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1. Introduction

Quecksilber und Quecksilberverbin-
dungen sind fiir Lebewesen nicht essentiell
(der Mensch enthélt normalerweise kein Quecksilber) |...]

Holleman, Wiberg: "Lehrbuch der Anorganischen Chemie”,
102. ed., de Gruyter, Berlin, New York, page 1497, footnote 11.

It is impossible not to be captivated by the beauty of mercury. As the only metal liquid
at room temperature it exhibits a shiny, silvery lustre. If pure, it does not wet a glass
surface, forms little droplets with very low viscosity and was therefore named "liquid
silver" [l A puddle of pure mercury is a perfect mirror.

In compounds, mercury predominantly exhibits oxidation states +1 (e.g. HgyCly) and 42
(e.g. HgCly). The former always exhibit dimercury cations with a covalent bond [Hg —
Hg|?*. The latter always occur as monoatoms dications as they are a closed-shell species
akin to noble gases with electron configuration [Xe]4f*5d". Due to relativistic effects
the 6s electrons are lowered in energy leading to a series of unusual effects: Mercury is
liquid at room temperature, in contrast to its lighter homologues it is a noble-metal and
due to its high electronegativity and electron affinity it is prone to formation of covalent
bonds.

As all salts and organic compounds of mercury are highly toxic its use has been reduced.
However, because of its unusual properties it is still of high interest to chemists which
are just as fascinated by it as ancient civilisations.

1.1. Historical Aspects on Discovery and Ethymology of Mercury

Mercury is one of the elements known to ancient civiliza-
tions, the others being gold, silver, copper, iron, lead,
tin, and sulphur.? It occurs naturally in its metallic
state as droplets together with its ore Cinnabar (HgS).
Cinnabar was already used for its bright scarlet colour as
the pigment 'vermilion’ in wall paintings in the neolithic
village of Catalhdyiik in modern-day Turkey (Fertile
Crescent) in 7000-8000 BC. Its use for embalming was
known at least since the Pre-Pottery Neolithic B (ca.
7600 — 6000 BC, Fertile Crescent), possibly in context
of burial rituals.®l Tts first use on European ground,
also in context of preservation of human bones, dates

Figure 1.1.: Cinnabar (HgS) on
calcite in bedrock (Nevada, USA).
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back to ca. 5000 BC ('La Velilla’, Palencia, Spain).l! Since then, cinnabar was used
for colouring and/or ritual purposes by high cultures of Ancient Egypt, Indus Valley
Civilisation and Chinese Shang dynasty.[?°!

Elemental mercury was discovered in an Egyptian tomb ceremonial cup at Kurna dating
back between 1500-1600 BC.I67 Whether the Egypts had knowledge of isolation of
mercury from cinnabar or whether they used mercury droplets commonly found together
with cinnabar is not known. The first written account of knowledge of elemental mercury
is found in ancient Greek texts. Although Aristotle (384 — 322 BC) had knowledge
of mercury (dpyvpoc 6 yvtoc, ’liquid silver’), the first instructions on synthesis from
Cinnabar were given by his successor Theophrastus (ca. 371 — ca. 287 BC) in his book
'On Stones’.[#9 He stated that mercury "is made when cinnabar mized with vinegar is
ground in a copper vessel with a pestle made of copper”. Most likely a copper amalgam
was obtained, purification by filtration and distillation was known little later as both
Dioscorides (40-90 AD) and Pliny the elder (23 — 79 AD) describe those methods.!!%
This description given by Theophrastus is the earliest written account of the synthesis
of a metal from its ore.[ !

First applications of mercury are described by Dioscorides (40-90 AD), Pliny the elder
(23 = 79 AD) and Vitruv (80-70 — ca. 15 BC) who used it to gild silver and copper by
fire-gilding (lat. inaurare).'%'?l They give detailed instructions for the isolation of gold
from used clothing. Common to all processes is the use of gold amalgam which readily
forms upon combining the elements.

In the middle ages, chemistry on mercury was commonly either of medical or alchemical
nature.'3 Agricola lists several methods for preparation and refinement of mercury. It
was widely used as auxiliary reagent in mining and metallurgy and the cold amalgamation
process for silver refinement (1571/72). Hot amalgamation as a superior process for silver
refinement was invented by A. A. Barba in 1640.7

A breakthrough in the use of amalgams took place shortly after the Voltaic pile was
presented to the general public.!'®! The process of electrolysis on a mercury cathode was
crucial for the works of Berzelius (Stockholm) and Davy (London) who independently
performed electrolyses in 1806.1'622l Both connected a small pool of mercury (cathode)
to small amounts of wet salts (anode) which they placed on top of each other. Amal-
gam formation was observed and the elements sodium (from Nay,COsz; and NaHCO3)
and potassium (from K,COj3) were discovered after distillative removal of mercury. By
following this idea of distilling off the mercury from the amalgams a number of elements
were discovered over the next years.

The word "amalgam " most likely originates from Greek poiaxog (malakos, "soft") which
verbifies into pahdcow (maldsso, "to soften"). The direct connection to kneadable gold
amalgam is obvious.l?)l A similar root word pédayua (méalagma, "gold") is also found in
Arabic elall (al-malgam, "emollient poultice or unguent for sores") which points towards
the use of mercury for various skin diseases.[?!l In old Latin language, amalgama directly
translates to "mercury alloy", its use transferred to modern day chemistry through the
middle ages.

The element symbol Hg originates from the Greek Gpapyupoc (hydrargyros from Hdwp
= water and apyvpoc = silver), the English mercury was chosen by the antique Romans
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following the Greek’s adjunction of the metal with the god Hermes, the vivid messenger
of the gods, and adapting it to its Roman analogue, the god Mercurius.

1.2. Amalgams of the Less-Noble Metals

Amalgams of less noble metals are the respective metallic mercury-containing compounds
of the alkali, alkaline earth and rare earth elements. An overview of the literature
reported alkali metal amalgams is given in Table 1.1, of alkaline earth metal amalgams
in Table 1.2 and of rare earth metal amalgams in Table 1.3.

"Amalgam" is a general term, it makes no distinction between line phases, solid solutions
or border solubilities and was used well before knowledge on crystal structures was
present. A naturally occurring amalgam is AgsHgs (Moschellandsbergite). Together
with AgsSn it forms a substantial amount of the amalgam filling in dentistry, the rest
of which is the v phase of the Sn-Hg system.[?”! Dental amalgam was used since 1826,
its current form contains silver 40-70%, tin 12-30% and copper 12-24%. It may also
include indium 0-4%, palladium 0.5% and zinc up to 1%.126-28 Its widespread use is due
to its low toxicity, easy availability and superior mechanical properties; after combining
the educts it is kneadable and solidifies after a short time span.

AgsSn + Hg — 71 (Ag — Hg) + 72(Sn — Hg) + unreacted AgsSn

Alkali metal amalgams are intermediate products of synthesis of sodium hydroxide and
chlorine in Castner cells patented in 1894.2%1 The process involves electrolysis of a
saturated brine between a shallow stream of mercury (cathode) and an assembly of
graphite or iron anodes. During electrolysis, chlorine forms at the anodes, while sodium
is reduced at and dissolved in mercury. The amalgam is then reacten with water in a
decomposer to liberate concentrated sodium hydroxide solution.

After discovery of X-ray diffraction, the crystal structure of mercury was characterised in
1922,13% the two modifications of HgS in 1924/25.131:32 Coloradoite (HgTe)!** as the first
intermetallic mercury mineral and LiHg as the first synthetic amalgam were characterised
shortly after.?* All three Li amalgams were first examined in the 1930s,3%%! followed
by Mg amalgams in 1940s (see refs. in Table 1.2). During the 1950s, the first Na, K, Sr
and Ba amalgams were structurally characterised (see refs. in Tables 1.1 and 1.2) and
as the first rare earth metal amalgams REHg (RE = La, Ce, Pr, Nd) appeared. >l

Although reports on rare earth amalgam structures are scarce, it was already known at
that time that rare earth metals readily form amalgams. As early as 1928 it was tried
to separate the rare earth metals from one another by formation of their amalgams.®"!
Focussing on electrolytic processes from aqueous solutions of their respective acetates,
amalgams of La, Nd, Ce, Sm and Y were reported on.*¥! Subsequent studies focused
on the separation of Eu and Yb from their respective neighbours.?® 3 It was found
that the properties of the liquid or kneadable amalgams were too similar for a clean
separation of the rare earth metals and fractionated crystallisation was developed as a
superior process.
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The 1960s and 1970s were dominated by reports on structures of alkaline earth and rare
earth metal amalgams, only one new alkali metal amalgam (CsHg)*! was reported on.
There were no new reports on rare earth metal amalgams after 1979, however, during
the late 1980s reports on alkali and alkaline metal amalgams increased again, focusing
on more complex structures of amalgams with higher Hg content.

In recent years, reports on amalgams of less noble metals were scarce, but new struc-
tures are continuously reported on, again focusing on complex structures and synthesis
of mercury-rich amalgams. Amalgams with broad composition ranges are being rein-
vestigated with modern X-ray diffraction methods. Sodium amalgam, an intermediate
product in the "amalgam process", was formerly adressed as NaHg, (with x = 5-6).
Recent investigations show that the actual composition is Nay; Hggy.[440]

Alkali and alkaline earth metal amalgams show a distinct trend. The dimension of
a mercury sublattice depends on the mercury content. Amalgams with low mercury
content form isolated "mercuride ions", e.g. in a-NagHg.*"l Small Hg clusters with four
([Hg4)’~ squares)*448:49 or eight atoms ([Hgs]®~ cubes) are found in CsHg and Rbi5Hgg,
respectively.l®®! Sheets and chains of negatively polarised mercury atoms are present in
NaHg, (AlB, structure type, also the high pressure modification of KHgy)P"52 and
AyHgr (A = K, Rb).P3l Further increase of the Hg content leads to extended sublattices
of negatively polarised mercury with embedded atoms of less noble metals, e.g. AHgq;
and CSQHg27.[54’55]
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Table 1.3.: Graphical summary of the known rare earth metal amalgams. Dark grey: dystectica;
grey: peritectica; light grey: unknown thermal behaviour; white: no reports on structure.l”791 *:
Synthesized in this work; #: Structure type assigned, no reported refinement of crystallographic data;
§: Assumed from thermoanalytical measurements; [1] Also CegHgys, [2]| Also LajsHgss, full refinement.

RE= Sc Y La Ce Pr Nd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu
REHg
REHg>
REHgs;
REHg,
RE 1 Hgys
"REHgs 5"

1.3. Polar Metal-Metal Bonding

The term "polar metal" is multiply defined in literature and used in different contexts. It
describes for example electron localisation between two different metal atoms in a direct
bonding interaction. This describes a polar covalent bond between two metal atoms,
mostly within a multinuclear complex or organometallic compound. In another context,
the term is used for description of the height of the Schottky barrier within the contact of
a semiconductor and a metal. A third context originates from symmetry considerations
where polarity is a symmetry element in the sense of a polar axis.

In this work, the term "polar metal" or "polar metal-metal bonding" will be used to
describe the gradual transition of a metallic bond to an ionic bond, analogous to the
transformation from covalent to ionic bonding. This is emphasised by the van-Arkel-
Ketelaar triangle. Figure 1.2 shows the triangle first proposed by van Arkel, the three
fundamental interatomic interactions located on the vertices: Ionic (CsF), covalent (F3)
and metallic (Sn).”l  Along the edges compounds are located supposed to show the
gradual transfer from one bonding modus to another. Ketelaar extended the triangle

ionic bond
(csF)

BF,

Cha

NR
N03N
OF;
Na20
. ‘, CIF OF NF3CCi 4 BF3 BeF\ ©
. (v (k) IF, SFg PF5 SiF, Al F3 MgF,
homopolar or metallic bond
covalent bond

Figure 1.2.: Bond-type triangles as proposed by van Arkel (left) and Ketelaar (right).[92’93]
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by making use of the space inside the triangle (horizontal lines) and adding compounds
along these.[%!

Since the initial proposal of the van-Arkel-Ketelaar triangle, it was modified numerous
times with emphasis on different aspects.[®! All authors use electronegativity difference
(Ax) and average electronegativity (xay) of binary compounds as coordinate system.
However, quantification is difficult as many compounds exhibit characteristics of all
three bonding modi involved. Thus, the van-Arkel-Ketelaar triangle is a considerable
oversimplification of the "true" bonding in those materials.[” Despite its shortcomings,
the triangle is still useful to make rough estimations on the nature of compounds and of
course for teaching purposes.

Polar metals often show "bad metal" behaviour. Following the Drude model, electric
conductance o is dependent on the lifetime 7 of scattering events. Those take place
on lattice vibration (temperature dependence) and disorder, as electrons are strongly
influenced by kinks, impurities and grain boundaries. Other dependences include the
free electron concentration n, the effective electron (or hole) mass m* and elementary
charge ¢: ¢ = ng7/m* In metallic conductors, the scattering rate of electrons on
phonons increases with increasing temperature resulting in a linear dependence. Ac-
cording to Heisenberg’s uncertainty principle, a minimum lifetime limit 7,,;, implies a
minimum metallic conductance oyr which is called Mott-Ioffe-Regel limit. For metals
with conductivities lower than this limit, non-physically high scattering rates are calcu-
lated, and thus should by theory be insulating. Most metals melt before reaching this
limit, however, "bad metals" reach and can exceed this limit.1% 97l

Strong electron correlation leading to bad metal behaviour has shown to procure inter-
esting magnetic properties, unconventional superconductivity and non-classical tempera-
ture dependence of the resistance.® %! Polar metal-metal bonding unlocks potential for
new combinations of electric and magnetic properties. Describing the degree of polarity
within a metallic system calls for quantitative approaches both in theory and experi-
ment. Concepts dealing with polar metallic systems are scarce when compared with
the widespread concepts describing and quantifying ionic contributions within a polar
covalent system.
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2. Aims and Scope of this Work

The aim of this work is to investigate polar metal-metal bonding on the basis of synthesis
and characterisation of new compounds, quantification of the electron transfer from the
electropositive to the electronegative element as the ultimate goal. Mercury-rich amal-
gams of less noble metals (alkali, alkaline earth and rare earth metals) serve as model
systems for polar metallic bonding. As those compounds often decompose peritectically
at low temperatures, they are synthesised by electrocrystallisation at low temperatures.
Their structures as well as their properties are characterised on the basis of X-ray crystal-
lography, magnetic measurements, NMR investigations and band structure calculations.

The emphasis on experimental work is the development of an electrolytic approach. DMF
solvate complexes of metal iodides serve as educts and will be structurally characterised
before employment. Electrocrystallisation is expanded from Hg as cathode material
to Ga and low melting eutectics of Ga/Sn, InHg and GallnStan. The outcome of the
reactions gives insight into the reaction mechanisms. As electrolysis at high temperatures
(> 150 °C) is currently not feasible, a distillation method as a complementary approach
for higher temperatures is developed.

The products are subject to structural analysis by single-crystal and powder diffrac-
tion methods. Mercury-rich amalgams often show high structural complexity which is
rationalised and quantified by complexity measures. The role of disorder phenomena
on the complexity of the crystal structures is investigated. Band structure calculations
including Bader analysis lead to understanding of the underlying principles of chemical
bonding.

Investigations for quantification of the electron transfer are performed on Li amalgams
as model systems. A combination of synthesis, NMR Knight shift measurements and
band structure calculations in combination with electrical conduction measurements is
employed. The question if Bader charges can satisfactorily be used for the quantification
of polarity is addressed.
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3. Results

3.1. Methods

3.1.1. Synthetic Methods

The first section of the following chapter contains the procedures of the synthetic methods
used in this work: Electrocrystallisation as a pathway toward metallic compounds with
low peritectic decomposition temperatures, especially amalgams of less noble metals, dis-
tillation processes as a complementary high-temperature method and solvate syntheses of
the educts (metal iodide solvates) for electrolysis. The second part contains the analytical
methods: Single crystal and powder X-ray diffraction methods and subsequent refine-
ment of data, elemental analysis, determination of physical properties with magnetic,
electrical conductance, thermoanalytical and nuclear magnetic resonance measurements.
Quantum mechanical calculations were used to gain insight into bonding modi of the
substances in question.

Electrolysis

Electrolysis was performed in a specifi-
cally manufactured glass apparatus (see
Figure 3.1). Anode and cathode compart-
ments are separated by a glass frit and
mantled in order to provide a constant re-
action temperature with an external ther-
mostat. Filling and operation of the unit
is possible under inert gas conditions with
a Schlenk attachment. If necessary, the
product can be separated from the cath-
ode, isolated and washed with dry DMF
under inert gas with the aid of an internal
glass frit located directly under the cath-
ode.

The anode consisted of a Pt foil or a W Figure 3.1.: Electrolysis chamber suitable for
. isothermic electrocrystallisation under inert gas con-

rod sealed in a glass tube. The cathode g0 ¢

design has to be adjusted to the respec-

tive cathode material. It is important that only the cathode material itself and not

the connecting wires are in contact with the electrolyte to prevent secondary cathode

reactions. For Hg-containing cathodes (e.g. Hg, In;_Hg, with x &~ 1), an amalgamated
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copper spoon was used, for Ga containing cathodes (e.g. Galinstan, GaggSng...) a glass
spoon with a Pt wire was used (see Figure 3.2).

A solution of an Iodide M*'I,, (M = electropositive metal, x = 1-3) in

N,N-dimethyl formamide (DMF) served as electrolyte. DMF has high

polarity (1 = 3.8 D), a low melting and a high boiling temperature

(liquid range: —61 to +153 °C) and thus offers a wide operating range.

If the solubility of the salt was lower than 1 mol-17!, a deposit of the

salt was placed under the anode to resupply educt upon consumation

s, Y ) during electrolysis. lodides were preferred as they are generally highly

é NeB/ ™ soluble in DMF and show anodic formation of iodine allowing visual

VT 151 reaction observation. In contrast to bromides, chlorides and complex

g T fluoride containing anions (BF;, PFy ), the anode materials (Pt, W)
and the glass container are inert toward iodine.

A typical electrolytic synthesis can be performed as follows: The elec-
trolysis chamber is assembled and evacuated three times (pressure
< 1-1073 mbar) for 15 min and subsequently flooded with argon. In
a Schlenk tube, the respective iodide is dissolved in dry DMF and the
resulting solution degassed in high vacuum to remove residual traces of water. In an
argon stream, the electrolysis chamber is filled with the electrolyte through the anode
chamber and electrodes are installed. The thermostat is connected and the chamber is
held at the desired temperature for 30 minutes prior to electrolysis. The temperature
difference between the medium and the electrolyte normally is < 5 °C. Electrolysis is
started by applying a terminal voltage of 3—15 V for 1-72 h.

Figure 3.2.: Glass
spoon with Pt wire.

After completion, the thermostat is disconnected and the electrolysis chamber allowed to
cool /warm to room temperature. For isolation, the chamber is emptied from solvent in an
argon stream and the cathode washed with dry DMF. The product is then transferred to
an argon-filled Schlenk tube and subsequently dried from residual DMF in high vacuum.
Further manipulation is performed in an argon-filled glovebox.

Distillation Process

The synthesis of several amalgams was performed by combining high-temperature an-
nealing and subsequent distillation. Mercury (10 eq.) and RE (RE = rare earth metal)
are placed in borosilicate glass ampoules (I = 25 c¢cm) with constrictions at I = 10 and
1 = 20 cm (see Figure 3.3). The ampoule is evacuated to a pressure below 11073 mbar
and sealed. The lower part of the ampoule up to the constriction is put in a furnace in
an upright position and heated to 300 °C for 12 h while the upper part is cooled in air
to room temperature.

This allows the reaction of the educts to proceed in refluxing mercury. After cooling
to room temperature, furnace and ampoule are turned in a horizontal position and the
lower part up to the constriction is heated to 100 °C, allowing the mercury surplus to
be distilled off. The product is isolated by sealing off the mercury filled part, further
handling of the products is performed in an argon-filled glovebox.
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Figure 3.3.: Borosilicate glass ampouls used for distillation processes. Above: RE (RE = rare earth
metal) and Hg sealed under vacuum. Below: RE amalgam (product, left) and surplus Hg (right) after
the distillation operation. To isolate the product, the ampoule is separated into two parts by melting

at the constriction.

