.95: Powder diffractogram of TH121 (black).
Diamond!¥ (red) was used for optical dilution. The obtained
product contains KHgy[??] (green) as well as trace amounts
of a yet unknown phase (marked with *).

P G A MY

100 100
90 — Diamond 90 — Diamond
80 Ko, 80— o KHe,
— THi22 — THi24
70 70
S S
= 2 60|
z H
2 £ 50
2 2
o o
30|
20
10 L
T N dmnbemsenslobnd
‘ N0 e R AL N0 O o
10 20 30 40 50 10 20 30 40 50
Diffraction angle 26 (Mo-K ) [°] Diffraction angle 26 (Mo-K ) [°]
Fig. 7.96: Powder diffractogram of TH122 (black). Fig. 7.97: Powder diffractogram of TH124 (black).

Diamond!¥ (red) was used for optical dilution. The obtained
product was identified as phase-pure KHgi1 %) (green).

Diamond!!] was used for optical dilution. The product was
identified as KHgHM (green).
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Fig. 7.98: Powder diffractogram of TH124-2 (black).
Diamond[*] was used for optical dilution. The product was
identified as KHgy1[®] (green).
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Fig. 7.100: Powder diffractogram of TH124-4 (black).
Diamond[¥l was used for optical dilution. The product was
identified as a mixture of KHgy;[? (green) and KHgg (blue,
generated from singy crystal data).
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Fig. 7.102: Powder diffractogram of TH125 (black).
Diamond[*] was used for optical dilution. The product con-
tains KHggl™ (green) and KHgs (blue, generated from single
crystal data).
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Fig. 7.99: Powder diffractogram of TH124-3 (black).
Diamond!“l was used for optical dilution. The product was
identified as Kng[g] (green).
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Fig. 7.101: Powder diffractogram of TH124-5 (black).

Diamond!“l was used for optical dilution. The product was
identified as KHgy1 ] (green).
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Fig. 7.103: Powder diffractogram of TH125-2 (black).
Diamond!¥] was used for optical dilution. The product was
identified as KngM (green).
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Fig. 7.104: Powder diffractogram of TH126 (black).
Diamond!¥ was used for optical dilution. The product was
identified as a mixture of KHgi1[®l (green) and KHgg!"
(blue).
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Fig. 7.105: Powder diffractogram of TH126 (black).
Diamond[!] was used for optical dilution. The product
was identified as a mixture of KHgy1] (green) and minor
amounts of KHggl”! (blue).
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Fig. 7.106: Powder diffractogram of TH127 (black).
Diamond[*] (red) was used for optical dilution. The obtained

product was identified as KHggl] (blue), while some reflexes
could not be identified (marked with *).
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Fig. 7.108: Powder diffractogram of TH128-O (black).

Diamond¥l was used for optical dilution. The product
was identified as a mixture of KHg1!®] (green) and minor

amounts of KHgg!™ (blue).

Diffraction angle 26 (Ag-K ) []

Fig. 7.107: Powder diffractogram of THI128 (black).
Diamond[¥] was used for optical dilution. The product
was identified as a mixture of KHgH[S] (green) and minor
amounts of KHggl”! (blue).
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Fig. 7.109: Powder diffractogram of TH128-P (black).

Diamond!!] was used for optical dilution. The product
was identified as a mixture of KHgy1!®] (green) and minor
amounts of KHggl™ (blue).

171

a
(=]
2
w
o
o
<




X
(=]
2
w
a
o
<

100 4

100
90— ) 90— )
— diamond — diamond
0] — CsNa,Hg 80| — CsNa,Hg,,
“ CsgHgy, — Cs;Hg,,

70 Na,,Hg,, 70| Na,,Hgg,
= — TH130-1 = — TH130-2
2 2
> 60 >
3 3
3 3
£ 50 =
° ‘ °
2 E
5 5
o} o}
14 4

10 12 14 16
! ‘
]| |
““ (LA l ‘I NI‘HJ ”““ .‘|I hoad Ly |‘|IL||II(\‘JI n‘ll gl gy b
30 40 10 30 40