Solvate Syntheses

Figure 3.4.: Setup for synthe-
sis of DMF solvates consisting
of Schlenk flask, water separa-
tor, reflux condensor and bubble
counter.

Alkali metal iodides were used as purchased. Prior to
electrolysis a saturated solution of the respective iodide
in DMF was prepared and degassed in high-vacuum.

DMF Solvates of Euly and Scl; were prepared starting
from the trivalent oxides. Small portions of the oxides
were added to concentrated aqueous HCI at reflux con-
ditions (~ 80°C) until only minor residuals of the oxides
remained. Those were dissolved by addition of sufficient
concentrated HCI until a clear, colourless solution was ob-
tained. After cooling to room temperature, the solvent was
removed under reduced pressure until the chloride hydrates
were obtained.

DMEF solvates of all other metal iodides were prepared from
the respective chloride hydrates. The hydrates were dis-
solved in ice-cooled DMF (0 °C) until a concentrated so-
lution was obtained. A stoichiometric amount of a cooled
saturated solution of KI in DMF was added. A metathesis
reaction yielded phase-pure KCI as precipitate (solubility
< 0.1 g-Lpyy) isolated by filtration.

The remaining solution of the respective iodides in DMF
was dried in a modified Dean-Stark apparatus (see Fig-
ure 3.4). The apparatus was evacuated and subsequently
flooded with argon (3 times). A mixture of the water-
containing iodide solutions in DMF and toluene (50 ml)
was stirred and refluxed at 150 °C for 3-5 h. During this
period, the water was separated from the reaction mixture
by aceotropic distillation and the process was allowed to
continue until water separation ceased. After all water was
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separated toluene was removed. In a constant argon stream (3-5 bubbles per minute)
the reaction mixture was cooled to room temperature, the product was washed with a
small portion of ice-cold DMF and isolated by standard Schlenk technique.

3.1.2. Analytical Methods

The following sections give an overview of the analytical methods employed in this work.
Single crystal X-ray diffractometry was used to determine the crystal structures of com-
pounds, powder X-ray diffractometry was used to confirm the crystal structure models
from single crystal diffractometry and check for additional phases. Chemical composi-
tion was determined by ICP-AES chemical analysis. Potential low-temperature super-
conductivity and magnetical ordering was checked for by SQUID or AC susceptometer
measurements. To compare the products to other metals and semimetals, electrical
conductance measurements were performed. Thermoanalytical measurements were per-
formed to determine melting/decomposition temperatures or to find ideal temperatures
for tempering.

Single Crystal Diffractometry

Single crystals insensitive toward moisture or air were mounted on top of glass fibers.
Specimens sensitive toward air and moisture were handled under dry paraffin oil (dried
over potassium sand). Single crystals were isolated and transferred in Lindemann capil-
laries (inner diameter 0.1-0.3 mm, filled with dry paraffin oil), and sealed immediately.

The crystals were mounted on a one-circle Stoe IPDS1 diffraction system (Stoe IPDS,
Stoe & Cie, Darmstadt) eugipped with an image plate detector, graphite monochromator
(Ag-K, or Mo-K,, radiation) or a Bruker D8 Quest diffractometer system equipped with
a CMOS detector, microfocus X-ray tube (Mo-K,, radiation), Goebel mirror optics and
cooling system (Oxford cryo systems).

Collection, integration and correction of data was performed with device-native software
(STOE and Bruker).!»2

Structure solution and refinement Structure solution was performed with direct meth-
ods (SHELXS-97). Structure refinement was performed by the full-matrix least-squares
method implemented in SHELXL-97. Initial visualisation (Pluton), checks for additional
symmetry (Addsym & Newsym), absorption correction (AbsTompa, MulScanAbs, Ab-
sSphere; IPDS data only), standardisation of cell metrics and atomic positions (Struc-
tureTidy) were performed with the programs implemented in the PLATON package.

Powder Diffraction

X-ray powder diagrams were recorded on a transmission powder diffractometer system
(Stoe STADI-P, Stoe & Cie, Darmstadt, MoK, radiation, curved Ge|[111] monochro-
mator) to check for additional phases and Rietveld refinement. Representative portions
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of the products were ground and sealed in capillaries with inner diameter of 0.1-0.5 mm,
depending on the absorption coefficients of the samples. Some samples were diluted with
diamond powder to account for either strong absorption or high ductility.

During Rietveld refinement (Topas Academic), peak shapes were modelled with a funda-
mental parameters approach (direct convolution of source emission profiles, axial instru-
ment contributions) and a double-Voigt approach to compensate size-strain effects. A
shifted Chebychev polynomial was applied for background modelling. Careful absorption
correction was performed by assuming a cylindrical sample with a packing density of 0.5
— 0.7. If necessary, preferred orientation was corrected by spherical harmonics function
(order no higher than 4) or a March-Dollase function.

Magnetic Measurements

Magnetic measurements on polycrystalline samples were either performed with a com-
mercial SQUID magnetometer (MPMS-XL5, Quantum Design, Inc.) or a self-manufac-
tured ac susceptometer.[3]

The SQUID magnetometer operates in a temperature range from 1.8 K to 400 K with
external fields up to 50 kOe. The fully automated differential dual-coil ac susceptometer
operates in the temperature range 3.4 K — 320 K with alternating magnetic fields up to
8 Oe and frequencies between 100 Hz and 10 kHz. Sample amounts of about 20 to 50 mg
were loaded into gelatine capsules and fixed in a straw as sample holder. The output
data files were processed directly in ORIGIN.I* Data were corrected for sample holder
and core diamagnetism.

Electric Conductance Measurements

One of the following methods was applied:

Electrical resistances were measured by the van-der-Pauw method.l”! The samples were
cold-pressed into pellets () = 6 mm, thickness 1 mm) and fixed on a brass sample
carrier using the epoxy resin Stycast TM 2850FT (EMERSON & CUMING, catalyst
Tetraethylenepentamine), and copper wires (LAKESHORE, Quad-TwistT-Cryogenic
wire 36 AWG) were fixed to the surface of the sample by silver conductive paint.

Temperature-dependent measurements of the dc resistances between 10 K and 300 K
were performed with a closed-cycle He cryostat (Cold Head, CTT CRYOGENICS, Model
22 CP) connected to a temperature controller (LAKESHORE, Model 331) with a silicon
diode temperature sensor. Data logging was performed by the program LEITMESS.
Primary data evaluation and interpretation was performed with ORIGIN.14

DSC

Differential scanning calorimetry (DSC) measurements were performed to determine de-
composition/transformation temperatures of the samples (about 20 mg of material) in
O-ring sealed (Vitron Rubber W.0.22") Fe containers (Perkin Elmer Large Volume Cap-
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sules, capacity 60 pL). A nitrogen flow of 20 mL per minute was applied on a Linseis
PT 10 DSC device calibrated with pure indium and zinc standards at a heating rate of
5 °C-min~!. Evaluation of data was performed with the device’s own software. [l

Melting temperatures

Melting temperatures were either measured by DSC (see above) or estimated visually
with a Biichi melting-point B-450 device. In a glove box, the substance was put in a glass
capillary, temporarily sealed with grease, brought on air and sealed immediately. The
melting temperature was roughly determined with a heating rate of 10 °C-min~!. Then,
three measurements were performed with a heating rate of 0.1 °C-min~! in a narrow
temperature interval and the values were averaged.

Elemental Analysis (ICP-AES)

ICP-AES (Inductively coupled plasma — atomic emission spectroscopy) served as ele-
mental analysis for all elements except halogenes and Cs, C, H, N, O. Small amounts
(=~ 1 mg) were dissolved in analytical grade acid, diluted and sprayed into an argon
plasma (T = 10.000 K). Positions and intensities of spectral lines were used for quan-
tification, the error is within 5 %. Samples were measured and evaluated on a Varian
Vista RL CCD simultaneous ICP—-AES spectrometer.

Solid-State NMR

Solid-state NMR spectra of "Li and *Hg were acquired on a BRUKER AVANCE-III 500
spectrometer, with a static magnetic field of By = 11.7 T. A commercial static probe was
used for the measurements, with custom-made solenoid coils oriented perpendicular to
the magnetic field. The number of transients required for a good quality spectrum was of
the order of one hundred for “Li and several ten thousands for **"Hg, with recycle delays

between 1 and 4 s. Chemical shifts were reported relative to the secondary reference of
the 'H-NMR resonance of 1% Si(CHjz), in CDCl;.

3.1.3. Quantum-Mechanical Calculations

Quantum-mechanical calculations were performed with the program package Wien2k.!")
It uses the FP-LAPW method (Full Potential Linearized Augmented Planes Waves)
including all electrons of the system instead of omitting core electrons and using pseu-
dopotentials. All electron models are considered as standard for the numerical accuracy
of solid-state DFT and supposed to yield most reliable values for a given functional as
long as numerical accuracy is achieved, usually by means of large basis sets and dense
k-meshes.[®9 This is especially useful for calculations of heavy elements to account for
relativistic effects and f-electrons which can exhibit unusual behaviour.

Calculations were either performed on a PC (64 bit operating system (Linux Mint 16
Cinnamon) and a quad-core processor (Intel Core i5-3470 CPU @ 3.20GHz x 4) equipped
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with 32GiB RAM) or on the LRZ Linux cluster (Leibniz Supercomputing Centre, dual
socket octo-core AMD Opteron Magny Cours (2.0 GHz) processors, varying number of
cores and allocated RAM).

If not mentioned otherwise, exchange correlations were calculated with standard PBE-
GGA approximation.l'?! It was chosen because of its good results for a wide range of
elements/compounds and as it is widely used it ensues comparability with other calcula-
tions from literature.l™! Convergence criteria were charge convergence < 0.0001 eV and
charge distance < 0.00001 eV.

Total and partial density of states (tDOS and pDOS) were determined by means of the
modified tetrahedron method.[! Quantification of the topology of the electron density
was performed according to Bader’s "Atoms in molecules’ theory.['?
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3.2. Metal lodide Solvates

3.2.1. Single Crystal Structures

For electrocrystallisation it is convenient to use the metal iodide solvates as educts rather
than the respective solvate free metal iodides. Preparation of the latter is often tedious
as their syntheses require complicated devices and/or high temperatures. The respective
solvates are much easier obtained at mild reaction conditions close to room temperature.
Also, they are often obtained in one-pot reactions, further simplifing the procedure.
Principal reaction pathways are: (1) Recrystallisation of a metal iodide hydrate from
DMEF. (2) Reaction of a metal with aqueous HI in DMF. (3) Direct reaction between
a metal and iodide in DMF solvent. (4) Solution metathesis reaction between a metal
chloride and KI in DMF.

The metal iodide solvates have been characterised in detail by single crystal and powder
diffraction methods to get knowledge on the employed educts of electrocrystallisation.
Their crystal structures were elucidated and put into context with motifs of close packed
structures. The following chapter contains the unpublished results of the structural
investigations. Additional data is compiled in the supplementary material chapter A.

[Li(DMF),4]1

Pale yellow single crystals of good quality were yielded by dissolving 0.5 g portions of
Lil (acros organics, 99 %) in dry DMF (100 ml, Fischer Chemical, HPLC grade) and
subsequent degassing of the saturated solution in high vacuum. Dissolving Lil led to
temperatures as high as 80 °C with local overheating of DMF (boiling point = 154 °C)
originating from the high solvation enthalpy. The colour is probably due to minor iodine
contamination already present in the educt:

2Ll + 1/2 02 + COQ (air) — ngCOg + 12

Figure 3.5.: The crystal structure of [Li(DMF)4|I. I: magenta; Li: grey; C: black; O: red, N: blue.
Left: View of the unit cell along [010]. Right: Li is coordinated by four O atoms of DMF molecules.
Ellipsoids are drawn at a 75% probability level, H atom positions are omitted for clarity.
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The resulting anhydrous saturated solution was allowed to cool to room temperature
and within minutes pale yellow block-shaped and hygroscopic crystals formed. A suit-
able crystal was selected and centred on a STOE IPDS 1 diffraction system. For addi-
tional details on data collection and treatment see Tables 3.3, A.2 and A.3. Indexing
yielded a monoclinic cell with systematic absence conditions leading to extinction symbol
P 12;/c 1 (unique axis b), indicating space group P2;/c. Solution yielded heavy atom
positions (iodine), all other atoms were subsquently located by analysis of the difference
Fourier map during refinement. No additional symmetry was found. All atoms except H
were treated with anisotropic thermal displacement parameters, H atom positions were
refined with rigid-model constraints. Residual electron densities were in close proximity
to I and thus treated as termination effects.

[Li(DMF)4]I crystallises in space group P2;/c with four formula units in the unit cell
and one crystallographic position for both Li and I atoms, and two crystallographi-
cally independent DMF molecules (see Table 3.1). Li atoms are coordinated by oxygen
atoms of four DMF molecules. The resulting tetrahedron is distorted, angles (see Table
A.3) range from £Lo_r;—0 = 103.3(4)° to 113.7(4)°. Distances (table A.2) range from
dri_o = 1.892(9) A to 1.948(8) A (see Table A.3) in accordance with similar coordina-
tion compounds (e.g. Li(H,NCONH)).["-2!

Table 3.1.: Standardised®! fractional atomic coordinates and equivalent isotropic displacement param-
eters /A2 for [Li(DMF)4]I. Ue, is defined as 1/3 of the trace of the orthogonalized Uj; tensor. Standard
deviations in units of the last digit are given in parentheses. All atoms occupy the general position with
Wyckoff number 4e.

Atom x v z Ueq [ Atom x v z Ueq

Lil 0.8067(5) 0.1254(10) 0.1233(3) 0.077(12) HOC 0.1650 0.1950 0.1103 0.146

81 0.29887(3)  0.59299(4)  0.129986(13)  0.0901(2) 05 0.6837(3) 0.0551(6) 0.1605(2) 0.127(2)

o1 0.7744(3) 0.3414(5) 0.0788(2) 0.1125(11) | N5 0.5108(3) 0.0779(5) 0.1784(2) 0.0805(9)

N1 0.6504(3) 0.5662(5) 0.0657(2) 0.0748(9) 13 0.6146(4) 0.0649(7) 0.1935(2) 0.0902(13)

C1 0.5932(5) 0.6908(9) 0.0251(3) 0.115(2) H13A 0.6371 0.0631 0.2337 0.108

H1A 0.6136 0.6700 —0.0139 0.172 H13B 0.6229 —0.0444 0.2173 0.108

HIB  0.6111 0.8132 0.0369 0.172 Cc14 0.4684(5) 0.0956(8) 0.1182(2) 0.112(2)

H1C 0.5168 0.6724 0.0253 0.172 H14A 0.5270 0.1022 0.0938 0.167

c2 0.6372(5) 0.5857(9) 0.1266(2) 0.116(2) H14B  0.4258 0.2042 0.1133 0.167

H2A 0.6671 0.4817 0.1477 0.174 H14C 0.4241 —0.0078 0.1069 0.167

H2B  0.5616 0.5952 0.1316 0.174 C15 0.4338(5) 0.0797(10)  0.2221(3) 0.129(2)

H2C 0.6739 0.6933 0.1415 0.174 H15A 0.4704 0.0526 0.2602 0.194

c3 0.7171(4) 0.4454(7) 0.0485(2) 0.0870(13) | H15B  0.3789 —0.0098 0.2121 0.194

H3A 0.7212 0.4378 0.0081 0.104 H15C 0.4011 0.1976 0.2230 0.194

H3B  0.7664 0.5140 0.0266 0.104 o7 —0.0738(3)  0.1501(5) 0.18277(14)  0.0969(10)

03 0.1562(3) 0.0481(4) —0.06427(13)  0.0936(9) N7 0.0227(3) 0.1501(5) 0.2712(2) 0.0791(9)

N3 0.1221(3) 0.1296(5) 0.0266(2) 0.0742(9) 022 —0.0673(4)  0.1449(6) 0.2361(2) 0.0793(11)

cr 0.0625(5) 0.2898(7) 0.0079(3) 0.1056(2) H22A  —0.1316 0.1364 0.2537 0.095

H7A 0.0546 0.2955 —0.0344 0.159 H22B —0.1098 0.2469 0.2477 0.095

H7B 0.1008 0.3953 0.0234 0.159 C23 0.0238(5) 0.1417(8) 0.3343(2) 0.100(2)

H7C —0.0076 0.2858 0.0221 0.159 H23A —0.0485 0.1550 0.3450 0.150

cs 0.1646(3) 0.0231(6) —0.0113(2) 0.0798(11) | H23B  0.0682 0.2377 0.3519 0.150

H8A 0.2036 —0.0777 0.0033 0.096 H23C 0.0525 0.0266 0.3481 0.150

H8B 0.1350 —0.0969 —0.0058 0.096 C24 0.1264(4) 0.1590(10) 0.2476(3) 0.119(2)

c9 0.1355(4) 0.0905(7) 0.0892(2) 0.0973(14) | H24A  0.1608 0.0423 0.2512 0.179

H9A 0.1838 —0.0105 0.0965 0.146 H24B 0.1712 0.2476 0.2691 0.179

H9B 0.0666 0.0611 0.1024 0.146 H24C 0.1160 0.1931 0.2068 0.179
[Na(DMF)3]l

Colourless single crystals of good quality were obtained by dissolving Nal (VWR chem-
icals, 99.5 %) in dry DMF (100 ml, Fischer Chemical, HPLC grade) under inert gas
conditions until a saturated solution was obtained. The solvation enthalpy is negative
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Figure 3.6.: The crystal structure of [Na(DMF)3]I. I: magenta; Na: green; C: black; O: red, N:
blue. Left: View of the unit cell along [001]. Stacking of DMF molecules along [001] is in gauche
conformation to maximise packing density. Right: Na atoms are coordinated by six O atoms of DMF
molecules. Ellipsoids are drawn at a 75% probability level, H atom positions are omitted for clarity.

and the solution reached a temperature of ca. 50 °C. The saturated solution was allowed
to cool to room temperature. After 24 h, colorless block-shaped crystals several millime-
ters in length had formed. A suitable crystal was selected and measured on a STOE
IPDS 1 diffraction system. For additional details on data collection and treatment see
Table 3.3.

Hexagonal symmetry with extinction symbol P — — ¢ paired with absence of inversion
(Wilson statistics) led to possible space groups P63mc and P62c. Solution and initial
refinement was performed in P63mc, checks for additional symmetry with Platon!! re-
vealed the final space group P62c. All atoms except H were treated with anisotropic
thermal displacement parameters, H atom positions were refined with rigid-model con-
straints. Twin refinement was applied to account for an inversion twin with approximate
ratio of 30:70. The single crystal structure model and phase purity were confirmed by
Rietveld refinement (see Figure 3.7 and Tables 3.2 and 3.4).

& Mnsed dom Table 3.2.: Results of the Rietveld refinement
— Ditterence plot Of [Na(DMF)g]I
. Formula [Na(DMF);3]1
F Z 2
> Crystal system hexagonal
‘@ Space group P62¢
2 Lattice parameters [A, A3] a = 11.9005(4)
- 3 ¢ = 6.4999(3)
' ! ' V = 797.23(6)
I __M oplrbreiigarmpte Density (X-ray) [g/cm?] 1.65132(13)
! 1 1 ! Radiation MoK 1
0 L .20 30 40 Parameters 42
Diffraction angle 26 / deg Backeround parameters 19
Figure 3.7.: Results of a Rietveld refinement of R values R, = 0.05138
[Na(DMF);3]I. Refined parameters are compiled in Ryp = 0.06614
Tables 3.2 and 3.4. X2 = 1.412
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The crystal structure is built from singular crystallographically independent Na and
I atoms, together with three DMF molecules per asymmetric unit belonging to one
crystallographic site (see Figure 3.6.) Na is coordinated by six oxygen atoms of DMF
molecules, the resulting octahedron is slightly distorted (£o_na—o = 79.929° and 87.527°
(see Tables A.4 and A.5)). The Na-O distances (dya_o = 2.432(2) A) are equal due to
equivalent crystallographic positions and lie within the expected range.”! DMF molecules
are oriented parallel to the ab plane, each coordinating two Na atoms as bridging ligand
(see Figure 3.6) resulting in chains of face-sharing ocahedra along [001]. The I atoms are
located in voids between the DMF molecules.