20
Diffraction angle 20 (Ag-K ) [°]

Fig. 7.110: Powder diffractogram of the remaining solid of
TH130 (black). Diamond[*l (red) was used for optical di-
lution. The solid consists of CsNasHgig (blue, generated
from single crystal data) as well as CsgHgool% (green) and
Na11Hg52[2] (orange).
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Fig. 7.112: Powder diffractogram of THRH-Cal2*6DMF
(black). with simulated intensities of Calp -6 DMFU!] (red).
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Fig. 7.114: Powder diffractogram of THDKO006 (black).
Diamond[¥ was used for optical dilution. The product was
identified as a mixture of Naqug,g[Q] (green) with a slight
shift towards smaller diffraction angles. Comparison to the
diffraction pattern generated from single crystal data yielded
that the bulk sample did not contain major amounts of
SrHgs.g6
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Fig. 7.111: Powder diffractogram of the solidified filtrate
of TH130 (black). Diamondl!! (red) was used for optical
dilution. The solid consists of CsNasHgis (blue, generated
from single crystal data) as well as CszHgaol®! (green) and
Na11Hg52[2] (orange).
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Fig. 7.113: Powder diffractogram of THRH-SrI2*6DMF
(black). with simulated intensities of Srly -7 DMF['!] (red).
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Fig. 7.115: Powder diffractogram of THRHO003 (black) with
diamond[*! (red) used for optical diliution. The product
contains NaHgs![%] (blue) as a byproduct, while the overall
diffraction pattern shows a high overlap with Na11Hg52[2]
(green).



7.4 DSC measurements
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Fig. 7.116: DSC mearurement of THO13. Heating/cooling Fig. 7.117: DSC measurement of TH014. Heating and cool-
ing segments are represented in red/blue, respectively.

segments are represented in red/blue.
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Fig. 7.118: DSC measurement of TH015. Heating and cool-
ing segments are represented in red/blue, respectively.
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Fig. 7.120: DSC measurement of TH019. Heating and cool-
ing segments are represented in red/blue, respectively.
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Fig. 7.119: DSC measurement of TH016. Heating and cool-
ing segments are represented in red/blue, respectively.
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Fig. 7.121: DSC measurement of TH020. Heating and cool-
ing segments are represented in red/blue, respectively.
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Fig. 7.123: DSC measurement of TH022. Heating and cool-

Fig. 7.122: DSC measurement of TH021. Heating and cool-
ing segments are represented in red/blue, respectively.

ing segments are represented in red/blue, respectively.
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Fig. 7.124: DSC measurement of TH041. Heating and cool-
ing segments are represented in red/blue, respectively.
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Fig. 7.125: DSC measurement of TH042. Heating and cool-
ing segments are represented in red/blue with decreasing
darkness, respectively.
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Fig. 7.127: DSC measurement of TH096. Heating and cool-
ing segments are represented in red/blue with decreasing
darkness, respectively.

Fig. 7.126: DSC measurement of TH043. Heating and cool-
ing segments are represented in red/blue with decreasing

darkness, respectively.
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7.5 Rietveld refinements

7.5.1 Be12

3000 x

2500

2000

1500

+ Observed
— Calculated

Fig. 7.128: Graphical representation of the result of the Rietveld refinement of Bel; synthesized from the elements
(Mo-Kq1 radiation, program EXPO[S'”). Starting values for the refinement were taken from the literature model

of B-Belo.””) For further information on the refinement see Table 7.9 (below).

Table 7.9: Results of the Rietveld refinement of Bels prepared from the elements, see also Fig. 7.128 (above).

Composition Bel
Stucture type ZnBrg
Crystal system tetragonal
Space group 141 /acd, No. 142
Formula units Z 32
Lattice parameters [A, A3) a 12.24804(3)
c 21.24267(13)
\% 3186.8(2)
Radiation Mo-Kq1
Wavelength [A] 0.709317
Data range [°] 29 3.0 - 53.0
Step size [°] A29 0.015
Calculated density [g-cm ™3] p 4.38
Data points 3334
Resolution [A] 0.7946
hmax; kma)u lmax 15, 157 26
Background function shifted Chebyshev
Background parameters 18
Profile function Pearson VII
R values [%)] Rp 7.547
Ryp 9.840
Rezp 9.317
R; 11.046
GooF 1.115
Atom Wyck. T Yy z Usiso
Bel 32g 0.144(10) 0.162(9) 0.931(6) 2.0(2)
Il 329 0.2288(5) 0.2798(7) 0.8733(6) 2.7(2)
12 16d 1/4 0.0454(10) 0 3.0(3)
13 16e 0 1/4 0.0103(4) 4.0(4)
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7.6 List of performed Experiments

Table 7.10: Experiments performed by Timotheus Hohl (E = electrolysis, O = Ostwald-ripening, T = thermo-
chemical synthesis). Experiments labelled with t were partly performed by Lucas Balzat, labelled with ¥ partly
by Jessica Wulfes.