Table 3.3.: Crystallographic data, details of the data collection and structure determination for
[Li(DMF)4]T and [Na(DMF)3]I.

[Li(DMF)4]T [Na(DMF);3]T
Crystal system monoclinic hexagonal
Space group P2;/c (No. 13) P62c (No. 190)
Lattice parameters [A, A3] a 12.430(7) 11.918(2)
b 7.364(2) 11.918(2)
c 22.783(11) 6.5263(9)
B 95.69(6)
\% 2075(2) 802.8(2)
Z 4 2
Density (X-ray) |g/cm?| 1.377 1.540
Diffractometer — STOE IPDS 1 —
Radiation — Mo-K, —
Measurement temperature — room temperature —
Abs. coeff. jivoke [mm™? 1.557 2.023
¥ range for refinement [°] 2.91 - 25.00 3.42 - 24.99
Index range -14 < h < 14, -14 < h, k < 14,
8 <k <8,
27 <1<27 T<I<7T
No. of observed reflections 12977 10076
No. of ind. refl. 3456 506
No. of ind. refl. with (I < 20(I)) 2340 449
Rint 0.0828 0.0606
R, 0.0561 0.0198
Corrections — Lorentz, polarisation, absorption —

Absorption correction
Structure solution

Structure refinement

No. of least-squares parameters
Goodness of fit on F?

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

res. electron density [e~-A~3]

— multiscanl®l —

— SHELXS9717 —
— SHELXLO7I"l —
208 39
0.896 1.024

0.0415 / 0.1003 0.0187 / 0.0450

0.0592 / 0.1072
0.426 / —0.376

0.0226 / 0.0457
0.245 / —0.269
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Table 3.4.: Top: Standardised® fractional atomic coordinates and equivalent isotropic displacement
parameters /A2 for [Na(DMF)3]I as yielded by single crystal X-ray diffractometry. Ueq is defined as
1/3 of the trace of the orthogonalized Uj; tensor. Standard deviations in units of the last digit are given
in parentheses. Bottom: Standardised®! fractional atomic coordinates and isotropic displacement
parameters Big, / pm? for [Na(DMF)3]I as yielded by powder X-ray diffractometry.

Atom  Wyckoff x v z Ueq Atom  Wyckoff x v z Ueq

number number
Nal 2a 0 0 0 0.0403(4) | O1 6h 0.1673(2) 0.0398(2) /4 0.0495(8)
sl 2d 2/ 1/3 s 0.059(2) c2 6h 0.2048(5)  0.3504(5) 1/ 0.072(2)
N1 6h 0.0826(4) 0.3475(3) 1/a 0.0473(9) | H2A  12i 0.1902 0.2644 0.2714  0.108
C1 6h 0.0847(5) 0.4696(4) 1/a 0.0635(13) H2B 12i 0.2585 0.4061 0.3580 0.108
H1A 121 0.0988 0.5033 0.1130 0.095 H2C 121 0.2472 0.3827 0.1206 0.108
H1B 12i 0.1533 0.5298 0.3373  0.095 C3 6h 0.2645(4)  0.0278(4) 1/a 0.042(9)
H1C 12i 0.0033 0.4568 0.2997  0.095 H3A 12i 0.3146 0.0752 0.3689  0.050
H3B 121 0.3146 0.0752 0.1311 0.050

Atom  Wyckoff x v z Biso Atom  Wyckoff x v z Biso

number number

N1 6h 0.072(2) 0.341(2) 1/a 1.9(3) | O1 6h 0.167(9) 0.044(9) 1/a 4.4(4)

c1 6h 0.075(2) 0.461(2) 1/2 4.2(6) | C2 6h 0.197(2) 0.355(2) 1/a  4.9(5)

C3 6h 0.266(2) 0.035(2) !/a 5.8(6) | I1 2d 2/3 1/3 /2 4.63(8)

Nal 2a 0 0 0 3.3(2)
[La(DMF)o]l3

LaCls-7H20 (Chem Pur, 99.9 % metal basis) was dissolved in dry DMF (100 ml, Fischer
Chemical, HPLC grade) until a saturated solution was obtained. A solution metathesis
reaction was performed by addition of a stoichiometric amount of a saturated solution
of KI in DMF, no temperature changes were observed for both processes. Subsequent
azeotropic distillation resulted in an anhydrous solution of [La(DMF)¢|I3 in DMF and
upon cooling to room temperature, pale yellow and hygroscopic crystals formed. A
suitable crystal was selected and mounted on a STOE IPDS 1 diffraction system. For
additional details on data collection and treatment see Table 3.7.

Figure 3.8.: The crystal structure of [La(DMF)g]I5. I: magenta; La: grey; C: black; O: red, N: blue.
Left: Unit cell of [La(DMF)g]I3 along [010]. Right: La atoms are coordinated by O atoms of nine DMF
molecules. Ellipsoids are drawn at a 75% probability level, H atom positions are omitted for clarity.

Indexing, absence of systematic extinction conditions and Wilson statistics indicated
triclinic crystal system including inversion symmetry leading to space group P1. Solution
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succeeded in P1 and yielded all heavy atom positions, upon refinement DMF molecules
were identified from difference Fourier maps. All atoms except H were treated with
anisotropic thermal displacement parameters, H atom positions were refined with rigid-
model constraints. No additional symmetry was found. The single crystal structure and
phase purity were confirmed by Rietveld refinement (see Figure 3.9 and Table 3.5).

[La(DMF)g|I5 crystallises in space group P1 with four formula units in the unit cell.
There are two crystallographically independent La and six I sites and nine inequivalent
DMF molecules per unit cell. La is coordinated by O atoms of nine DMF molecules
forming a distorted tricapped trigonal prism. Distances (see Table A.6) range from
dra_o = 2.33(2) A to 2.62(2) A. Other coordination compounds with La show similar
interatomic distances and also tend to form large coordination spheres with up to 9
ligands due to the large ionic radius of La®*.[8:]

Table 3.5.: Results of the Rietveld refinement

x of [La(DMF)9]13
X = Refned osa Formula [La(DMF)o]L;
— : — Difference plot
VA 4
sL Crystal system triclinic
A Space group P1
=g 3 . Latt. parameters [A], 7] a = 12.986(2)
5 £ R b = 17.199(3)
£ i ¢ = 22.083(3)
e ' e a = 91.549(9)
= 90.447(9)
B ) | | ’y = 95.107(9)
0 20 30 Density (X-ray) |g/cm3] 1.593(4)
lefractlon angle 20/ deg Unit cell volume [A3] 4909(1)

. . Radiation MoK 1
Figure 3.9.: Rietveld refinement of [La(DMF)g]T5. Parameters 118
Final refinement parameters are compiled in Table R values R, — 0.02249
3:5. Rup = 0.02890

2 =1.420

Table 3.6.: Standardised!®! fractional atomic coordinates and equivalent isotropic displacement param-
eters /A2 for [La(DMF)g]I3. U, is defined as 1/3 of the trace of the orthogonalized U tensor. Standard
deviations in units of the last digit are given in parentheses. All atoms occupy the general position with
Wyckoff number 2i.

Atom x y z Ueq Atom x y z Ueq

11 0.26035(13) 0.03525(11) 0.65935(8) 0.1047(6) H19C 0.11580 0.17730 1.14370 0.2380
12 0.23405(13)  —0.24825(12) 0.34807(8)  0.1118(6) | C193  0.061(3) 0.316(2) 1.229(2) 0.167(12)
I3 0.2406(2) —0.51250(13) 0.60619(10) 0.1391(8) H19D —0.00620 0.31500 1.21010 0.2510
14 0.2644(2) 0.47985(11) 1.15694(8) 0.1206(7) H19E 0.10750 0.35580 1.21260 0.2510
I5 0.24532(13) —0.25478(11) 0.85546(9) 0.1151(6) H19F 0.05400 0.32610 1.27200 0.2510
16 0.26547(2)  0.03027(11) 1.11928(9)  0.1145(6) | O21  0.103(2) 0.1927(13)  0.9700(11)  0.161(8)
Lal 0.25709(8)  0.21289(7) 0.41064(5)  0.0594(3) | C211  0.076(2) 0.146(2) 1.0065(12)  0.092(7)
La2 0.23770(8)  0.27459(7) 0.91204(5)  0.0615(4) | H211  0.12640 0.12290 1.02810 0.1100
O11 0.2981(2) 0.1118(11) 0.3326(8) 0.153(8) N21 —0.021(2) 0.1239(12)  1.0180(8) 0.097(6)
C111  0.31(2) 0.046(2) 0.3195(12)  0.108(8) | C212  —0.050(2) 0.063(2) 1.0600(13)  0.130(9)
H111 0.26670 0.00520 0.33060 0.1300 H21A 0.01060 0.03890 1.07190 0.1950
N11 0.396(2) 0.0288(10) 1.2906(7) 0.079(5) H21B —0.09920 0.02420 1.04090 0.1950
C112 0.475(2) 0.079(2) 1.2733(13) 0.134(10) H21C —0.08090 0.08550 1.09500 0.1950
H11A  0.48070 0.07510 1.23000 0.2010 €213 —0.108(3) 0.154(2) 0.988(2) 0.168(12)
H11B 0.53830 0.06510 1.29150 0.2010 H21D —0.12920 0.19830 1.01140 0.2520
H11C 0.46280 0.13100 1.28580 0.2010 H21E —0.16480 0.11400 0.98470 0.2520
C113 0.408(2) —0.051(2) 1.2741(12) 0.119(8) H21F —0.08770 0.17070 0.94860 0.2520
H11D 0.34200 —0.08180 1.27610 0.1780 022 0.3348(14) 0.4021(9) 0.9265(8) 0.122(6)
H11E 0.45610 —0.07170 1.30160 0.1780 C221 0.339(2) 0.461(2) 0.9624(12) 0.095(7)
H11F 0.43420 —0.05470 1.23370 0.1780 H221 0.30850 0.45420 0.99970 0.1140
012  0.1501(12)  0.0869(10) 0.4320(7) 0.106(5) | N22  0.3840(13) 0.5316(10)  0.9529(7)  0.081(5)
C121  0.151(2) 0.0343(15) 0.4662(11)  0.081(6) | C222  0.394(2) 0.597(2) 0.9955(13)  0.131(9)
Hi121 0.18780 0.04460 0.50250 0.0970 H22A 0.32740 0.61630 1.00180 0.1960
N12 0.1065(11) —0.0355(9) 0.4570(7) 0.069(5) H22B 0.44100 0.63850 0.97990 0.1960
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C122 0.112(2) 70.1004(14) 0.5010(11) 04102(7) H22C 0.42080 0.58110 1.03320 0.1960
H12A 0.18400 —0.10550 0.51090 0.1530 C223 0.431(2) 0.5493(2) 0.8962(13) 0.134(10)
H12B 0.08160 —0.14890 0.48310 0.1530 H22D 0.44310 0.50120 0.87470 0.2010
H12C 0.07610 —0.08810 0.53720 0.1530 H22E 0.49670 0.58010 0.90310 0.2010
C123 70.048(2) 0.0521(16) 0.5945(12) 0.119(9) H22F 0.38660 0.57830 0.87260 0.2010
HI12D  0.01910 0.03370 0.58920 0.1780 023 0.308(2) 0.271(2) 0.8065(8)  0.173(10)
HI12E  —0.08220 0.02640 0.62790 0.1780 C231  0.351(2) 0.245(2) 0.7623(14)  0.119(9)
HI12F —0.04070 0.10780 0.60250 0.1780 H231 0.34690 0.19060 0.75780 0.1430
013 0.3763(12)  0.1218(9) 0.4559(9) 0.117(6) | N23  0.398(2) 0.2826(10)  0.7221(10)  0.112(7)
C131  0.426(2) 0.1150(14) 0.5035(12)  0.099(7) | C232  0.446(2) 0.257(2) 0.6645(14)  0.147(11)
H131 0.38930 0.11570 0.53960 0.1180 H23A 0.51840 0.27480 0.66480 0.2210
N13 0.5225(12) 0.1073(9) 0.5067(8) 0.072(5) H23B 0.41220 0.27980 0.63120 0.2210
C132 0.426(2) —0.0889(19) 0.438(2) 0.157(12) H23C 0.43670 0.20110 0.66020 0.2210
H13A 0.42340 —0.03310 0.43630 0.2350 C233 0.409(4) 0.364(3) 0A731(2) 0.25(2)
H13B 0.35710 —0.11460 0.43640 0.2350 H23D 0.36200 0.38680 0.70440 0.3790
H13C 0.46450 —0.10670 0.40370 0.2350 H23E 0.47890 0.38430 0.72260 0.3790
C133  0.575(4) 0.118(3) 0.462(2) 0.25(2) H23F  0.39300 0.37720 0.77220 0.3790
H13D 0.55480 0.16340 0.44240 0.3750 024 0.4375(12) 0.2605(11) 0.9116(8) 0.123(6)
H13E 0.56380 0.07280 0.43530 0.3750 C241 0.509(2) 0.278(2) 0.8837(11) 0.097(7)
H13F 0.64650 0.12600 0.47380 0.3750 H241 0.50550 0.32320 0.86110 0.1160
014 0.4092(13)  0.2658(13) 0.3488(9) 0.138(7) | N24 0.5933(13) 0.2448(11)  0.8796(10)  0.099(6)
C141  0.423(2) 0.329(2) 0.3231(13)  0.110(8) | C242  0.671(3) 0.283(2) 0.847(2) 0.176(13)
H141 0.36760 0.35960 0.31940 0.1320 H24A 0.66170 0.26890 0.80550 0.2640
N14 0.4878(14) —0.3547(10) 0.6988(8) 0.084(5) H24B 0.73670 0.26760 0.86130 0.2640
C142 0.399(2) —0.318(2) 0.6891(14) 0.143(10) H24C 0.66970 0.33850 0.85370 0.2640
H14A  0.41680 —0.26930 0.67020 0.2150 C243  0.606(3) 0.173(2) 0.907(2) 0.180(14)
H14B 0.36630 —0.30900 0.72700 0.2150 H24D 0.61860 0.18280 0.95030 0.2700
H14C 0.35260 —0.35150 0.66320 0.2150 H24E 0.66470 0.15000 0.89030 0.2700
C143  0.470(2) —0.431(2) 0.7304(2) 0.162(12) | H24F  0.54490 0.13760 0.90160 0.2700
H14D  0.52680 —0.46220 0.72310 0.2420 025 0.3056(12) 0.2680(13) 1.0134(7)  0.138(7)
H14E  0.40660 —0.45970 0.71520 0.2420 C251  0.322(2) 0.2782(14)  1.0675(12)  0.093(7)
H14F 0.46360 —0.42120 0.77310 0.2420 H251 0.27660 0.30730 1.08870 0.1110
015 0.3997(13)  0.2821(9) 0.4779(9) 0.124(7) | N25 0.3965(13) 0.2534(12)  1.0989(8)  0.093(6)
C151  0.421(2) 0.344(2) 0.5092(10)  0.091(7) | C252  0.406(2) 0.263(2) 1.1622(13)  0.127(9)
H151 0.36950 0.37370 0.52320 0.1090 H25A 0.35320 0.29590 1.17660 0.1900
N15 0.521(2) 0.3668(11) 0.5220(8) 0.097(6) H25B 0.47300 0.28900 1.17260 0.1900
C152  0.610(2) 0.330(2) 0.495(2) 0.150(11) | H25C  0.39650 0.21360 1.18060 0.1900
H15A 0.58580 0.28050 0.47700 0.2260 C253 0.462(2) 0.2016(14) 1.0695(11) 0.105(7)
H15B 0.66000 0.32380 0.52630 0.2260 H25D 0.43920 0.19090 1.02850 0.1570
H15C 0.64080 0.36410 0.46510 0.2260 H25E 0.46000 0.15330 1.09060 0.1570
C153 0.539(2) 0.441(2) 0.560(2) 0.155(12) H25F 0.53250 0.22580 1.06970 0.1570
H15D 0.61260 0.45500 0.56520 0.2320 026 0.1184(13) 0.3557(11) 0.9680(8) 0.131(6)
HI15E 0.50860 0.43290 0.59930 0.2320 C261 0.078(2) 0.3823(14) 1.0105(11) 0.094(7)
H15F 0.50810 0.48250 0.54100 0.2320 H261 0.12200 0.39730 1.04300 0.1120
016 0.1967(14)  0.2246(12) 0.5138(7) 0.133(7) | N26 —0.0182(14)  0.3941(11) 1.0192(9)  0.091(5)
C161  0.183(2) 0.2228(12) 0.5673(11)  0.080(6) | C262  0.056(3) —0.429(2)  0.929(2) 0.201(2)
H161 0.22970 0.19480 0.58860 0.0960 H26A 0.11760 —0.39940 0.91690 0.3010
N16 0.1148(12)  —0.7456(9) 0.5994(7) 0.070(4) | H26B  0.00420 —0.43170  0.89790 0.3010
C162 —0.111(2) —0.253(2) 0.3360(11) 0.105(7) H26C 0.07120 —0.48160 0.93840 0.3010
H16A —0.11490 —0.2030 0.32340 0.1570 C263 7()‘086(3) 0‘378(2) 0975(2) 0A159(12)
H16B —0.16980 —0.28590 0.31920 0.1570 H26D —0.05160 0.35700 0.94070 0.2390
H16C —0.04830 —0.27230 0.32220 0.1570 H26E —0.11550 0.42490 0.96450 0.2390
C163 0.041(2) 70.6992(14) 0.5720(11) 04107(8) H26F —0.13960 0.33980 0.98810 0.2390
H16D 0.03880 —0.71000 0.52920 0.1600 027 0.276(2) 0.1321(9) 0.9013(9) 0.132(7)
H16E 0.06230 —0.64450 0.57990 0.1600 C271 0.307(2) 0.0812(14) 0.9318(10) 0.078(6)
H16F —0.02610 —0.71220 0.58870 0.1600 H271 0.30460 0.08790 0.97360 0.0940
017 0.247(2) 0.3477(10) 0.4077(6) 0.124(7) | N27 0.343(2) 0.0202(12)  0.9108(9)  0.104(7)
C171  0.193(2) 0.402(2) 0.4322(14)  0.119(9) | C272  0.379(2) —0.039(2)  0.9487(13)  0.133(10)
H171 0.16970 0.39390 0.47130 0.1430 H27A 0.44970 —0.04660 0.93900 0.2000
N17 0.1662(14) —0.5272(10) 0.4065(9) 0.095(6) H27B 0.33630 —0.08750 0.94190 0.2000
C172  0.116(2) —0.470(2) 0.4343(14)  0.146(11) | H27C  0.37510 —0.02230  0.99040 0.2000
HI7A  0.04490 —0.47400 0.42020 0.2190 C273  0.347(3) 0.015(3) 0.851(2) 0.209(2)
H17B 0.14920 —0.41950 0.42510 0.2190 H27D 0.33610 —0.03870 0.83720 0.3140
H17C 0.11700 —0.47630 0.47720 0.2190 H27E 0.41380 0.03740 0.83770 0.3140
C173 0.202(3) —0.510(3) 0.337(2) 0 21(2) H27F 0.29390 0.04410 0.83390 0.3140
H17D  0.14310 —0.52150 0.31080 0.3240 028 0.163(2) 0.371(2) 0.8483(12)  0.201(2)
HI17E 0.25550 —0.54240 0.32650 0.3240 C281 0128(4) 0‘396(3) 0825(2) 0161(2)
H17F 0.22710 —0.45560 0.33490 0.3240 N28 0.085(2) 0.448(2) 0.7857(10) 0.170(14)
018 0.0644(11)  0.2336(11) 0.4126(8) 0.117(6) | C282  —0.005(3) 0.427(2) 0.755(2) 0.211(2)
C181 70.011(2) 0.2074(16) 0.3823(12) 0.112(8) H28A 0.01140 0.40820 0.71490 0.3170
H181 —0.00290 0.15960 0.36240 0.1350 H28B —0.04400 0.47170 0.75190 0.3170
N18 70.0932(2) 0.232(2) 0.373(2) 0.161(12) H28C —0.04430 0.38630 0.77560 0.3170
C182  —0.181(3) 0.201(2) 0.331(2) 0.174(13) | C283  0.169(4) 0.513(3) 0.789(2) 0.26(2)
H18A —0.23120 0.16780 0.35350 0.2620 H28D 0.14880 0.55620 0.76690 0.3920
H18B —0.15450 0.17040 0.29890 0.2620 H28E 0.23070 0.49460 0.77180 0.3920
H18C —0.21430 0.24360 0.31550 0.2620 H28F 0.18200 0.52890 0.83050 0.3920
C183  —0.117(4) 0.298(4) 0.390(3) 0.42(5) 029  0.101(2) 0.2064(14)  0.8418(11)  0.175(11)
H18D —0.15120 0.31870 0.36060 0.6350 C291 0.085(3) 0.146(3) 0.8169(14) 0.19(2)
HI18E —0.05970 0.32850 0.39960 0.6350 H291 0.14180 0.11710 0.81020 0.2330
H18F  —0.15750 0.29310 0.42260 0.6350 N29 0.010(2) —0.111(2)  0.2040(9)  0.117(8)
019 0.1911(2) 0.2455(11) 0.3074(8) 0.136(7) | C292  0.897(3) 0.153(3) 0.802(2) 0.23(2)
C191  0.163(3) 0.221(2) 1.256(2) 0.152(12) | H29A  0.90970 0.20390 0.78440 0.3430
H191 0.19700 0.17820 1.24320 0.1820 H29B 0.87980 0.15920 0.84340 0.3430
N19 0.099(2) 0.2414(13) 1.2198(9) 0.108(7) H29C 0.84030 0.12370 0.78030 0.3430
C192  0.079(2) 0.221(2) 1.155(2) 0.158(12) | C293  0.022(4) —0.041(3)  0.233(2) 0.28(3)
H19A 0.10040 0.26530 1.13180 0.2380 H29D —0.03860 —0.01360 0.22790 0.4140
H19B 0.00540 0.20740 1.14990 0.2380 H29E 0.08180 —0.01060 0.21880 0.4140

H29F 0.03130 —0.04900 0.27620 0.4140
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[RE(DMF)g]l; with RE = Sm, Gd, Er, Yb

The compounds [RE(DMFs)|I3 (RE = Sm, Gd, Er, Yb) crystallise strictly isotypically.
Synthesis and data collection is given for each compound individually, their crystal struc-
tures are discussed in the following paragraph. For additional details on data collection
and treatment see Table 3.7.

Figure 3.10.: The crystal structure of [Er(DMFg)]I;. I. magenta; Er: grey; C: black; O: red, N:
blue. Left: Unit cell of [Er(DMFg)]I5 along [001]. Right: Er is coordinated by O atoms of eight DMF
molecules forming a distorted cubic antiprism. Ellipsoids are displayed with 50% probability level, H
atom positions are omitted for clarity.

[Sm(DMFg)]I3: Smlz - xH,O (x = 6-7, Chem Pur, 99.9 % metal basis) was dissolved
in anhydrous DMF (100 ml, Fischer Chemical, HPLC grade) until a saturated solution
was obtained. A stoichiometric amount of a saturated solution of KI in DMF was added
to perform a metathesis reaction. Subsequent azeotropic distillation resulted in an anhy-
drous solution of [Sm(DMFg)|I3 in DMF. Pale yellow crystals formed upon cooling of the
solution, the crystals were very soft and hygroscopic. A suitable crystal was selected and
mounted on a STOE IPDS 1 diffraction system. Indexing, systematic absence conditions
and Wilson statistics indicated monoclinic crystal system with extinction symbol C — ¢ —
with inversion symmetry leading to space group C2/c (unique axis b). Solution yielded
all heavy atom positions, refinement together with difference Fourier analysis yielded all
DMF molecules. All atoms except H were treated with anisotropic thermal displacement
parameters, H atom positions were refined with rigid-model constraints. No additional
symmetry was found.

[Gd(DMFsg)|Is:  The synthesis was analogous to that of [Sm(DMF)s|I; with the educt
GdCl3 - xH50 (x = 6-7, Chem Pur, 99.9 % metal basis). Soft, pale yellow and hygro-
scopic crystals formed upon cooling of the solution. A suitable crystal was selected and
mounted on a STOE IPDS 1 diffraction system. Indexing, systematic absences and Wil-
son statistics indicated monoclinic crystal system with extinction symbol C' — ¢ — with
inversion symmetry leading to space group C2/c¢ (unique axis b). Solution yielded all
heavy atom positions, refinement together with difference Fourier analysis yielded DMF
molecules. All atoms except H were treated with anisotropic thermal displacement pa-
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rameters, H atom positions were refined with rigid-model constraints. No additional
symmetry was found.

[Er(DMF5s)]|Is:  The synthesis was analogous to that of [Sm(DMF)g|I3 with the educt
ErCl; - xH50 (x = 6-7, Chem Pur, 99.9 % metal basis). Soft, pale magenta and moisture-
sensitive crystals formed upon cooling of the solution. A suitable crystal was selected
and mounted on a STOE IPDS 1 diffraction system. Indexing, systematic absences and
Wilson statistics indicated monoclinic crystal system with extinction symbol C — ¢ —
with inversion symmetry leading to space group C2/c¢ (unique axis b). Solution yielded
all heavy atom positions, refinement together with difference Fourier analysis yielded all
DMF molecules. All atoms except H were treated with anisotropic thermal displacement
parameters, H atom positions were refined with rigid-model constraints. No additional
symmetry was found. Residual electron density (< 0.75 e~ ) was found in close proximity
to Er and was thus treated as termination effect.

[Yb(DMFg)]Is: The synthesis was analogous to that of [Sm(DMF)g|I; with the educt
YbCl3 - xHs0 (x = 6-7, Chem Pur, 99.9 % metal basis). Soft, pale yellow and moisture
sensitive crystals formed upon cooling of the solution. A suitable crystal was selected
and mounted on a STOE IPDS 1 diffraction system. Upon examination of the reciprocal
space it was revealed that two arbitrarily intergrown crystals were present and subse-
quently data was integrated separately for each individual. While essentially similar,
only data of the first individuum are discussed here. Indexing, systematic absences and
Wilson statistics indicated monoclinic crystal system with extinction symbol C — ¢ — with
inversion symmetry leading to space group C2/c (unique axis b). Only few systematic
absence violations were observed and can be explained by diffraction contribution of the
second individuum. Solution yielded all heavy atom positions, refinement together with
difference Fourier analysis yielded DMF molecules. All atoms except H were treated
with anisotropic thermal displacement parameters, H atom positions were refined with
rigid-model constraints. No additional symmetry was found.

Crystal structures of [RE(DMF)s]l; with RE = Sm, Gd, Er, Yb The crystal structures
of [RE(DMFy)|I3 (RE = Sm, Gd, Er, Yb) are isotypical in space group C2/c with four
formula units per unit cell. There is one crystallographically independent RE site (4e),
two I sites (4e, 8f) and four independent DMF molecules (all atoms on 8f). RE is
coordinated by the carbonyl oxygen atoms of eight DMF molecules forming a distorted
square antiprism. The angle between the triangular planes of the "square" is approx.
12°, the rotation of the squares with respect to each other is 38.03(6) to 39.94(7)°.

[SC(DMF)G](|3)3

[Sc(DMF)g](I3)s was synthesised by dissolving ScoOz (smart elements 99.99 % metal
basis) in fuming HCl (VWR chemicals) under reflux conditions followed by metathesis
reaction with a saturated solution of KI (Sigma aldrich, 99 %) in DMF and subequent
azeotropic distillation (see chapter 3.1.1). During the last step the atmosphere was
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contaminated with oxygen leading to partial oxydation of the I~ ions to I, resulting in
the formation of I3 ions.

Figure 3.11.: The crystal structure of [Sc(DMF)g|(I3)s. I: magenta; Sc: grey; C: black; O: red, N:
blue, red bonds: I ions. Left: Unit cell of [Sc(DMF)g](I3)s along [010]. Right: Sc is coordinated by
the oxygen atoms of six DMF molecules forming a distorted octahedron. Ellipsoids are drawn with 75%
probability level. H atom positions are omitted for clarity.

Upon storing the resulting deep red solution at room temperature for several months,
crimson, platelike crystals sensitive toward moisture formed. A suitable crystal was
selected and centred on a STOE IPDS diffraction system. For additional details on data
collection and treatment see Table 3.8.

Indexing, systematic absence conditions and Wilson statistics indicated monoclinic crys-
tal system with extinction symbol P — 2y /¢ — with inversion symmetry leading to space
group P2;/c. 5 systematic absence violations can be attributed to weak reflections orig-
inating from minor impurities on the crystal surface. Solution yielded all heavy atoms
(Se, 1) including six O atoms surrounding Sc and erraneously assigned Fourier peaks in
close proximity to I. From difference Fourier analysis, DMF molecules were found and
assigned, no H atom positions were refined due to the poor data-to-parameter ratio. Sc,
I, and O atoms were treated with anisotropic thermal displacement parameters, other
atoms of the DMF molecules were treated with isotropic thermal displacement parame-
ters. Absorption correction was performed with ABSTompa (Platon, 7 indexed crystal
faces) to account for the highly anisotropic crystal shape.

The crystal structure consists of one crystallographically independent [Sc(DMF)g]>*
ion and three Iy ions. All atoms occupy the general position 4e. The [ScOg] octa-
hedron is slightly distorted with maximum distortions of ALg_o_0 < £ 2° and
dse_o = 2.025(13) A to 2.097(11) A (see Table A.11).

The I3 ions deviate slightly from linearity with angles from £;_j_; = 177° to 179° and
distances from di_; = 2.896(3) to 2.948(3) A, closest interionic distances range from
di_; = 3.912(3) to 3.967(3) A (see Table A.10).
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Table 3.9.: Standardised!®! fractional atomic coordinates and equivalent isotropic displacement param-
eters /AQ for [Sm(DMF)g]I5, [Gd(DMF)g]I3, [Erx(DMF)s]Is and [Yb(DMF)s]ls. U is defined as 1/3 of
the trace of the orthogonalized Uj; tensor. Standard deviations in units of the last digit are given in
parentheses. All atoms occupy the general position with Wyckoff number 8f, only Sm, Gd, Er, Yb and
their respective 12 positions occupy the site with Wyckoff number 4e.

Atom  x v z Ueq Atom  x v z Ueq

Smi__ 0 0.25060(5) Y 0.0516(3) T6 0.2263(2) 0.1374(3) __1.0208(4) _ 0.0652(12)

Gdl 0 0.250487(13)  3/a 0.02865(5) 0.2261(4) 0.1374(7)  1.0198(9)  0.069(3)

Erl 0 0.250331(11) 3/a 0.02782(9) H6A 0.2247 0.0857 1.0544 0.129

Ybl 0 0.25034(3) 3/a 0.0306(2) 0.2352 0.1187 0.9520 0.099

11 0.24497(6) 0.08467(7) 0.69865(10)  0.0910(4) 0.2260 0.0918 1.0727 0.098
0.24513(2) 0.08510(2) 0.69806(3) 0.06759(9) 0.2325 0.1166 0.9466 0.104
0.245253(14) 0.08586(2) 0.69670(3) 0.06455(12) | H6B 0.2567 0.1711 1.0724 0.129
0.24545(3) 0.08618(5) 0.69616(6) 0.0671(2) 0.2260 0.0931 1.0758 0.099

12 0 0.23718(8) 1/a 0.0801(5) 0.2579 0.1752 1.0522 0.098
0 0.23659(2) 1/a 0.05834(10) 0.2267 0.0925 1.0730 0.104
0 0.23684(2) 1/4 0.05604(12) H6C 0.2396 0.1341 0.9482 0.129
0 0.23709(6) 1/4 0.0587(3) 0.2582 0.1754 1.0569 0.099

o1 0.0327(5) 0.1329(5) 0.6574(8) 0.081(3) 0.2333 0.1175 0.9476 0.098
0.03397(14) 0.1332(2) 0.6601(2) 0.0599(7) 0.2578 0.1758 1.0492 0.104
0.03463(13) 0.1341(2) 0.6647(3) 0.0522(7) cr —0.2281(7)  0.3561(11) 0.867(2) 0.091(5)
0.0353(3) 0.1351(3) 0.6667(5) 0.055(2) —0.2278(2)  0.3553(3) 0.8653(4)  0.0676(11)

02 —0.0385(5) 0.3682(5) 0.6349(8) 0.082(3) —0.2273(2)  0.3564(3)  0.8627(4)  0.0649(12)
—0.03883(13)  0.3669(2) 0.6410(2) 0.0507(7) —0.2269(4)  0.3552(7)  0.8605(9)  0.069(3)
—0.03908(13)  0.3682(2) 0.6374(2) 0.0557(6) H7A  —0.2294 0.3942 0.8044 0.137
—0.0386(3) 0.3663(3) 0.6423(4) 0.052(2) —0.2285 0.3931 0.8031 0.101

c1 —0.0408(6) 0.3830(7) 0.5323(12)  0.065(4) —0.2283 0.3930 0.7983 0.097
—0.0412(2) 0.3815(2) 0.5331(3) 0.0486(7) —0.2307 0.3809 0.7862 0.104
—0.0412(2) 0.3797(2) 0.5367(4) 0.0450(9) H7B —0.2382 0.3841 0.9325 0.137
—0.0413(4) 0.3804(5) 0.5378(7) 0.047(2) —0.2391 0.3830 0.9301 0.101

H1A —0.0523 0.3320 0.4920 0.078 —0.2377 0.3863 0.9267 0.097
—0.0540 0.3310 0.4939 0.058 —0.2344 0.3954 0.9163 0.104
—0.0553 0.3288 0.4976 0.054 H7C —0.2561 0.3126 0.8441 0.137
—0.0552 0.3296 0.4982 0.057 —0.2557 0.3119 0.8419 0.101

H1B —0.0002 0.3938 0.5228 0.078 —0.2558 0.3124 0.8417 0.097
—0.0001 0.3905 0.5220 0.058 —0.2560 0.3113 0.8570 0.104
0.0003 0.3872 0.5255 0.054 C8 —0.1535(8) 0.2802(9) 1.007(2) 0.093(5)
0.0003 0.3884 0.5269 0.057 —0.1531(2) 0.2790(3) 1.0048(4) 0.0614(11)

2 0.0498(6) 0.1181(7) 0.5666(13)  0.069(4) —0.1534(2)  0.2789(3)  1.0069(4)  0.0651(11)
0.0489(2) 0.1194(2) 0.5655(3) 0.0450(7) —0.1528(5)  0.2791(7)  1.0035(8)  0.065(3)
0.0488(2) 0.1204(2) 0.5692(3) 0.0426(8) HSA  —0.1663 0.2240 0.9985 0.139
0.0481(4) 0.1202(5) 0.5696(7) 0.043(2) —0.1108 0.2777 1.0315 0.098

H2A 0.0810 0.1576 0.5615 0.083 —0.1689 0.2239 0.9959 0.092
0.0783 0.1606 0.5547 0.054 —0.1100 0.2825 1.0334 0.097
0.0783 0.1619 0.5583 0.051 H8B —0.1739 0.3072 1.0611 0.139
0.0772 0.1619 0.5559 0.052 —0.1685 0.2241 0.9981 0.098

H2B 0.0169 0.1320 0.5058 0.083 —0.1715 0.3079 1.0610 0.092
0.0138 0.1295 0.5080 0.054 —0.1645 0.2222 0.9924 0.097
0.0129 0.1312 0.5119 0.051 H8C —0.1114 0.2820 1.0351 0.139
0.0113 0.1298 0.5136 0.052 —0.1720 0.3068 1.0632 0.098

N1 0.0695(5) 0.0483(6) 0.5384(9) 0.061(3) —0.1101 0.2769 1.0302 0.092
0.07113(14) 0.0487(2) 0.5397(2) 0.0443(6) —0.1751 0.3039 1.0571 0.097
0.07035(14) 0.0495(2) 0.5420(3) 0.0426(7) C9 0.1533(8) 0.2208(10)  1.109(2) 0.092(5)
0.0699(3) 0.0490(4) 0.5438(5) 0.047(2) 0.1528(2) 0.2205(3) 1.1076(4)  0.0685(11)

N2 —0.0730(6) 0.4399(6) 0.4746(10)  0.073(3) 0.1518(2) 0.2205(3)  1.1070(4)  0.0657(12)
—0.0733(2) 0.4397(2) 0.4761(3) 0.0524(7) 0.1512(5) 0.2202(7)  1.1065(8)  0.070(3)
—0.0726(2) 0.4391(2) 0.4797(3) 0.0504(8) H9A  0.1204 0.2570 1.0834 0.138
—0.0727(3) 0.4389(4) 0.4808(6) 0.052(2) 0.1121 0.2396 1.0897 0.103

03 —0.0777(5) 0.2958(6) 0.8474(9) 0.081(3) 0.1106 0.2390 1.0893 0.098
—0.07711(12)  0.2938(2) 0.8488(2) 0.0558(6) 0.1079 0.2277 1.0950 0.105
—0.07580(12)  0.2923(2) 0.8474(2) 0.0510(6) H9B  0.1865 0.2518 1.1481 0.138
—0.0752(3) 0.2918(4) 0.8473(5) 0.0487(14) 0.1791 0.2658 1.1288 0.103

C3 0.0798(8) —0.0180(8) 0.6197(13) 0.083(5) 0.1780 0.2670 1.1278 0.098
0.0802(2) —0.0184(3) 0.6213(4) 0.0613(10) 0.1710 0.2729 1.1166 0.105
0.0802(2) —0.0177(2) 0.6236(4) 0.0573(11) H9C 0.1420 0.1802 1.1595 0.138
0.0795(5) —0.0171(6) 0.6257(8) 0.058(2) 0.1562 0.1825 1.1703 0.103

H3A 0.1205 —0.0170 0.6582 0.124 0.1563 0.1822 1.1701 0.098
0.1219 —0.0218 0.6543 0.092 0.1641 0.1870 1.1739 0.105
0.1223 —0.0204 0.6573 0.086 c10 —0.1124(11)  0.4923(12)  0.528(2) 0.124(7)
0.1222 —0.0231 0.6546 0.088 —0.1115(4) 0.4914(4) 0.5311(6) 0.126(4)

H3B 0.0717 —0.0693 0.5800 0.124 —0.1096(4) 0.4934(4) 0.5362(6) 0.113(3)
0.0678 —0.0685 0.5825 0.092 —0.1089(7) 0.4944(9) 0.5387(11) 0.109(5)
0.0681 —0.0686 0.5846 0.086 HI10A —0.1280 0.4617 0.5851 0.186
0.0638 —0.0674 0.5890 0.088 —0.1506 0.4942 0.4847 0.189

H3C 0.0541 —0.0120 0.6753 0.124 —0.1174 0.4678 0.6056 0.170
0.0568 —0.0091 0.6810 0.092 —0.1510 0.4901 0.5032 0.164
0.0567 —0.0087 0.6831 0.086 H10B —0.1445 0.5111 0.4699 0.186
0.0587 —0.0051 0.6885 0.088 —0.0944 0.5451 0.5403 0.189

04 0.0834(5) 0.2101(6) 0.8903(9) 0.086(3) —0.1472 0.5037 0.4855 0.170
0.08252(13) 0.2105(2) 0.8912(3) 0.0644(8) —0.0952 0.5501 0.5324 0.164
0.08027(12) 0.2110(2) 0.8911(3) 0.0573(7) H10C  —0.0904 0.5386 0.5632 0.186
0.0789(3) 0.2123(4) 0.8900(5) 0.054(2) —0.1148 0.4694 0.6051 0.189

Cc4 —0.1281(7) 0.3242(8) 0.8255(12)  0.068(4) —0.0886 0.5446 0.5549 0.170
—0.1285(2) 0.3243(2) 0.8263(3) 0.0436(7) —0.1044 0.4794 0.6186 0.164
—0.1275(2) 0.3237(2) 0.8254(3) 0.0414(8) c11 0.0933(9) 0.0368(9)  0.4304(14)  0.098(6)
—0.1268(4) 0.3225(5) 0.8249(6) 0.043(2) 0.0914(3) 0.0369(3)  0.4313(4) 0.0699(12)