No. page Type short description result
THO001 143 T CsNaHgg CsNagHg1s (see Chapter 4.1, p. 27)
THO002 140 E Nal/KI Naj1Hgso
THO003 140 E KI in Na/Hg-mixture KHgi1
TH004-1 143 T NaRbHgsg NaHgs, RbsHgao
THO004-2 143 T NaRng16 Na11Hg52
THO005 140 E CsI in Na/Hg-mixture no product obtained
THO006 140 B Csl in Na/Hg-mixture no product obtained
THO007 140 B Csl in Na/Hg-mixture no product obtained
THO008 144 T KRbHgg Rb7Hgs1 + unknown K-amalgam
THO008-2 144 T THO08 + Hg Ko.53Rbo.47Hg11 (see Ch. 4.3, p. 61)
THO009 144 T CsKHgg KHgg, CssHgoo
THO009-1 144 T CsKHgog KHgi1
THO010-1 142 T KNaHgi¢ NaHg2, Naj1Hgs2, KHgs
THO010-2 142 T KNaHgg KHgi1
THO11-1 145 T CsRbHgg CssHgi9, RbsHgig
THO011-2 145 T THO11-1 + Hg CsszHgoo + RbHg11
THO012 146 T CaNaHgsg disposed
THO013t 147 T CaNaHgg Naj1Hgso, Cai14Hgs:
THO14% 148 T CaKHgg CaHgs. Kr7Hgs1, KHgs
THO15% 149 T CaRbHgg RbsHgag
THO16t 151 T CaCsHgg Cs2.80Cag.20Hg20 (see Ch. 4.3, p. 61)
THO17t 137 T Mgls - 6 DMF Mgls - 6 DMF
THO18" 140 E Electrolysis of Mgls MgHgo>
THO0197 147 T CaNaHg16 Naj1Hgso, Cai14Hgs:
THO020T 148 T CaKHg6 Caj1Hgss, CaHgi1, KHg1
THO021 150 T CaRbHg16 Cai11Hgs4, CaHg11, RbHg11
THO022 151 T CaCsHg6 Caj14Hgs1
TH023" 146 T MgNaHg16 Nai1Hgs2, MgHgo
THO024t 148 T MgKHgs MgHgo, KHgg, KHg11
THO0257 149 T MgRbHgg RbHg11, Rb3Hgao
THO026T 151 T MgCsHgg Cs3Hgoo. MgHgo
THO027t 146 T MgNaHgsg MgHg, MgoHg + unknown compd.
THO028" 148 T MgKHg16 KHg11, MgHgo
TH029t 149 T MgRbHg16 RbHg1
THO030T 151 T MgCsHg16 CsaHgoo
THO031 145 T Rb1.5Cs1.5Hgao RbHg11, CssHgao
THO032 147 T CaNaHgg Cai11Hgs4, Nai1Hgso
THO033 148 T CaKHgg CaHgs, Ca11Hgsa
THO034 150 T CaRbHgg CaHgs, RbaoHg7, RbsHgag
THO035 151 T CaCsHgg CaHga, Ca11Hgsa, CszHgao
THO036 147 T CaNaHg6 Caj1Hgsa
THO037 148 T CaKHgis Cai1Hgss, KHg11
THO038 150 T CaRbHg16 Ca14Hgs1, RbHg1
THO039 151 T CaCsHgzg Cai11Hgss, CszHgoo
THO040 143 T CsNagHgig disposed
THO041 143 T CsNagHgig CsNaoHg1g, Csz3Hgao
THO042 144 T CsNagHgis (DSC) CsNagHgig, NajiHgso
THO043 144 T CsNagHgis (DSC) CsNagHgig, CssHgao
THO044 145 T KCSHg25,7 KHgH, CSgHgQQ
THO45"+ 147 T SrNaHgs Nai1Hgsz, Sr10.5Hgsa.5
THO046"* 147 T SrNaHgig ternary Sr variant of NajiHgso
THO47T% 149 T SrKHgg no product obtained
E THO48"1 149 T SrKHg1g KHg11, Sr10.5Hgs4.5
> THO491# 150 T SrRbHgg RbsHg1g, Sri0.5Hgs4.5
o THO50# 150 T SrRbHg16 Rb3Hgoo, RbHg11, Sr10.5Hgs4.5
& THO511# 152 T SrCsHgg Cs3Hgoo, CssHg1g, Sr13Hgss, SrtHgi1 + unknown.
THO0521# 152 T SrCsHg1g no product obtained
THO0531 147 (@) THO013 Cag.9gNag 1Hgsa (see Ch. 4.2, p. 42)
THO54T 147 ) THO019 Naj1Hgs2, CajaHgs1