H4A  —0.1473 0.2982 0.7547 0.082 0.0902(2) 0.0375(3)  0.4334(4)  0.0647(12)
—0.1479 0.2992 0.7554 0.052 0.0893(5) 0.0376(7) 0.4331(8) 0.066(3)
—0.1475 0.2989 0.7538 0.050 HI11A 0.0792 0.0801 0.3775 0.146
—0.1468 0.2964 0.7541 0.051 0.0821 0.0844 0.3843 0.105
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H4B  —0.1237 0.3818 0.8076 0.082 0.0804 0.0854 0.3858 0.097
—0.1231 0.3814 0.8094 0.052 0.0757 0.0834 0.3836 0.099
—0.1217 0.3815 0.8087 0.050 HI11B  0.0802 —0.0151 0.3966 0.146
—0.1210 0.3798 0.8061 0.051 0.0716 —0.0097 0.3930 0.105

c5 0.1348(7) 0.1774(7) 0.9085(13)  0.067(4) 0.0704 —0.0100 0.3952 0.097
0.1331(2) 0.1787(2) 0.9076(3) 0.0463(7) 0.0721 —0.0125 0.3980 0.099
0.1312(2) 0.1787(2) 0.9060(3) 0.0438(9) H11C  0.1360 0.0379 0.4473 0.146
0.1301(4) 0.1794(5) 0.9053(7) 0.046(2) 0.1340 0.0281 0.4446 0.105

H5A  0.1565 0.2013 0.8531 0.080 0.1332 0.0290 0.4468 0.097
0.1551 0.2031 0.8524 0.056 0.1329 0.0344 0.4449 0.099
0.1528 0.2038 0.8504 0.053 c12 —0.0754(8)  0.4548(10)  0.3534(13)  0.089(5)
0.1521 0.2048 0.8506 0.055 —0.0738(2)  0.4522(3)  0.3531(4)  0.0674(11)

H5B  0.1291 0.1198 0.8885 0.080 —0.0737(2)  0.4516(3)  0.3566(4)  0.0657(12)
0.1274 0.1218 0.8864 0.056 —0.0737(5)  0.4513(7)  0.3578(8)  0.066(3)
0.1252 0.1212 0.8840 0.053 HI2A  —0.0502 0.4162 0.3237 0.133
0.1237 0.1222 0.8821 0.055 —0.0501 0.4107 0.3248 0.101

N3 —0.1669(5) 0.3211(6) 0.8977(9) 0.060(3) —0.0499 0.4097 0.3283 0.099
—0.16723(12)  0.3217(2) 0.8970(2) 0.0424(6) —0.0502 0.4089 0.3294 0.098
—0.16657(13)  0.3219(2) 0.8949(3) 0.0398(7) HI12B  —0.0619 0.5096 0.3425 0.133
—0.1663(3) 0.3223(4) 0.8937(5) 0.041(2) —0.0573 0.5048 0.3412 0.101

N4 0.1702(5) 0.1800(7) 1.0082(10)  0.068(3) —0.0573 0.5049 0.3445 0.099
0.16923(13) 0.1801(2) 1.0074(3) 0.0463(6) —0.0566 0.5043 0.3458 0.098
0.16808(13) 0.1797(2) 1.0056(3) 0.0437(7) H12C —0.1156 0.4486 0.3134 0.133
0.1675(3) 0.1787(4) 1.0054(5) 0.045(2) —0.1143 0.4493 0.3129 0.101

c6 0.2277(7) 0.1392(11) 1.0220(13)  0.086(4) —0.1147 0.4485 0.3162 0.099
0.2271(2) 0.1382(3) 1.0245(4) 0.0660(11) —0.1149 0.4490 0.3171 0.098

Table 3.10.: Standardised®! fractional atomic coordinates and equivalent isotropic displacement pa-
rameters /A2 for [Sc(DMF)g)(I3)3. Ueq is defined as 1/3 of the trace of the orthogonalized Uj; tensor.
Standard deviations in units of the last digit are given in parentheses. All atoms occupy the general
position with Wyckoff number 4e.

Atom X v z Ueq [ Atom X v z Ueq
Scl 0.24733(14) _ 0.0021(2) 0.2487(2) 0.0686(9) Cc21 0.2589(10)  0.3426(16)  0.3356(12)  0.118(7)
n 0.01549(7) 0.36386(12)  0.25449(9) 0.1188(5) 22 0.3477(11)  0.3852(19)  0.2512(14)  0.149(9)
12 0.08586(7) 0.79532(11)  0.05250(9) 0.1186(6) 23 0.3030(9) 0.2179(16)  0.2480(11)  0.089(6)
13 0.11964(6) 0.35278(9) 0.15071(7) 0.0901(4) N2 0.2994(7) 0.3156(12)  0.2806(8) 0.093(4)
14 0.22498(7) 0.33832(12)  0.05195(9) 0.1212(5) 06 0.3077(6) 0.0046(10)  0.1626(7) 0.103(4)
15 0.39475(11)  0.2290(2) 0.4970(2) 0.2251(12) | C61 0.5505(13)  0.438(2) 0.435(2) 0.166(10)
16 0.46083(7) 0.17373(12)  0.36089(10)  0.1314(6) 62 0.3510(14)  0.004(2) 0.119(2) 0.138(9)
7 0.5336(2) 0.1208(2) 0.22791(14)  0.2374(13) | C63 0.601(2) 0.351(4) 0.324(3) 0.29(2)
18 0.68136(8) 0.14308(13)  0.10106(10)  0.1370(6) N6 0.6033(10)  0.442(2) 0.3840(12)  0.141(7)
19 0.79627(7) 0.17595(10)  0.02389(8) 0.1026(5) 05 0.6821(5) 0.4623(8) 0.1636(7) 0.086(3)
04 0.1743(5) 0.0448(8) 0.1661(7) 0.083(3) C51 0.5755(10)  0.390(2) 0.0803(11)  0.112(7)
Cc41 0.0542(8) 0.0846(12) 0.1017(10) 0.083(5) C52 0.3661(12)  0.573(2) 0.042(2) 0.161(9)
C42 0.1052(10) 0.397(2) 0.4736(13) 0.125(7) C53 0.6844(10)  0.460(2) 0.0891(14)  0.105(7)
C43 0.1692(8) 0.0652(13) 0.0929(11) 0.080(5) N5 0.6298(8) 0.4273(12) 0.0474(10) 0.109(5)
N4 0.1088(7) 0.0826(10) 0.0615(8) 0.084(4) o1 0.7740(5) 0.3493(8) 0.2710(6) 0.083(3)
03 0.1835(5) 0.0047(9) 0.3325(6) 0.087(3) C11 0.1301(9) 0.633(2) 0.2560(11) 0.113(7)
C31 0.0378(10) 0.107(2) 0.4065(13) 0.130(8) C12 0.2295(10) 0.651(2) 0.1831(12) 0.119(7)
C32 0.8982(10) 0.443(2) 0.0590(13) 0.132(8) C13 0.1845(9) 0.793(2) 0.2499(11)  0.090(6)
33 0.1362(10) 0.056(2) 0.3427(12) 0.092(6) N1 0.1809(7) 0.6938(12)  0.2304(9) 0.097(5)
N3 0.0956(6) 0.0414(10) 0.3923(8) 0.079(4) c21 0.2589(10)  0.343(2) 0.3356(12)  0.118(7)
02 0.2642(5) 0.1546(9) 0.2739(7) 0.094(3)

[Zl’l(DM F)z |2]

[Zn(DMF),l5] was synthesised by direct reaction of Zn powder (Ventron) with I (acros
organics, 99.5 %) in anhydrous DMF (Fischer Chemicals, HPLC grade). Zn powder
was placed in a Schlenk flask and subsequently washed with diluted HCI (0.01 M) and
degassed water (3 times). The slurry was dried in high vacuum. A solution of 0.9 eq. Iy
in DMF (1 mol -17') was added and the mixture was stirred until all Iy was consumed

by Zn. The supernatant was decanted and collected, the remaining Zn residue was
discarded.

The slightly yellow solution of Znly in DMF was concentrated in high vacuum at room
temperature until crystallisation started. Subsequent cooling of the solution yielded
large, block-shaped colourless crystals sensitive toward moisture. A suitable crystal was
selected and centred on a STOE IPDS 1 diffraction system. For additional details on
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data collection and treatment see Table 3.8. Indexing, systematic extinction conditions
and Wilson statistics indicated monoclinic crystal system including inversion symmetry,
unambiguously leading to space group C2/c. Solution succeeded in C2/c and yielded
all heavy atom positions (Zn, I) and the basic skeleton of DMF molecules. During
refinement, atom types were assigned and hydrogen atoms were refined with rigid-model
constraints. All atoms except H were treated with anisotropic thermal displacement
parameters. No additional symmetry was found.

Figure 3.12.: The crystal structure of [Zn(DMF),I5]. I: magenta; Zn: grey; C: black; O: red, N: blue.
Left: Unit cell of [Zn(DMF),I5] along [010]. Right: Zn is coordinated by the oxygen atoms of two DMF
molecules and two I~ ions, forming a distorted tetrahedron. Ellipsoids are drawn at a 75% probability
level, H atom positions are omitted for clarity.

The crystal structure is composed of individual [Zn(DMF)yI5] molecules as shown in
Figure 3.12 (right). There are eight formula units in the unit cell, each atom occupies the
general position 8f. Zn?* is coordinated tetrahedrally with a small distortion attributed
to the higher spatial demand of 1™ in contrast to DMF. This leads to an enlarged angle
L1_zn—1 = 122.10(3)° and a compressed angle £o_z,_0 = 103.4(2)° by comparison to
the ideal value of 109.47° (see Tables A.13 and A.14).

Table 3.11.: Top: Standardised!®! fractional atomic coordinates and equivalent isotropic displacement
parameters /A2 for [Zn(DMF)ly]. Ueq is defined as 1/3 of the trace of the orthogonalized Uj; tensor.
Standard deviations in units of the last digit are given in parentheses. All atoms occupy the general
position with Wyckoff number 8f.

Atom x v z Ueq [ Atom X y z Ueq

Znl 0.25470(4) _ 0.38587(4)  0.24775(4) _ 0.0588(2) N1 0.0902(4)  0.2366(4) _ 0.3731(4) _ 0.0889(2)
I 0.06366(3)  0.11414(4)  0.64018(3)  0.0909(2) o1 0.1637(3)  0.3445(3)  0.3120(3)  0.0814(11)
2 0.32548(3)  0.03522(3)  0.34361(3)  0.0793(2) c4 0.2045(5)  0.1169(5)  0.0467(5)  0.091(2)
c1 0.0488(6) 0.3066(6) 0.4157(5) 0.114(2) H4A  0.1933 0.0551 0.0699 0.137
HI1A 0.0196 0.3592 0.3747 0.170 H4B 0.2025 0.1088 —0.0138 0.137

H1B 0.1015 0.3314 0.4685 0.170 H4C 0.1524 0.1619 0.0468 0.137
HI1C —0.0028 0.2764 0.4328 0.170 C5 0.3101(4)  0.2257(4)  0.1577(4)  0.0620(13)
C2 0.0627(10) 0.1336(6) 0.3801(10) 0.187(6) H5A 0.3752 0.2432 0.1958 0.074

H2A 0.1002 0.1097 0.4397 0.281 H5B 0.3530 0.2734 0.1439 0.074

H2B  0.0786 0.0950 0.3367 0.281 C6 0.3926(5)  0.1011(6)  0.1023(6)  0.119(3)
H2C —0.0088 0.1291 0.3685 0.281 H6A 0.4523 0.1391 0.1327 0.179

C3 0.1443(4) 0.2622(5) 0.3259(4) 0.081(2) H6B 0.3869 0.0897 0.0411 0.179

H3A 0.1702 0.2125 0.3008 0.097 H6C 0.3973 0.0398 0.1327 0.179

H3B 0.1099 0.2341 0.2666 0.097 02 0.2383(2)  0.2728(2)  0.1641(2)  0.0641(9)
N2 0.3023(3) 0.1545(3) 0.1027(3) 0.0609(10)
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[CdI;][Cd(DMF)e]

[Cdl,][Cd(DMF)g] was synthesised by dissolving commercially available Cdly (Merck) in
hot DMF (ca. 100 °C, Fischer Chemical, HPLC grade) until a saturated solution was
obtained. Remaining solid Cdl, was dissolved by dropwise addition of DMF. The result-
ing hot solution was degassed and allowed to cool to room temperature. Upon cooling,
colourless, block-shaped crystals formed which were sensitive toward moisture and heat.
Single crystal preparation and measurement at room temperature with STOE IPDS 1
devices failed due to recrystallisation of [Cdl][Cd(DMF)g| inside the capillary. Instead,
a single crystal was mounted on a microgripper and centred on a Bruker D8 venture
diffraction device equipped with cooling gas stream. Data collection was performed at
100 K. For additional details on data collection and treatment see Table 3.8.

Indexing, systematic extinction conditions and Wilson statistics indicated monoclinic
crystal system including inversion symmetry, unambiguously leading to space group
C2/c. Solution succeeded in C2/c¢ and yielded all heavy atom positions (Cd, I) and
all oxygen atoms of of the DMF molecules. During refinement, atom positions of DMF
molecules were assigned. Hydrogen atoms were refined by rigid body models. All atoms
except H were treated with anisotropic thermal displacement parameters. No additional
symmetry was found.

Figure 3.13.: The crystal structure of [CdI4][Cd(DMF)s]. I: magenta; Cd: grey; C: black; O: red,
N: blue. Left: Unit cell of [Cdl4][Cd(DMF)g] along [010]. Top right: Cdl is coordinated by four I~
ions forming a tetrahedron. Bottom right: Cd2 is coordinated by oxygen atoms of six DMF molecules
forming a distorted octahedron. Ellipsoids are drawn at a 75% probability level, H atom positions are
omitted for clarity.
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The crystal structure is composed of two crystallographically independent Cd sites. Cdl
is surrounded tetrahedrally by four I, Cd2 is octahedrally surrounded by O atoms of
six DMF molecules, resulting in an ionic packing following [CdI,]~%[Cd(DMF )s]**. Both
polyhedra show distortion caused by the spatial requirement of DMF. For additional
details see chapter 4.2.1.

Table 3.12.: Top: Standardised!®! fractional atomic coordinates and equivalent isotropic displacement
parameters /A? for [CdI,][CA(DMF)g] at 100 K. U, is defined as 1/3 of the trace of the orthogonalized
Ujj tensor. Standard deviations in units of the last digit are given in parentheses. Wyckoff numbers are
Cd1: 4e, Cd2: 4c, all other atoms: 8f.

Atom x v z Ueq [ Atom x v z Ueq
Cd1 0 0.25358(3) 1/a 0.00926(8) H5A 0.2137 0.1675 0.3968 0.032
Cdz2 1/a 1/a 0 0.01370(9) H5B 0.2521 0.1877 0.3394 0.032
I1 0.07763(2)  0.11760(2)  0.42020(2)  0.01712(8) | H5C 0.2891 0.2269 0.4547 0.032
12 0.09738(2) 0.38189(2) 0.23986(3) 0.01881(8) (o]} 0.2970(3) 0.4281(4) 0.2909(4) 0.0234(8)
C1 0.1190(3) 0.0845(4) 0.1482(4) 0.0222(8) H6A 0.2510 0.4065 0.2778 0.035
H1A 0.1189 0.1591 0.1367 0.033 H6B 0.3349 0.3806 0.3403 0.035
H1B 0.1180 0.0729 0.2084 0.033 H6C 0.2938 0.4267 0.2267 0.035
H1C 0.0765 0.0527 0.0879 0.033 N2 0.2985(2)  0.0710(3)  0.4444(3)  0.0145(5)
2 0.1301(3) 0.5630(4) 0.0376(5) 0.0288(10) | 03 0.3572(2)  0.2879(3)  0.1573(3)  0.0200(6)
H2A  0.1248 0.6181 0.0754 0.043 cr 0.3984(2)  0.2211(3)  0.2245(3)  0.0174(7)
H2B 0.1254 0.4953 0.0613 0.043 H7A 0.4136 0.1738 0.1911 0.021
H2C 0.0926 0.5704 —0.0358 0.043 H7B 0.3679 0.1795 0.2382 0.021
N1 0.1854(2) 0.0367(3) 0.1659(3) 0.0194(6) N3 0.4591(2)  0.2453(3)  0.3182(3)  0.0173(6)
o1 0.1973(2) 0.4039(3) —0.0004(3)  0.0209(6) 8 0.4958(3)  0.1631(5)  0.1048(4)  0.0302(11)
02 0.2050(2) 0.1677(3) 0.0848(3) 0.0281(7) HS8A 0.4461 0.1694 0.0842 0.045
C3 0.2215(3) 0.0804(4) 0.1313(4) 0.0219(8) H8B 0.5146 0.0947 0.1353 0.045
H3A 0.2721 0.0866 0.1912 0.026 H8C 0.4971 0.1714 0.0446 0.045
H3B 0.2213 0.0292 0.0846 0.026 C9 0.5163(3) 0.3530(4) 0.1507(4) 0.0253(9)
C4 0.2285(2) 0.4902(3) 0.0344(3) 0.0168(7) H9A 0.5390 0.3973 0.2117 0.038
H4A 0.2386 0.5163 —0.0148 0.020 H9B 0.4640 0.3560 0.1146 0.038
H4B 0.2756 0.4746 0.0986 0.020 HOC 0.5295 0.3773 0.1051 0.038
cs 0.2601(2) 0.1719(4) 0.4055(4) 0.0213(8)

[EU(H20)4(C3H60)4]|3

[Eu(H20)4(C3HgO)4]13 was synthesised by dissolving [Eu(DMF)g]I; (2.603 g, 0.002 mmol)
in acetone (50 ml, 1.22 mmol) and refluxing for 3.5 h at 60 °C. The resulting solution
was allowed to cool to room temperature. Upon cooling pale yellow hygroscopic crystals
formed. A suitable crystal was selected and mounted on a STOE IPDS 1 diffraction
system. For additional detals on data collection and treatment see Table 3.8. Indexing
yielded a monoclinic metric with systematic absence conditions and Wilson statistics in-
dicating space group P2;/b. Solution and refinement were performed in the standardised
setting P2, /c.

[Eu(H20)4(C3HO)4)I5 crystallises in space group P2;/c with four formula units in the
unit cell. Eu®* ions are coordinated by oxygen atoms of four acetone and four water
water molecules leading to a distorted quadratic antiprism as coordiation geometry.

Eu12Co2H220060N2gl12 and Nd12CoaH220060N2gl12

The above compounds can be written as [RE;2(DMF )4 (13-COOH)g(113-OH)16]112-4DMF
(RE = Nd, Eu). The Nd compound was synthesised by electrolytic decomposition of
DMF (Fischer Chemical, HPLC grade) at 15 V in the presence of NdI3 and subsequent
storage of the resulting solution in air. Upon reaction, the colour of the solution changed
from pale magenta (Nd** colour) to dark brown due to the formation of I3 ions on the
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anode. After three months, the product was isolated as single crystals of irregular shape
exceeding several millimetres in size. When mechanically manipulated the crystals were
very soft. Characteristically for Nd, the crystals showed purple colour when exposed
to natural light and appeared pale yellow under fluorescent light (pleochroism). The
product was sensitive toward moisture.

Table 3.13.: Results of the Rietveld refinement of

K Euy2C92H220060N2gli2.
Eu;2Co2Ha20
: Formula
3 OgoNasli2
= Z 2
= Crystal system tetragonal
§ Space group 1422
c

Latt. parameters [A, A%]  a = 21.8486(3)
¢ = 20.9863(5)

37 V = 10018.1(3)

™ 0 U B Density (X_ray) [g/cm3] 1.8932(7)

= — - e 4 a ) Radiation MoK 41
10 20 30
20/ ° Parameters 104
Background parameters 18
Figure  3.14.:  Rietveld refinement of R values R, = 0.02177
EU12092H220060N28112. Final refinement pa- pr = 0.02758
rameters are compiled in Table 3.13. x? = 1.863

A suitable single crystal was selected and centred on a STOE IPDS diffraction system.
For additional details on data collection and treatment see Table 3.8. Indexing, sys-
tematic absence conditions and Wilson statistics indicated a tetragonal unit cell without
inversion center and extinction symbol I — - —. All heavy atom positions were found dur-
ing structure solution in space group 1422 and were subsequently refined with anisotropic
thermal displacement parameters. Difference Fourier analysis revealed the coordinating
atoms and ions. Due to their unique structure, DMF molecules could be assigned un-
ambiguously, as well as formiate anions. Hydroxide anions were assumed and refined to
achieve charge balance.

The free solvate DMF molecule displays
a split position. The accuracy of the
structure elucidation as well as phase pu-
rity of the product were confirmed by Ri-
etveld refinement (see Figure 3.14 and Ta-~
ble 3.13).

Transmission / %

The crystal structure of [Ndyo(DMF ) oy (13-
COOH)g(u3-OH)16)112 - 4ADMF consists of
a space filling sodalite-type substruc-
ture in which iodine ions compose the

[:xooo ‘ 35|oo ‘ 3(;00 I zsLo I zoloo l 15|oo ‘ 10|00 ‘ S(IJO truncated Octahedra (See Flg 315&)
Wasenubr /e The hexagonal faces of the sodalite-

Figure 3.16.: FTIR spectrum of type cages are centred by further io-
ELﬁQtCQQI%}deOGONQSI? ?easugi IVIVith tthe KtBr dine atoms. Inside, [Ndjo(DMF)qy(ps-
ellet metnod on a ectrum spectrometer :
?Perkin Elmer, Waltha MA, USA). b COOH)s(pi3-OH)elliz and four addi-
tional DMF solvent molecules are located

o
S
N S R
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212 41,-COOH

Figure 3.15.: The crystal structures of RE;5CgoH220060N2glia on the example of RE = Eu. a)
Todine ions build a framework with centring (I4) ions. b) A cut-open truncated octahedron shows the

[Nd12(DMF )24 (113-COOH)s(113-OH)16]112 - 4DMF core. ¢) A detailed scheme of the coordination and
connection of Nd.

(see Figure 3.15b). This core can be described as follows: Twelve Nd atoms occupy
two crystallographically independent sites. These metal centres are coordinated by 56
oxygen atoms forming a [Nd;2Os6|-core: 24 non-bridging DMF molecules, 16 p3-bridging
hydroxide ions and 8 ps-bridging formiate anions coordinate the Nd atom group on the
outer surface. A detailed scheme is shown in Figure 3.15c.

A pseudocubic void capped at the top and bottom by additional iodine ions is formed
(that do not contribute to the sodalite cage). Thus, a slightly distorted octahedron
[(Nd)4(I)2] occupies the centre and the vertices of the unit cell. Both crystallograph-
ically independent Nd positions are coordinated by distorted square antiprisms. Nd1
is connected via hydroxide and formiate bridges to a total number of six neighbouring
centres. Nd2 is shielded by three DMF ligands on one side, and connected via hydroxide
and formiate bridges to five additional Nd atoms.

The hydrogen atoms of the hydroxide ions could not be located by single crystal or
powder diffraction methods. To get evidence for hydroxide ions FTIR data was collected
(see Figure 3.16). The spectrum shows a broad band originating from hydroxide bonds
between 3250 and 3650 cm~!. Free solvate DMF connects with its aldehyde group to
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one hydroxide group forming a hydrogen bond and leading to the broad peak at 3425
cm~!. Free hydroxide, not exhibiting hydrogen bonding, is located at the centre of the
pseudocubic void. All other signals are either part of DMF (coordinating DMF and
solvate DMF), formiate ions or lattice vibrations.

Table 3.14.: Top: Standardised!®! fractional atomic coordinates and equivalent isotropic displacement
parameters /A2 for [RE;o(DMF)ay(u3-COOH)g(113-OH)16]112 - 4ADMF (RE = Nd, Eu). U, is defined

as 1/3 of the trace of the orthogonalized Uj; tensor. Standard deviations in units of the last digit are

given in parentheses.

Atom Wyckoff x v z Ueq ‘Atom Wyckoff x v z Ueq
number number
Nd1 8g 0.09340(2) 0.09340(2) 0 0.0279(2) | H23A 16k 0.17640 0.06010 0.34990
Eul 8g 0.09180(2) 0.09180(3) 0 0.0284(2) 16k 0.16240 0.07940 0.31390
Nd2 16k 0.20910(2) 0.00770(2) 0.09600(2) 0.0351(2) |H23B 16k 0.11430 0.02510 0.34230
Eu2 16k 0.20710(2) 0.00910(3) 0.09330(2) 0.0379(2) 16k 0.10440 0.03810 0.30040
11 4e 0 0 0.2034(2) 0.0546(2) | H23C 16k 0.14390 0.05750 0.28300
4e 0 0 0.2020(2) 0.0553(2) 16k 0.13870 0.03320 0.36570
12 8i 0.2625(2) 0 1/2 0.0965(2) |03 16k 0.2850(5) 0.0879(5) 0.1033(7) 0.0647(2)
8i 0.26140  0.0000(2) 1/2 0.0965(2) 16k 0.2825(6) 0.0885(6) 0.1001(9) 0.0681(2)
13 4d 0 1/ 1/a 0.0705(2) N3 16k 0.3636(8) 0.1451(8) 0.1387(8) 0.0578(2)
4d 0.7316(2) 0.2316(2) 1/4 0.0845(2) 16k 0.3612(11) 0.1428(9) 0.1362(11) 0.0836(2)
14 8j 0.7303(2) 0.2303(2) 1/4 0.0738(2) | C31 16k 0.3058(12) 0.1306(12) 0.1357(13) 0.0482(2)
8j 0 1/ 1/a 0.0552(2) 16k 0.309(3) 0.125(2) 0.135(2)  0.0805(2)
o1 16k 0.0459(5) 0.3062(5) 0.1003(8) 0.0702(2)|H31 16k 0.27830 0.15390 0.15940
16k 0.0439(6) 0.3039(5) 0.1005(9) 0.0621(2) 16k 0.28340 0.14170 0.16600
N1 16k 0.1017(6) 0.3894(6) 0.1202(8) 0.0597(2)|C32 16k 0.3230(14) 0.1019(14) 0.317(2)  0.0784(2)
16k 0.1002(9) 0.3866(8) 0.117(2) 0.0576(2) 16k 0.324(2) 0.103(2) 0.320(2) 0.0637(2)
C11 16k 0.0864(7) 0.3337(7) 0.1302(8) 0.0548(2) |H32A 16k 0.28560 0.12240 0.30600
16k 0.085(2) 0.3324(9) 0.1253(12) 0.0505(2) 16k 0.29490 0.07790 0.34260
H11 16k 0.10710 0.31250 0.16220 H32B 16k 0.31390 0.06250 0.33460
16k 0.10910 0.31040 0.15430 16k 0.30320 0.12960 0.29110
C12 16k 0.1475(9) 0.419(2)  0.1591(12) 0.0568(2) | H32C 16k 0.34740  0.09700  0.27890
16k 0.1494(12) 0.4155(13) 0.1620(14) 0.0758(2) 16k 0.35260  0.07690  0.29750
H12A 16k 0.05950  0.37200  0.30630 C33 16k 0.407(2)  0.104(2)  0.115(2)  0.0984(2)
16k 0.05890  0.37060  0.30710 16k 0.409(3)  0.107(2)  0.107(3)  0.1079(2)
H12B 16k 0.05230 0.33000 0.36670 H33A 16k 0.39130 0.06280 0.11860
16k 0.06000 0.32240 0.36260 16k 0.39950 0.10040 0.06320
H12C 16k 0.17500 0.38910 0.17620 H33B 16k 0.44400 0.10690 0.13990
16k 0.17180 0.38310 0.18310 16k 0.44780 0.12840 0.11060
C13 16k 0.0675(11) 0.425(2) 0.0749(11) 0.0684(2) |H33C 16k 0.41570 0.11260 0.07110
16k 0.0652(14) 0.4260(12) 0.075(2)  0.0655(2) 16k 0.41220  0.06760  0.12820
H13A 16k 0.02780 0.40760 0.06900 O111 16k 0.0026(5) 0.1008(3) 0.0654(3) 0.0284(2)
16k 0.02320  0.41160  0.07260 16k 0.0037(4) 0.0992(6) 0.0650(4) 0.0292(2)
H13B 16k 0.08870 0.42610 0.03460 0121 16k 0.0609(3) 0.2015(3) 0.0043(8) 0.0336(2)
16k 0.08330  0.42470  0.03320 16k 0.0605(4) 0.1988(4) 0.0040(11) 0.0431(2)
H13C 16k 0.06320 0.46630 0.09080 C333 16k 0.1302(7) 0.1451(7) 0.1486(8) 0.0457(2)
16k 0.06580  0.46770  0.09030 16k 0.132(2)  0.1456(11) 0.1455(11) 0.0531(2)
02 16k 0.2173(6) 0.0202(7) 0.2117(7) 0.0876(2)|H333 16k 0.15350 0.14570 0.18580
16k 0.2068(11) 0.0280(14) 0.2081(13) 0.0581(2) 16k 0.15320 0.14270 0.18450
N2 16k 0.018(2)  0.184(2)  0.3070(9) 0.0892(2)|0331 16k 0.0901(5) 0.1834(5) 0.1456(6) 0.0539(2)
16k 0.005(2)  0.1814(12) 0.297(2)  0.0531(2) 16k 0.0881(6) 0.1834(6) 0.1438(8) 0.0550(2)
C21 16k 0.0234(11) 0.2114(11) 0.253(2)  0.0856(2) | 0332 16k 0.1447(4) 0.1046(4) 0.1081(5) 0.0400(2)
16k 0.023(2)  0.2145(2) 0.243(3)  0.0937(2) 16k 0.1438(5) 0.1060(4) 0.1046(7) 0.0376(2)
H21 16k 0.06120 0.22830 0.24310 04 8g 0.1879(5) 0.1879(5) O 0.0665(2)
16k 0.05890 0.23660 0.23480 8g 0.1898(8) 0.1898(8) 0 0.0552(2)
C22 16k 0.0713(13) 0.1806(13) 0.345(2) 0.0523(2) | N4 8g 0.2601(8) 0.2601(8) 0 0.1047(2)
16k 0.052(3) 0.180(2) 0.339(2)  0.0910(2) 8g 0.2610(12) 0.2610(12) 0 0.1095(2)
H22A 16k 0.10270  0.20590  0.32710 C41 16k 0.212(2)  0.229(2)  0.035(2)  0.0481(2)
16k 0.08920  0.19480  0.31930 16k 0.210(2)  0.230(3)  0.031(2)  0.0973(2)
H22B 16k 0.08530  0.13900  0.34710 Cc42 16k 0.220(3)  0.305(3)  0.035(3)  0.0741(2)
16k 0.05790  0.13890  0.35410 16k 0.259(2)  0.302(5) 0.051(3)  0.0810(2)
H22C 16k 0.06210  0.19450  0.38780 C43 16k 0.306(2)  0.291(2)  0.054(2)  0.0861(2)
16k 0.04180  0.20670  0.37430 16k 0.311(3)  0.301(2) 0.071(3)  0.0796(2)
C23 16k 0.152(2)  0.035(2) 0.322(2)  0.0256(2)
16k 0.144(2)  0.040(2) 0.321(3)  0.1079(2)
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The following chapter contains the published results for the single crystal structure deter-
mination and topological analysis of [EuCly(H20)s]ClL. [EuCly(H0)6]Cl was synthesised
from EuyOj3 as intermediate product during synthesis of [Eu(DMFjy)|I;. The latter com-
pound serves as educt for electrocrystallisation.

3.2.2. Redetermination of [EuCl,(H,0)]ClI

Frank Tambornino, Philipp Bielec, Dr. Constantin Hoch*

* Ludwig-Maximilians-Universitat Miinchen, Butenandtstrasse 5-13, D-81377 Miinchen,
Germany Correspondence e-mail: constantin.hoch@cup.uni-muenchen.de

published in: Acta Crystallogr. E 70(6) i27, (2014). DOI:10.1107/S160053681401030
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The crystal structure of the title compound, hexaaqua-dichloridoeuropium(III) chloride,
was redetermined with modern crystallographic methods. In comparison with the pre-
vious study |Lepert et al. (1983). Aust. J. Chem. 36, 477-482|, it could be shown that
the atomic coordinates of some O atoms had been confused and now were corrected.
Moreover, it was possible to freely refine the positions of the H atom positions and thus
to improve the accuracy of the crystal structure. [EuCly(H20)g]Cl crystallizes with the
GdCl; - 6H20 structure type, exhibiting discrete [EuCly(H20)g]" cations as the main
building blocks. The main blocks are linked with isolated chloride anions via O—H- - -Cl
hydrogen bonds into a three-dimensional framework. The Eu®* cation is located on a
twofold rotation axis and is coordinated in the form of a ClyOg square antiprism. One
chloride anion coordinates directly to Eut, whereas the other chloride anion, situated on
a twofold rotation axis, is hydrogen bonded to six octahedrally arranged water molecules.

Related literature

For previous structure determinations of the title compound see: Lepert et al. (1983);
Bel’skii & Struchkov (1965). For the GdCls - 6H5O structure type and isotypic com-
pounds, see: Marezio et al. (1961); Bell & Smith (1990); Burns & Peterson (1971);
Graeber et al. (1966); Habenschuss & Spedding (1980); Hoch & Simon (2008); Junk
et al. (1999); Reuter et al. (1994). For standardization of crystal data, see: Gelato &
Parthe (1987).

Experimental
S1 Comment

[EuCly(H20)g]Cl crystallizes with the GACls-6H,O structure type (Marezio et al., 1961),
like many metal trichloride hexahydrates MCls-6H,O with M =Y (Bell & Smith, 1990),
Ce (Reuter et al., 1994), Nd (Habenschuss & Spedding, 1980), Sm—Tm (Graeber et al.,
1966), Am, Bk (Burns & Peterson, 1971), and three bromide hexahydrates MBrs - 6H,O

Results 43



with M = Pr, Dy (Junk et al., 1999) and Eu (Hoch & Simon, 2008). The first structure
determination of the title compound was performed on the basis of film data (Bel’skii
& Struchkov, 1965) and without determination of the hydrogen atom positions. A first
exact structure determination with all atomic positions was performed by Lepert et al.
(1983). However, the published data contain errors in the atomic coordinates. We have
thus redetermined the structure on the basis of modern area detector data.

The Eu®* cation in [EuCly(H,0)6)Cl is located on a twofold rotation axis and is coordi-
nated in form of a distorted square antiprism defined by six water molecules and two chlo-
ride anions (Fig. 1, Table 1). Hydrogen bonds O—H- - -Cl connect the [EuCly(H20)g]™
cations with the Cl~ counter-anions to a three-dimensional framework (Fig 2). The
complexing chloride anion Cl1 is surrounded by three, the isolated chloride anion Cl2
by six H atom positions (Figs. 3, 4), forming hydrogen bonds with Cl. - -H distances
between 2.36 (4) and 2.54 (3) A (Table 2) and are in good agreement with those in other
chloride hydrates. The Eu—O distances in [EuCly(H;0)]Cl range from 2.3078(16) to
2.4620(18) A and are comparable with those in EuCls - 3H,O (2.39-2.40 A; Reuter et
al., 1994), EuCl; - 6H,0 (2.39-2.43 A; Graeber et al., 1966),or EuCI(OH), (2.35-2.44 A;
Demyanets et al., 1974) and also with those in EuBrs3 - 6H,O (Hoch & Simon, 2008).

S1 Experimental

The title compound was obtained by adding small portions of commercially available
Euy05 (Alfa Aesar, 99.99%) into concentrated aqueous HCI solution at 353 K until only
minor amounts of undissolved EuyO3 remained visible for several minutes. The surplus
Euy,03 finally was dissolved by dropwise addition of concentrated HCI to the solution
until a clear colourless solution was obtained. The solution was allowed to cool to 293
K, yielding colourless single-crystal blocks of [EuCly(H,0)g]CL

S1 Refinement

The positions of all hydrogen atoms were identified from the difference Fourier map and
were freely refined, applying one common isotropic displacement parameter to all six H
atom positions.

For better comparability of our structure model with the previous model by Lepert et
al. (1983) we haved used the same setting in space group P2/n. In the crystal structure
description given by Lepert et al. (1983) several misspellings of the atomic positions were
adopted into the databases. The published model leads to diverging refinements if taken
as starting values. We have analysed the misspellings and give a conclusive assignment
of the atomic positions. If standardized by the program STRUCTURE-TIDY (Gelato
& Parthé, 1987), the comparison of our model with the one given by Lepert et al. (1983)
shows, in addition to an origin shift of (0, 1/2, 0), that the y and z coordinates of atoms
O1, 02 and O3 were permutated. In fact, y(O1) and z(O1) belong to y(0O3) and z(03),
y(02) and z(02) belong to y(O1) and z(O1), and finally y(O3) and z(O3) belong to
yv(02) and z(02). If re-ordered in the given way, the refinement based on starting values
from Lepert et al. (1983) lead to convergence in few cycles with satisfying results.
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Cl1iv Civ

Left: Figure 1. The cationic [Eu(H20)gClz]™ unit in [Eu(H20)6Cle|Cl. Ellipsoids are drawn at 75%
probability level. Hydrogen atoms are drawn as small black spheres with arbitrary radius. [Symmetry
code: (1)3/2 —x,y,1/2 —z; (ii) x,y, =1 + 2; (iii) 3/2 = x,¥,3/2 —z; (iv) 1 —x, —y, 1 — z; (v) 1/2 + x,
—y, —1/2 + z]. Right: Figure 2. View along [010] on the crystal structure of [Eu(H20)gCly]CL. Small
black spheres represent H atom positions, blue ellipsoids represent Eu atoms, olive ellipsoids represent
Cl atoms, turquoise ellipsoids represent O atoms. Grey polyhedra represent the coordination of H atom
positions around Cl atoms.

o3V
H4v

H6v

Hevi

03vi H4vi

Left: Figure 3.The coordination sphere of the coordinating Cl1 atom is a distorted tetrahedron built
from three water molecules and one europium atom. The water molecules coordinate via hydrogen
bonds. [Symmetry codes: (i) 1 —x, —y, 1 —z; (ii) 1/2 + x,1 —y, 1/2 + z; (iii) 3/2 — x, y 3/2 — z; (iv)
x,y, 1 + z]. Right: Figure 4.The coordination sphere of the anionic C12 atom consists of six water
molecules coordinating via their hydrogen atoms forming a distorted octahedron. [Symmetry codes: (i)
3/2—x,y,1/2 —z; (i) x, 5,1 + 2 (1ii) 3/2 —x, 1 +y,3/2 —z (iv) x, L +y,2z; (v) 1 = x,1 —y, 1 —
z; (vi) 1/2 +x,1 —y, 1/2 + z].
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Hexaaquadichloridoeuropium (III) chloride.