continued on the next page
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No. page Type short description result
THO55T 148 0 THO14 KHg11, CaHgi1, Cai1Hesg
THO0561 149 0] TH020 KHgi1, CaHgy1, Cai1Hgsa
THO571 150 0] THO15 Cai11Hgsa
THO058" 150 0] THO021 Cai1Hgsa, CaHgr1, RbHg11
THO059" 151 o) THO016 Cai1Hgsa, CajaHgs1, Cs3Hgao
THO060T 151 o) THO022 Cai14Hgs1
THO061 143 O THO004 Naj1Hgs2
THO62' 148 T BaNaHgg Ba7Hgs1, BaHgg, Naj1Hgso
THO63" 149 T BaKHgsg no product obtained
THO064T 150 T BaRbHgg no product obtained
THO065T 152 T BaCsHgg no product obtained
THO066! 148 T BaNaHg16 Naj1Hgso, BaHgi1
THO67T 149 T BaKHg16 BagoHg103, BaHgg , KHg11
THO68! 150 T BaRbHg16 no product obtained
THO69T 152 T BaCsHgi6 no product obtained
THO70 145 T THO044 KHgi1
THO71 145 T THO044 KHgi1
THO72 144 o) THO41 CsNagHgig + CssHgzo
THO073 145 O THO031 no product obtained
THO74 146 T Rb3CsaHgig CszRbs_,Hgao
THO75 139 T RbsHg20 RbsHg2o
THO076 138 T CszHgoo Cs3Hgoo
THO77 146 T CsazHgoo + RbsHgao discarded
THO78 146 T CSngZO aF RbgHgQO + Hg Rngll
THO079 138 T CssHgoo CssHgoo (traces of CssHgio
THO080 138 T CsHga CsHga, CssHgig
THO81 139 T RbHgo> RbHg2 + Rb impurities by RbsHgi9 (TH082, TH083)
THO082 146 T CsHgo + RbHgs RbHgs, RbsHgi9
THO083 146 T CsHgo + RbHgs + 2Hg RbHg2, (Rb/Cs)sHgig
THO084 143 T NaRbHgag Hg, Naj;Hgs2, RbHgi1
THO085 145 T CsKHgag KHgi1
THO086 143 T THO084 (50°C) RbHg11
THO087 143 T THO084 (80°C) RbHgi1
THO088 145 T THO085 (50°C) KHg11
THO089 145 T THO085 (80°C) KHg11
THO090 152 T EuMgHgio EuHgs, MgHgs, unknown phase
THO091 152 T EuCaHgo Cay.5Eue.5Hgsa (see Ch. 4.2, p. 42)
THO092 153 T EuBaHgio BaHgi1, EuHga, EuijoHgss
THO093 153 T YbNaHg1o Naj1Hgso, YbHgs, NaHgs
TH094 1152 T EuMgHgio no product obtained
THO095 153 T YbNaHgio Naj1Hgs2, Yb11Hgs4, YbHgs
THO096 144 T CsNagHgis phase-pure CsNaoHgig
THO097-108 — not performed —

TH109 139 DSC RbHgg RbHgl1
TH110 139 T KHgi1 phase-pure KHg11
TH111 140 T RbHg11 phase-pure RbHg11
TH112 15 T Bels 3-Bela
TH113 140 — Diss. of Bels in liq. NHg successful, formation of Be(NHs)4Io
TH114 141 T K7Hgs1 KHga, KHgs, KHgg
TH115 139 T Rb7Hgs1 RbsHg20, RbsHg19
TH116 22 E Bels in liq. NHj CurHeg
TH117 15 T Bels B-Bela
TH118 141 T KHgs KHegg, KHgs, KHgiq
TH119 141 T KHgg KHgg, KHgg, KHg11
TH120 142 T SrHgs 86 SrHgs.86), Sr10.5Hgs4.5, SrHgg
TH121 139 T KHgo KHgo + traces of unknown phase
TH122 139 T KHgi1 KHgi1:
TH123 23 E Bels in liq. NH3 unidentified
TH124 141 T KHgs KHgi1 + KHgsg
TH125 142 T KHgg KHgs + KHgi1
TH126 142 T KHgg KHg6 + KHgH
TH127 141 E KI in DMF (75°C) KHgg + unidentified
TH128 142 T KHgg KHg6 + KHgH
TH129 15 T Bels B-Bela
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Table 7.11: Performed experiments by Lukas Nusser (F-Praktikum) (T = thermochemical synthesis).