Crystal data

[EuCly(H20)6]Cl

M, = 366.41
Monoclinic, P 2/n
Hall symbol: -P 2yac
a = 9.6438(12) A

b = 6.5322(10) A
c=17929(3) A

B = 93.653(13)°

V = 498.4(2) A3

Z =2
F(000) = 348

Dy = 2.441 Mg m—3

AgKa radiation, A = 0.56083 A

Cell parameters from 13548 reflections

= 3.74 mm~!
T =293 K

Stretched cuboid, clear colourless
0.23 x 0.20 x 0.18 mm

Data collection
Stoe IPDS I diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator

( scan

Absorption correction: multi-scan
(MulScanAbs in PLATON, Spek, 2009)
Tmin = 0.425, Ty = 0.510

13401 measured reflections
1762 independent reflections
1762 independent reflections
Ry = 0.043

Omax = 25.5°, O = 3.0°
h=-14— 14
k=-10—10
I=-11-—11

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20F? = 0.015
wR(F?) = 0.032

S =1.03

1762 reflections

66 parameters

0 restraints

Primary atom sitre location: structure-invariant
direct methods

Secondary atom site location:
difference Fourier map
Hydrogen site location:

inferred from neighbouring sites
All H-atoms parameters refined
w = 1/[0%(F2)+0.015P)?
where P = (F2 + 2 F?)/3
(A/U)max < 0.001

Apmax = 0.63¢A =3

Apmin = —0.77eA =3
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (AQ)

X y z UiSO*/Ueq

Ful 0.7500 0.150918 (18) 0.2500 0.01345 (3)

Cll1  0.44156 (5)  0.16532 (7) 0.76010 (6) 0.02588 (9)

Cl2 0.85427 (18) 0.62387 (11)  0.7500 0.02813 (13)

O1  0.7500 0.4256 (2) 0.0872 (2)  0.0275 (3)

02 0.78164 (18) 0.0484 (2) 0.9561 (2)  0.0263 (3)

03  0.56055 (17) 0.3002 (2) 0.1060 (2)  0.0278 (3

H1  0.827 (4) 0.454 (6) 0.001 (5) 0.051 (4)*

H2  0.846 (3) 0.084 (5) 0.902 (4) 0.035 (3)*

H3  0.766 (4) —0.063 (7) 0.933 (5) 0.058 (5)*

H4  0.551 (4) 0.265 (6) 0.020 (5) 0.052 (5)*

H5 0.881 (4) 0.520 (5) 0.129 (5) 0.040 (3)*

H6  0.491 (4) 0.319 (6) 0.152 (5) 0.044 (4)*

Atomic displacement parameters (A2)
Ull U22 U33 U12 U13 U23

Eul 0.01398 (5)  0.01346 (5)  0.01244 (6) 0.000 ~0.00203 (3)  0.000
CIl  0.02417 (18) 0.02396 (18) 0.0286 (2)  —0.00652 (16) —0.00541 (16) 0.00198 (17)
Cl2  0.0297 (3)  0.0305(3)  0.0235(3)  0.000 —0.0033 (2)  0.000
o1 0.0368 (8) 0.0229 (6) 0.0214 (8) —0.0100 (6) —0.0085 (6) 0.0038 (5)
02 00336 (7)  0.0277 (7)  0.0175 (7)  —0.0047 (6)  —0.0001 (6)  —0.0039 (5)
03 00250 (6)  0.0317 (7)  0.0250 (8)  0.0067 (5) ~0.0113 (6)  —0.0028 (5)

Special details

Geometry. All e.s.d.’s (except the e.s.d. in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell e.s.d.’s are taken into account
individually in the estimation of e.s.d.’s in distances, angles and torsion angles; correla-
tions between e.s.d.’s in cell parameters are only used when they are defined by crystal
symmetry. An approximate (isotropic) treatment of cell e.s.d.’s is used for estimating
e.s.d.’s involving l.s. planes.

Refinement. Refinement of F? against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F?, conventional R-factors R are based on F, with F set to
zero for negative F2. The threshold expression of F? >o(F?) is used only for calculating
R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors
based on F? are statistically about twice as large as those based on F, and R- factors
based on ALL data will be even larger.
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Geometric parameters (A?). Symmetry codes: (i) —x+3/2, y, —z+1/2; (ii) x, y, z—1; (iii) —x+3/2, ¥,
—2+3/2; (iv) —x+1, —y, —z+1; (v) x+1/2, —y, z—1/2; (vi) x—1/2, —y+1, z+1/2; (vii) x, y+1, z; (viii)
—x+1, —y+1, —z+1; (ix) x, y, z+1.

Eul—O1 2.4618 (15) 0O2—H3 0.76 (4)
Eul—O1! 2.4618 (16) O2—H2 0.81 (3)
Eul—O02% 2.4620 (18) O3—H4 0.72 (4)
Eul—Q21 2.4620 (18) O3—H6 0.79 (4)
Eul—O03 2.3078 (16) Cl1—H?2 2.535 (4)
Eul—O3! 2.3078 (15) Cl1—H4 2.3535 (4)
Eul—CI1" 2.7690 (12) Cl1—H5Y 2.36 (3)
Eul—CI1Y 2.7690 (12) Cl2—H1! 2.36 (4)
O1—H1 0.74 (4) Cl2—H3vH 2.5071 (4)
O1—H5 0.74 (4) Cl2—He"1 2.53 (4)
Eul—O1—H1 122 (3) 01—Eul—021 67.83 (6)
Eul—O1—H1 122 (3) Oli—Eul—CI1"Y  105.35 (5)
Eul—O1—H5 121 (3) O1—FEul—CI1'V  145.35 (4)
Eul—O1—H5 121 (3) 02ii—Eul—021  148.45 (8)
Eul*—02—H2 124 (3) 02ii—Eul—CI1"V  83.83 (4)
Eul*—02—H2 124 (3) 02iii—FEul—CI1"V  72.65 (4)
Eul®*—02—H3 117 (3) 03i—FEul—O01! 76.70 (6)
Eul™*—02—H3 117 (3) 03—Eul—O01! 67.31 (6)
Eul—03—H4 112 (3) 03i—Eul—O02! 116.15 (7)
Eul—O3—H4 112 (3) 03—Eul—021 77.82 (6)
Eul—O3—H6 120 (3) 03i—Eul—03 130.01 (8)
Eul—O3—H6 120 (3) 03i—Eul—CI1"Y  146.64 (4)
O1'—Eul—O1  86.43 (9 03— Eul—Cl1V 7818 (5

) )
O1'—Eul—02" 140.68 (5) Clliv—Eul—CI1v 83.51 (2)

Hydrogen-bond geometry (A, °). Symmetry codes: (i) x, y, z—1; (iii) —x+3/2, y, —z+3/2; (vi) x—1/2,
—y+1, z+1/2; (viii) —x+1, —y+1, —z+1; (x) x, y—1, z.
D—H- - -A D—H H---A D---A D—H---A

O1—H1---CI2"  0.74 (4) 2.36 (4) 3.081 (2) 166.08
02—H2---Cl1'  0.81 (3) 2.54 (3) 3.351 (2) 174.97
02— H3---CI2X  0.76 (4) 2.51 (4) 3.2234 (19) 157.37
03—H4---Cl1'"  0.72 (4) 2.35 (4) 3.036 (2) 160.44
O1—H5vi---CI1 - 0.74 (2) 2.36 (3) 3.095 (2) 173.89
03—H6- - -CI2¥iH  0.79 (4) 2.53 (4) 3.310 (2) 170.66
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3.3. Lanthanide Amalgams

The following chapter contains published as well as unpublished results of lanthanide
amalgams examined in this work. EujoHgss was synthesised by electrocrystallisation
and is the mercury-richest Eu amalgam, the results were published in Z. Anorg. Allg.
Chem.. Tt crystallises in a hettotype structure of the Gdi4Ags; structure type and the
question arose whether the structure determination of the aristotype is correct or whether
a twinning problem was overlooked, leading to higher pseudo-symmetry.

Following this chain of thought, the aristotype and three isotypical structures (RE;4Ags;,
RE =Y, Ce, Gd, Tb) were synthesised and examined in detail with the aid of single
crystal and powder X-ray diffraction and HRTEM. Electric and magnetic properties
were also investigated. We found the higher symmetry (P6/m) to be true and one
crystallographic position half-occupied. The results were published in J. Alloys Compd..

Another hettotype of the Gdi4Ags; structure type is the crystal structure of Yby;Hgsy,
prepared by the distillation method (unpublished). In contrast to EujgHgss, Yby1Hgs;
does not exhibit any mixed- or underoccupied positions, making the link between the
higher symmetry aristotype and the more complex and lower symmetric crystal structure
of Eulng55.

Other phases synthesised by the distillation method are Laj;Hgys « and RE;1Hgyy 5
(RE = Nd, Sm). Both crystallise as hettotypes of the Sm;Cdys structure type and show
distinct mixed and underoccupied positions not present in the aristotype. A complete
topological analysis along with quantum-chemical calculations was published in J. Solid
State Chem.

The last part of this chapter contains unpublished results of lanthanide amalgams with
general compositions REHg, REHgs; and REHgz. They were synthesised by the distil-
lation method and analysed by X-ray diffraction methods. Earlier results of structure
analysis were confirmed, only SmHg, was found to crystallise in a second modification,
unknown from previously published results.
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Abstract

The mercury-richest europium amalgam Eu,gHgss was synthesized by isothermal electro-
crystallization from a solution of Eul3-8DMF in DMF on a reactive mercury cathode. The
crystal structure shows remarkable complexity and polar metal-metal bonding. Closely
related to the structures of mercury-rich amalgams Aj;_Hgss.« (A = Na, Ca, Sr), it
shows underoccupied Hg positions along [00z]. Eu;oHgss can be described as hettotype
structure of the Gd4Ags; structure type.
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Introduction

Much work has been put into synthesiz and crystallographic investigation of amalgams.
Many structures of alkali metal amalgams have been described toward the end of the
20th century.'*=1¢ In addition to the large number of binary amalgams, also the ternary
amalgam NaKogHgss was synthesized and its crystal structure published.™d However,
information regarding the structures of mercury-rich amalgams is scarce due to peritectic
decomposition temperatures as low as 12 °C and high moisture and air sensitivity. This
makes their synthesiz challenging and their analysis demanding.?® In recent years, the
amalgams CsoHgor and [N(CHj)y4]Hgs and the industrially important amalgam Naj; Hgso
have been reported.?*=2¢ With the help of a new preparative method we now have
studied the amalgams of rare earth metals. Their crystal structures are mostly unknown.
This is rather surprising considering the effort spent on the separation of the rare earth
metals via electrolysis utilizing their amalgams in the 1930-50ies.[2—3¢l

Europium amalgams with the compositions EuHg, EuHg,, and EuHgs were prepared
by conventional solid state chemistry.**=*d The first mercury-rich Eu amalgams were
synthesized by electrolysis with the aim of separating europium from other rare earth
metals. McCoy was the first to describe the formation of an amalgam during the elec-
trolysis of europium(III)-acetate in aqueous medium and reported on a compound with
the approximate composition "HgigEu", which solidifies when the amalgam contains
more than 1.38 wt-% Eu.’3d Merlo and Formasini applied the traditional solid state
route and heated elemental mercury and europium in the proportion 4:1 in sealed pyrex
tubes to 150-200 °C. Their product ("EuHgs") was analyzed by powder diffraction
methods and assigned to the GdAgs ¢ structure type (later changed to Gdi4Ags; struc-
ture type).*=>4 By performing the electrolysis introduced by McCoy and subsequently
removing the surplus mercury by distillation Lyle and Westall yielded "EuHgsg" for
Mossbauer spectroscopic studies proposing Eu?* as the prevailing oxidation state.l® No
structure solution or refinement was attempted so the exact structure remained unknown.
In this paper we report on the first single crystal structure determination of FujoHgss
and its relation to other intermetallic crystal structures.

Results and Discussion

Single Crystal Structure Description

EuyoHgss crystallizes in the hexagonal system in space group P6 with a = 13.595(5) and
¢ = 9.735(4) A. The final R values and further information on collection and treatment
of single crystal data can be found in Table 1. There are 20 crystallographic sites (4 Eu,
16 Hg), of which four Hg sites are underoccupied and one Eu site shows mixed occupancy
with Hg.

In EuyoHgss europium is solely coordinated by Hg atoms. The coordination spheres
around Eul and Eu2 (see Table 2 and Figure 1) (CN = 15) are tricapped hexagonal
prisms with both basal and one rectangular face capped. Eu3 (see Table 2 and Figure
1) is also coordinated by 15 (or 16 considering the partial occupied Hg chain, see below)
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Hg atoms. The position of (EuHg)41 (CN = 16) is of mixed occupancy with 50% Eu
and 50% Hg. This position is coordinated by 15 Hg and one (EuHg)41 position in a
coordination sphere best described as Frank-Kasper polyhedron with 16 vertices. The
polyhedra around (EuHg)41 form interpenetrating pairs. These are stacked along [00z]
sharing trigonal basal faces (see Figure 1d, e).

Table 1. Crystallographic data and details on data collection, structure solution, and refinement of
Eulng55 at 293 K.

Empirical sum formula Eujo+xHgss—x
Crystal system hexagonal
Space group P6 (No. 174)
Lattice parameters (T = 293 K
a/A 13.595(5)
c/A 9.735(4)
vV /A3 15589.2(1)
Formula units Z 1
Calculated density (g-cm™1!) 13.37
F(000) 5028
Absorption coefficient (mm™1) 79
Radiation, wavelength (A) Ag-Ka, 0.56086
Diffractometer IPDS 1 ((Stoe & Cie, Darmstadt, Germany)
Data collection mode p-Scans, 0° < ¢ <200.4°, Ap = 1.2°
Corrections Lorentz, polarisation, absorption (semiempirical)
Transmission factors Thmin/Tmax 0.003/0.063
Number of free parameters 118
Number of collected data 16654
Number of unique data 1469
Number of unique data with I > 20(I) 1033
Ring/R(0) 0.1989/0.0878
Data range -18 < h, < 18

-18 <k, <18

-12< 1 <13

direct methods !
full matrix least-squares on F2

Structure solution
Structure refinement

Extinction coefficient 0.000028(12)
Final R values [I > 20(I)] R1 = 0.0461

wR2 = 0.0789
Final R values (all data) R1 =0.0770

wR2 = 0.0861
Goodness of Fit 0.897
Residual electron density min./max (e=-A=3) —4.53 / 3.50
ISCD deposition number 428668

The mercury atoms are coordinated by both Eu and Hg. The resulting polyhedra can
be grouped according to their shapes: First, a group of distorted icosahedra are around
Hg4, Hgb, Hg6, Hg7 Hg8, Hg9, and Hgl0 (Table 2, Figure 3). The second group of
polyhedra around Hgl, Hg2, Hgll, Hgl2, Hgl3, Hgl4, Hglh, and Hgl6 are based on
pentacapped trigonal prisms. Finally, Hg3 is coordinated irregularly with CN = 13.
The coordination spheres are shown in Figure 3. According to their site symmetry
the least regular polyhedra are formed around Hgl to Hg6 (site symmetry 1), more
regular polyhedra around Hg7-9 (site symmetry m..) and around Hgl2, Hgl3, Hglh
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Table 2. Standardised fractional atomic coordinates and equivalent isotropic displacement parameters
/ A2 for EujoHgss. Ueq is defined as % of the trace of the orthogonalized Uj; tensor. Standard deviations
in units of the last digit are given in parentheses.

Atom  Wyckoff site x v z Occ. Ueq
Hg(1) 6l 0.05964(17) 0.22829(19) 0.3443(3) 1 0.0291(5)
Hg(2) 6l 0.28878(18) 0.43051(17) 0.3383(3) 1 0.0331(6)
Hg(3) 6l 0.13340(19) 0.4897(2) 0.1677(3) 1 0.0342(5)
Hg(4) 6l 0.2199(2) 0.1957(3) 0.1630(3) 1 0.0403(7)
Hg(5) 6l 0.4752(2) 0.38730(19) 0.2935(3) 1 0.0367(6)
Hg(6) 61 0.39263(15) 0.11550(17) 0.2599(3) 1 0.0304(4)
Hg(7) 3k 0.5342(3) 0.2176(3) 1/2 1 0.0404(8)
Hg(8) 3] 0.3083(3) 0.4257(3) 0 1 0.0380(8)
Hg(9) 3 0.5010(3) 0.0776(3) 0 1 0.0347(8)
Hg(10) 3j 0.4312(3) 0.2566(3) 0 1 0.0379(8)
Hg(11) 1a 0 0 0 0.492(10)  0.049(4)
Hg(12) 2g 0 0 0.1629(10) 0.508(10)  0.029(2)
Hg(13) 2g 0 0 0.3424(12) 0.492(10)  0.033(2)
Hg(14) 1b 0 0 1/2 0.508(10)  0.026(3)
Hg(15) 2h 1/3 2/3 0.3461(5) 1 0.0253(9)
Hg(16) 1c 1/3 2/3 0 1 0.046(2)
Eu(l) 3k 0.2694(3) 0.1985(3) 1/2 1 0.0205(8)
Eu(2) 3k 0.0767(3) 0.4623(3) 1/2 1 0.0193(8)
Eu(3)  3j 0.0307(3) 0.2424(4) 0 1 0.0236(9)
Eu(41) 2i 2/3 1/3 0.1817(4)  0.48(1) Eu  0.024(1)
Hg(42) 2i 2/3 1/3 0.1817(4)  0.52(1) Hg 0.024(1)

Eu/Hg

Figure 1. Polyhedra around Eul (a), Eu2 (b), and Eu3 (c) are shown. Additionally, two different
representations of the interpenetrating pairs of the polyhedra around (EuHg)41 are shown (d, e). Color
code: black: Eu; grey: Hg; small grey: underoccupied Hg, large dark grey: (EuHg)41. For details see
text.
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Table 3. Coeflicients Uj; / A2 of the anisotropic atomic displacement parameters for EujgHgss. Ujj is
defined as exp{—272[Uy;(ha*)2 + ... + 2Uohka*b*]}. Standard deviations in units of the last digit are
given in parentheses.

Atom Ui Uao Uss Uio Uis Uas
Hg(1) 0.023(1) 0.037(1) 0.029(1) —0.002(1) —0.0005(9) 0.0171(9)
Hg(2) 0.028(1) 0.0212(9) 0.049(2) —0.001(1) —0.002(1)  0.0120(8)
Hg(3) 0.032(1) 0.038(1) 0.026(2) —0.002(1) —0.0038(9) 0.0121(9)
Hg(4) 0.044(2) 0.064(2) 0.028(2) —0.004(2) —0.002(1)  0.038(1)
He(5) 0.031(1) 0.027(1) 0.046(2) —0.006(1) 0.011(1)  0.009(1)
Hg(6) 0.0264(9) 0.031(1) 0.032(1) 0.0033(9) 0.004(1)  0.0127(8)
Hg(7) 0.028(1) 0.031(2) 0.045(2) 0 0 0.002(1)
Hg(8) 0.031(2) 0.035(2) 0.044(3) 0 0 0.013(1)
Hg(9) 0.028(1) 0.037(2) 0.038(2) 0 0 0.014(1)
Hg(10) 0.031(2) 0.030(1) 0.044(2) 0 0 0.008(1)
Hg(11) 0.040(4) Uy, 0.07(1) 0 0 0.020(2)
Hg(12) 0.026(2) Uy, 0.036(5) 0 0 0.013(1)
Hg(13) 0.023(2) Up 0.055(7) 0 0 0.011(1)
He(14) 0.015(3) U, 0.050(8) 0 0 0.007(1)
Hg(15) 0.0226(9) U 0.031(3) 0 0 0.0113(5)
Hg(16) 0.047(2) Uy 0.043(5) 0 0 0.024(1)
Eu(l)  0.024(2) 0.020(2) 0.022(2) 0 0 0.015(2)
Eu(2)  0.017(2)  0.019(2)  0.020(2) 0 0 0.008(1)
Eu(3) 0.025(2) 0.027(2) 0.025(3) 0 0 0.018(2)
Eu(41) 0.021(1) Uy 0.030(3) 0 0 0.0106(7)
Hg(42) 0.021(1) Uy, 0.030(3) 0 0 0.0106(7)

(site symmetry 3..). Ideal trigonal prisms form around Hgl1, Hgl5 and Hgl6 according
to their site symmetry 6.. .

A special feature of this structure is the partial occupied Hg chain along [0,0,z]. The
electron density map (see Figure 2) shows discrete maxima with too close distances
(1.53(1) to 1.74(2) A) for a full occupancy.

Free refinement of the respective occupation factors results in underoccupation. Thus,
two sets of mutually exclusive chains shifted toward one another by z = 1/6 form. One
chain is constituted from Hg atoms at z = 0, 0.3424(12), 0.6576(12) the second from
Hg atoms at z = 0.1629(10), 3, 0.8371(10). The interatomic distances within one set of
Hg atoms are in the range of 3.28(12)-3.33(19) Aand are well in agreement with normal
Hg—Hg distances found in many amalgam structures. The relative proportions of the
two sets of Hg chains can vary from crystal to crystal as we have found occupancies of

50:50 to 75:25, always resulting in an overall full occupation (see Table 2).

The total structure can be rationalised as hexagonal rod packing (Figure 4). The respec-
tive polyhedra around (EuHg)41, Hgl5, and Hgl6 together with the polyhedra around
Hgl1-14 form columns extending along [001] by sharing common faces. Thus three
subsets of hexagonal rod packings form, combining into one comprehensive set.
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Figure 2. Display of the electron density Fops (middle) and the two possible occupancy modes (right
and left). Only one set, i.e. left or right, is allowed to assure reasonable interatomic distances between
Hg atoms.