No. type short description result
THLN-001 DSC ScSrHg no new phases
THLN-002 DSC TiSrHg SrHg, SrHgo
THLN-003 DSC VSrHg unknown
THLN-004 DSC CrSrHg SrHgo + unknown
THLN-005 DSC MnSrHg TaMnso
THLN-006 DSC FeSrHg SrHgo
THLN-007 DSC CoSrHg unknown
THLN-008 DSC NiSrHg SrHgo
THLN-009 DSC CuSrHg no product obtained
THLN-010 DSC ZnSrHg unknown
THLN-011 T TiSrHg SrHg
THLN-012 T FeSrHg SrHg, SrHgo
THLN-013 T CoSrHg SrHg, SrHgo
THLN-014 T NiSrHg SrHg,
THLN-015 T MnSrHg SrHg, SrHgs, 3-Mn
THLN-016-1 DSC YbioSrHg Sro.5Yb1o.5Hgb4
THLN-017 T YbioSrHg Sro.5Yb1o.5Hgb4 (see Ch. 4.2, p. 42)

Table 7.12: Performed experiments by Jessica Wulfes (F-Praktikum) (T = thermochemical experiment, D =

distillation).

No. type short description result
THJWO001 T Cs10Hgs CsHg
THJWO002 T SrEuHg1o unidentified
THJWO003 T MgYbHg10 MgHg2, Ybi11Hgsa
THJWO004 T CaYbHgio unclear
THJWO005 T BaYbHgio Ybi11Hgs4/Yb14aHgs1, YbHgs, BaHgs, BaHges, BaHgi1
THJWO006 T CaYbHgio Cai1Hgsa, Yb11Hgsa/Yb14Hgs1
THJWO007 T Cs1002Hg disposed
THJWO008 T MgEuHgio MgHg, EuHga, EuioHgss
THJWO009 T CaEuHg;o disposed
THJWO010 T BaEuHgio BaHgi1, EuioHgss
THIJWO011 D Cso O disposed
THJWO012 T NaMgHgg Nai1Hgso
THJWO013 T NaMgHg16 MgHgs, NagHg/Naj1Hgso
THJWO014 T KMgHgs KHgi1
THIJWO015 T KMgHg;¢ KHgi1
THIJWO016 T RbMgHgsg unclear
THIJWO017 T RbMgHg16 RbHgi1
THJWO018 T CsMgHgs unclear
THJIJWO019 T CsMgHg6 CssHgao
THJWO020 T CaEuHgo EuHggo, EuijoHgss
THJW021 T NaYbHgio Ybi1Hgs4
THIJWO022 T KYbHgio disposed
THJIJW023 T CsYbHgio disposed
THIJW024 T RbYbHg10 Ybi14Hgs1/Yb11Hgsa, RbsHgoo, YbHgs
THIJWO025 T CSYng10 Yb14Hg51/Yb11Hg54, CS3Hg20, Yng3
THJW026 T CssHgao disposed
THIJWO027 T NaEuHgo Eui14Hgs1/Euio.1Hgs4.9
THJWO028 T KEuHgio Eui14Hgs1
THJW029 T RbEuHg1¢ disposed
THIJWO030 T CsEuHgio Eui4Hgs1/Eui0.1Hgsa.9, CsoHgar
THJWO031 T SrEuHgo Sri0.5Hgsa.5
THJW025-031 T solid material inside the quartz tube CssHg20, RbHg11
THJIW032 T KYbHg1g Ybi14Hgs1/Yb11Hgsa
THJWO033 T BaKHgg BarHgs1, KoHgr
THJW034 T BaRbHgg BaHgg
THJWO035 T BaCsHgg BarHgs1, CssHgig
THJWO036 T BaRbHgi6 BaryHgs1, RbsHgig
THJWO037 T BaCsHgi6 Cs3Hgoo, BaHgi1
THJIJWO038 T KSrHgsg disposed
THIJWO039 T CsSrHgi6 Sri0.5Hgs4.5, StHgs, Csz3Hgoo
THJW040 T RbYbHgio RbsHga29, YbHgs, Ybi14Hgs1/Yb11Hgsa

continued on the next page
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No. type short description result
THIJW041 T SrEuHg1o Sri0.5Hgsa.5
THJW042 T CsEuHgio CssHgao, Eu14Hg51/Eu10‘1Hg54.9
THJIJWO043 T Cs10Hgs CsHg
THJWO044 T CSlngg Cng
THIWO045 T BaYbHg1o BaHg11, YbHg2, YbHgs,Ybi14Hgs1/Yb11Hgsa

Table 7.13: Performed experiments by Robert Hiibsch (F-Praktikum) (SM = Starting material synthesis, ES =

electrolysis).

No. type short description result
THRH - Cals SM Cals - 6 DMF Calsz - 6 DMF
THRH - Srg SM Srlz - 7DMF Srlp - 7DMF
THRH - Baly SM Balz - 8 DMF Balz - 8 DMF
THRHO003 ES Nal + KI ternary Na-K-amalgam (see Chapter 4.6, p. 98)

Table 7.14: Performed experiments by Daniel Kraut (F-Praktikum) (ES = electrolysis, T = thermochemical

experiment).

No. type short descripton result
THDKO001 T Na + K + 22 Hg (105 QC) Naj1Hgs2, KHgi1
THDKO002 T Na + Rb + 22 Hg (105°C) Naj1Hgs2, RbHg11
THDKO003 T Na + Cs + 22 Hg (105°C) Naj1Hgs2
THDKO004 T Na + Mg + 22 Hg (105°C) MgHga
THDKO005 T Na + Ca + 22 Hg (200°C) Naji1Hgs2, Caji1Hgsa
THDKO006 T Na + Ca + 22 Hg (200°C) Naj1Hgs2, SrHgs g6 (see Ch. 4.5, p. 91)
THDKO007 T Na + Ba + 22 Hg (200°C) BaHgi;
THDKO008 T K + Rb + 22 Hg (200°C) KHg11, RbHg11
THDKO009 T K + Cs + 22 Hg (200°C) KHg11
THDKO10 T K + Mg + 22 Hg (200°C) KHgi1, MgHg2
THDKO11 T K + Ca + 22 Hg (200°C) KHg11, CaHgi1, CajqaHgs:
THDKO012 T K + Sr + 22 Hg (200 OC) KHgi1, SI‘10,5Hg54,57 Sr14Hg51
THDKO013 T K + Ba + 22 Hg (200°C) KHgi11, BaHg11
THDKO014 T Ca + Mg + 22 Hg (200°C) Cai11Hgs4, Caj4Hgs1
THDKO015 T Ca + Sr + 22 Hg (200 °C) Caj11Hgs4, CajaHgs1, Sr10.5Hgs4.5
THDKO16 T Ca + Ba + 22 Hg (200°C) CaHgi11, BaHg11
THDKO017 T Sr + 3.5 Hg (-78 OC) Sr10.5Hgsa.5, Sr14Hgs1, StHgs
THDKO017 DSC Sr + 3.5 Hg (650 °C) Sr14Hgs1
THDKO018 T Sr + 5 Hg (-78°C) Sri14Hgs1, SrHgg
THDKO018 DSC Sr + 5 Hg (500°C) Sr14Hgs1
THDKO019 T Sr + 5.86 Hg (-78 °C) Sr10,5Hg54,5, Sngg
THDKO019 DSC Sr + 5.86 Hg (500 °C) SrHgsg
THDKO020 T Sr + 6.5 Hg (-78°C) SrHgg
THDKO020 DSC Sr + 6.5 Hg (500 °C) SrHgg
THDKO021 T Sr + 8 Hg (-78°C) SrHgg, SrHg11
THDKO021 DSC Sr + 8 Hg (500 QC) SrHgg, Sr10.5Hgs4.5
THDKO022 ES Nal - 3 DMF + 2.8 Srl Naj1Hgs2, KHgi1
THDKO023 ES Nal - 3 DMF + 4.8 Srl Naj1Hgs2, KHgi1
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[Be(NMP), I
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CsNasHgg

K;_,Rb,Hgi1 (z = 0.472(7))
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2244888
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