Figure 3. Polyhedra around all Hg atoms are shown. Polyhedra around Hgl, Hg2, and Hgl1-16
are distorted pentacapped prisms, polyhedra around Hg3 and Hgb-10 are distorted icosahedra. The
polyhedron around Hg4 is irregularly. Color code: black: Eu; grey: Hg; small grey: underoccupied Hg,
large dark grey: (EuHg)41. For details see text.
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Table 4. Results of the Rietveld refinement of Eu;gHgss

Empirical sum formula Eui042Hgss_ (x = 0.1)
Crystal system hexagonal

Space group P6 (No. 174)

Lattice parameters (T = 273 K)

a /A 13.593(1)

c /A 9.747(1)

V /A3 1559.7(2)

Density (X-ray) /g-cm™3 13.39(12)

Radiation, wavelength /A Mo-Kea, 0.70930
Formula units Z 1

Monochromator curved Ge single crystal
No. of parameters 90

Ry 0.01525

Ryp 0.01931

X2 1.046

Comparison to Related Structures

Several amalgams were initially described by the sum formula “XHgs¢” (X = Ca, Sr, Eu,
Yb, “GdAgs¢” structure type).™ 7 This assignment was later changed to the Gd4Ags,
structure type with space group symmetry P6/m. The Gd;4Ags; structure type has re-
cently been reinvestigated.®¥ Applying modern X-ray methods Tkachuk and Mar could
show that some of the phases — namely A Hgssix (A = Ca, Sr; x = 0.08-0.5) —
crystallize closely related to the Gdi4Ags: type, but in space group P6.[8) This symme-
try reduction leads to the ordering of a half occupied Ag hexagon into fully occupied
Hg triangles (this holds for all amalgams in space group P6, so far). Nevertheless,
the amalgam structures show higher complexity introduced by different kinds of mixed
and underoccupation phenomena. Furthermore, the EuygHgss structure is closely re-
lated to the structure of NaHHg5Q.[2C] The latter exhibits a 3x3x1 superstructure of the
EuyoHgss unit cell (lattice parameters a = 39.703(2) ¢ = 9.6180(5) A). This leads to a
ninefold larger unit cell, to 132 crystallographically independent positions and thus to a
very complicated crystal structure. A comparison of all mentioned amalgam structures
and the aristotype by means of complexity measures has been performed and discussed
elsewhere. 54
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Conclusions
AVA «A'VA’ «A'VA“
“ '

Phase pure samples of the mercury-richest

europium amalgam Eu;gHgss were synthe- @ @

smed by.preparatlve isothermal electroc%ry— AVA «AVA
stallization. Its crystal structure was in-

vestigated by modern crystallographic me- @ ﬂ

thods including single crystal and powder @ @
diffraction. The compound crystallizes in ’AvA /AVA ’AVA

space group P6 and exhibits close relation

to other mercury-rich amalgams such as

Ay Hgsix (A = Ca, Sr; x = 0.08-0.5) Figure 4. The hexagonal rod packing is shown
and Naj;Hgsp. The former assignment of ywith viewing direction along [001]. Black polyhedra
EugHgss to the GdysAgs; structure type form around Hgll-14, dark grey polyhedra around
is wrong. However, Gdi4Ags; represents Hgld and Hgl6 and light grey polyhedra around
the aristotype to all aforementioned amal- (EuHg)41.

gams. Other mercury-rich rare earth amalgams have been reported to crystallize simi-
larly (“YbHgs¢”) or in a closely related cubic structure type (A;;Hgys, A = La, Ce, Pr,
Nd, Sm, Gd). Those are the topic of ongoing investigations.

Experimental Section

Materials: The following reagents were
used: N,N’-dimethyl formamide (DMF, ® o
Acros Organics, 99.5% for analysis,
dried with molecular sieve 3 A), Eu-
ropium(IIT)oxide (Sigma Aldrich, 99.9%
trace metal basis), hydrochloric acid
(Sigma Aldrich, 37% in water), potassium
iodide (Merck, 99.5% trace metal basis).

Preparation: Euls-8DMF was prepared
as follows. Fuming HCI (20 mL) was
boiled under reflux. Euy,O3; was added in
portions (0.1 g) until a cloudy suspension
did no longer dissolve within 30 min (total Figure 5. Detailed drawing of the electrolysis
amount 10 g, 28.4 mmol). Subsequently, chamber used in the synthesiz.

excess EuyO3 was dissolved by dropwise addition of fuming HCIL. After cooling to room
temperature, water was removed under reduced pressure yielding a colorless crystalline
product (EuCl; - 6H50). EuCls - 6H20 was dissolved in DMF (150 mL) and a solution of
potassium iodide (28.3 g, 170.15 mmol) in dry DMF (35 mL) was added. Immediately,
a colorless precipitate formed. The precipitate was filtered off, washed with DMF and
identified as phase-pure KCI by powder diffractometry. To the remaining solution toluene
(50 mL) was added and an azeotropic distillation on a water separator under reflux con-
ditions was carried out (180 °C oil bath temperature, 3 h). The pale yellow solution was
allowed to cool to room temperature. Excess DMF was removed under reduced pressure
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until pale yellow crystals formed. The product was collected under Schlenk conditions
and identified as phase-pure Eulz - SDMF by single crystal and powder diffraction (yield
53.3 g, 47.6 mmol, 84%).

The title compound was synthesized by preparative isothermal electrolysis under anhy-
drous conditions. For this purpose a saturated solution of Euls - SDMF in dry N,N’-
dimethyl formamide (100 mL) was prepared and subsequently degassed in vacuum to
remove traces of water and oxygen. The solution was transferred into the electrolysis
chamber (see Figure 5). The chamber consisted of anode and cathode compartments
separated by a porous glass frit. With the aid of a mantle surrounding the electrolysis
chamber, the reaction could be performed at a constant temperature in the range from
—30 to +90 °C. The electrolysis chamber was connected to a Schlenk line. The cathode
chamber was equipped with a small glass frit to separate and wash the product from
the electrolyte. The anode consisted of a platinum foil (1 ¢cm?) and the cathode of an
amalgamated copper spoon with a single drop of mercury suspended in it. The solution
was electrolyzed for 72 h at room temperature with a terminal voltage of 5 V. The prod-
uct formed at the cathode was washed with dry DMF, dried in vacuo and subsequently
handled in an argon-filled glovebox. Eu;gHgs5 forms hard and brittle crystals of metallic
luster which are highly sensitive toward air and moisture.

Single Crystal and Powder Diffraction Analysis: A suitable single crystal was
selected under dry paraffin oil and sealed in a capillary (d = 0.2 mm) filled with dry
oil. The crystal was mounted on a Stoe IPDS1 diffraction system euqipped with an
image plate detector, graphite monochromator and Ag-K, radiation. A second crystal
was centred on a Bruker D8 Quest diffractometer equipped with a CMOS detector,
microfocus X-ray tube (Mo-K, radiation), Goebel mirror optics and cooling system.
Data collection was performed at 100 K. Details on the measurement at 100 K can be
found in the Supporting Information.

The data showed a primitive hexagonal metric with no systematic absences. Structure
solution with SHELXS-97 in P6 yielded most of the heavy atom positions.[’) Subse-
quent structure refinement with SHELXL-97 yielded underoccupied positions and re-
vealed mixed occupied sites. Heavy atom assignment was carried out by analysis of
the atomic displacement parameters and interatomic distances. Checks for additional
symmetry were performed with the PLATON package and revealed the final space group
P6.[102:10b] Fyactional atomic coordinates in standardized setting and equivalent isotropic
displacement parameters are compiled in Table 2, coefficients of the anisotropic displace-
ment parameters can be found in Table 3. The residual electron densities were always
in close proximity to heavy atom positions and thus were treated as termination effects.

Further details of the crystal structure investigations may be obtained from the Fach-
informationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-
7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request
for deposited data.html) on quoting the depository number CSD-428668.
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X-ray Powder Diagrams were recorded
with a transmission powder diffractometer
(Stoe STADI-P, Stoe, Darmstadt, Mo-K 41
radiation, germanium monochromator) in
Debye-Scherrer geometry and show the ab-
sence of further crystalline phases. Rep-
resentative portions of the products were
ground and sealed in capillaries with in-
ner diameter of 0.1 mm. Rietveld refine-
ment was performed with a fundamental
parameter approach and a double Voigt
approach to compensate size-strain effects
(Figure 6, Table 4). A shifted Chebychev
function with 20 parameters was applied
for background modeling. Careful absorp-
tion correction was performed by taking
the linear absorption coefficient, the cap-

intensity / a.u.

! ! 1 1
10 20 30 40

20/°

Figure 6. Rietveld refinement of Eu;gHgss. Light
grey crosses display measured data, black line the
refined model. Black bars indicate Bragg positions
and the grey line displays the difference plot. Fur-
ther data is compiled in Table 4.

illary diameter and the packing density into account. Within small error margins, the
refined structure model confirms the model from single crystal structure determination

which was taken as starting values.

Supporting Information (see footnote on the first page of this article): Crystallo-
graphic data and details on data collection, structure solution and refinement of Eu;oHgss
at 100 K, Standardised fractional atomic coordinates and equivalent isotropic displace-
ment parameter /pm? for EujoHgss, coefficients Uy /pm? of the anisotropic atomic dis-

placement parameters for Eu;gHgss.
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Supplementary material

Table 1. Crystallographic data and details on data collection, structure solution, and refinement of

Eulng55 at 100K.

Empirical sum formula
Crystal system

Space group

Lattice parameters

(T = 100K, A, A3)

Formula units Z

Calculated density (g-em™?)
F(000)

Absorption coefficient (mm~1)
Diffractometer

Data collection mode
Corrections

Transmission factors Tiin/Timax
Number of free parameters
Number of collected data
Number of unique data

Number of unique data with I > 20(I)
Rint/R(O')

Data range

Structure solution
Structure refinement
Extinction coefficient
Final R values [I > 20(I)]

Final R values (all data)
Goodness of Fit

Residual electron density min. /max (e~-A~3)
ISCD deposition number

Eu10+XHg55_X (X - 01)
hexagonal

P6 (No. 174)

a = 13.595(5)

c = 9.735(4)

V = 15589.2(1)

1

13.603

5028

147.082

D8Quest (Bruker)
w-scans and ¢-scans
Lorentz, polarisation, absorption (semiempirical)
0.0267,/0.0743

119

46076

2148

2002
0.336,/0.0852
20 < h, < 20
21 <k <20
14<1 <14

direct methods

full matrix least-squares on F?2
0.000035(6)

R1 = 0.0655

wR2 = 0.1464

R1 = 0.0734

wR2 = 0.1492

1.740

3.725 / 4.297

428668
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Table 2. Standardised fractional atomic coordinates and equivalent isotropic displacement parameters
/ A2 for EujoHgss. Uegq is defined as % of the trace of the orthogonalized Uj; tensor. Standard deviations
in units of the last digit are given in parentheses.

Atom X y z Occ Ueq
Hg(1) 0.05919(13)  0.22283(15) 0.34527(16) 1 0.0159(3)
Hg(2) 0.28863(13)  0.43009(13)  0.33903(16) 1 0.0163(3)
Hg(3) 0.13431(13)  0.48958(14) 0.16909(14) 1 0.0154(3)
Hg(4)  0.22620(15) 0.20274(16)  0.16255(15) 1 0.0191(4)
Hg(5)  0.47688(14) 0.38864(14) 0.29199(19) 1 0.0196(3)
Hg(6) 0.39078(12)  0.11413(12) 0.25932(17) 1 0.0140(3)
Hg(7)  0.53532(18) 0.21516(18) 1/2 1 0.0186(4)
Hg(8) 0.30919(18)  0.42891(18) 1 0.0170(4)
Hg(9) 0.49999(18) 0.07518(18) O 1 0.0158(4)
Hg(10) 0.43480(19) 0.25725(19) O 1 0.0190(4)
Hg(11) 0 0 0 0.234(12)  0.043(7)
Hg(12) 0 0 0.1632(4) 0.766(12)  0.0162(10)
Hg(13) 0 0 0.3415(14)  0.234(12)  0.022(4)
Hg(14) 0 0 1/ 0.766(12)  0.0140(11)
Hg(15) 1/3 2/3 0.3465(3) 1 0.0132(5)
Hg(16) 1/3 2/3 0 1 0.046(2)
Eu(l)  0.2742(2) 0.2002(2) 1/ 1 0.0132(5)
Eu(2) 0.0764(2) 0.4607(2) 1/2 1 0.0113(5)
Eu(3) 0.0286(2) 0.2388(2) 0 1 0.0189(8)
Eu(41) 2/3 1/3 0.1818(3) 0.31 Eu 0.0146(8)
Hg(41) 2/s 1/3 0.1817(4) 0.69 Hg  0.0146(8)

Table 3. Coeflicients Uj; / A2 of the anisotropic atomic displacement parameters for EujoHgss. Ui is
defined as exp{—272[Uy;(ha*)2 + ... + 2Ujohka*b*]}. Standard deviations in units of the last digit are
given in parentheses.

Atom Uiy Usa Uss Ui2 Uiz Uss

Hg(1)  0.0104(7)  0.0186(3) _ 0.0199(7)  —0.0007(5) —0.0001(5) 0.0081(6)
Hg(2)  0.0120(7)  0.0093(7)  0.0276(8)  —0.0010(5) —0.0007(5) 0.0053(6)
Hg(3)  0.0126(7)  0.0144(7)  0.0166(6)  —0.0007(5) —0.0017(5) 0.0048(6)
Hg(4)  0.0200(8)  0.0257(9)  0.0202(8)  —0.0004(6) 0.0001(5)  0.0177(7)
Heg(5)  0.0139(7)  0.0113(7)  0.0280(8)  —0.0036(6) 0.0046(6)  0.0020(6)
Hg(6)  0.0099(6)  0.0130(7)  0.0198(7)  0.0000(5)  0.0002(5)  0.0061(5)
Hg(7)  0.0100(9)  0.0111(9)  0.0268(11) 0 0 ~0.0006(7)
Hg(8)  0.0097(9)  0.0108(9)  0.0281(11) 0 0 0.0034(8)
Hg(9)  0.0101(9)  0.0112(9)  0.0259(10) 0 0 0.0050(8)
Hg(10) 0.0131(9)  0.0098(9)  0.0291(11) 0 0 0.0021(8)
Hg(11) 0.037(9)  Up 0.054(16) 0 0 0.019(4)
Hg(12) 0.0113(12) Uy 0.026(2) 0 0 0.0056(6)
Hg(13) 0.013(4)  Up 0.042(9) 0 0 0.006(2)
Hg(14) 0.0072(13) Uy 0.028(3) 0 0 0.0036(7)
Hg(15) 0.0080(7) Uy 0.0237(14) 0 0 0.0040(3)
Hg(16) 0.0161(11) Uy 0.025(2) 0 0 0.0080(5)
Eu(1)  0.0100(11) 0.0084(11) 0.0222(13) 0 0 0.0053(10)
Eu(2)  0.0057(11) 0.0067(11) 0.0207(13) 0 0 0.0025(9)
Eu(3)  0.0093(11) 0.0151(12) 0.0188(13) 0 0 0.0095(10)
Eu(dl) 0.0115(9) Up 0.0207(14) 0 0 0.0057(5)
Hg(41) 0.0115(9) Uy 0.0207(14) 0 0 0.0057(5)
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Abstract

A plethora of binary and
ternary intermetallic comp-
ounds has been assigned to
the Gdi4Ags; structure type,
crystallising in the hexagonal
system (space group P6/m,
a = 1264.30(18) pm, ¢ =
93358(11) pPm for Gd14Ag51).
Starting in the late 1960s,
much work has been in-
vested in the structural eluci-
dation of these crystal struc-
tures. However, reliable sin-
gle crystal data are scarce,
and most structure type as-
signments have been performed merely on the basis of powder data. We have rede-
termined four representatives of the binary RE14Ags; structure type (RE =Y, Ce, Gd,
Tb) with modern high-precision single crystal X-ray methods. The assignment of the
Gdy4Ags; structure type to space group P6/m was additionally verified by careful analy-
sis of high resolution transmission electron micrographs. We emphasise the close relation
of the Gdi4Ags; structure type to the structures of some recently described amalgams
of similar composition focussing on disorder phenomena and structural complexity. Fur-
thermore, we provide detailed information on synthesis as well as electrical and magnetic
properties for Gdi4Ags;, the parent compound of this structure family.
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Introduction

Recently, the Gdi4Ags; structure type attracted new attention as several amalgams of
the alkali and alkaline-earth metals were described in very closely related crystal struc-
tures. [1-3| As a consequence of the observation of disorder phenomena, the Gd;;Ags;
structure type could be regarded either as archetype structure for these amalgams or
as a possibly overlooked twinning problem. In this context, we found it worthwhile to
revisit exemplary representatives of this large family of intermetallic compounds with
modern crystallographic methods.

Gdy4Ags;, the parent compound, was first described with the composition "GdAgs” by
Steeb and coworkers in 1968 [4]. On the basis of powder diffraction data it was assigned
to the "AgsPu” type. Both "GdAgs” and ”"AgzPu” later were reassigned to the Gdi4Ags;
type [5]. Bailey and Kline performed the first single crystal structure refinement in
1970 and gave the actual composition as "GdAgs¢”, much closer to 51:14 (= 3.643) [6].
Later in the same year, RE14Ags; with RE = Y, Nd, Sm, Gd, Th, Dy, Ho, Er were
assigned to the Gdi4Ags; structure type on the basis of powder diffraction patterns [7].
Numerous phases followed: Thy4Ags; [8], several copper and gold compounds (M;4Cus;
with M = Zr, Hf, Ce [9,10], RE14Aus; with RE = Pr, Nd, Gd, U) [11-16], and also some
amalgams RFE14Hgs with RE = Ca, Sr, Eu, Yb [17-19], again on the basis of powder
diffraction patterns. Ordered ternary variants include Gdi4CuysGas, Thy4CuysGag and
Ca14Au46Sn5 [20,21]

In 2008 the mercury-rich Ca and Sr amalgams were reinvestigated by Mar and coworkers
with modern X-ray single crystal methods [1|. They reported the respective crystal
structures in space group P6 rather than P6/m and described occurring disorder effects
in detail. Mar et al. already marked out the close relation of the amalgam structures
to the Gdi4Ags; structure type and possible problems with its space group assignment.
Recently, we reinvestigated the mercury-richest Europium amalgam Eu;oHgss and refined
its structure from single crystal data. It crystallizes in space group P6 in close relation
both to the Gdi4Ags; and the (Ca/Sr)4Hgs; crystal structures, however, differing in the
respective disorder phenomena [3].

The structure of Na;1Hgsy [2] shows a (3 x 3 x 1) superstructure of the alkaline-earth
metal amalgams, again in space group P6 and with yet different disorder phenomena.

Thus, all named amalgams have similar structures differing among themselves in their
respective disorder patterns and from the Gdi4Ags; structure type by the lower symmet-
ric space group type. The reported Gdy4Ags; structure in space group P6/m shows Ag
atoms arranged in a hexagon around the sixfold axis with very short Ag—Ag distances
and an occupation factor of % This situation is never observed in the named amalgams.
At equivalent Hg positions, ordered and fully occupied triangles occur, as they are de-
scribed in space group P6, where no sixfold point symmetry is present. As P6 is a direct
subgroup of P6/m, we reinvestigated the crystal structures of some Gd;4Ags;-type com-
pounds in order to decide whether there was a crystallographic reason for finding higher
symmetry in the Gdi4Ags; structure type or whether an overlooked twinning problem
causes the equidistant hexagon of half-occupied silver atoms. Single crystal data were
collected for RE14Ags (RE = Y, Ce, Gd, Tb). We refined the data in several space
groups to compare the results. In addition, we recorded high-resolution trasmission elec-
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Table 1: Details for the preparation of the RE14Ags; phases with RE = Y, Ce, Gd, Tb. Uniform
heating rates of 80 K/h from room temperature to Tpax and cooling rates from Tp,.x—70 K to room
temperature were applied. The intermediate cooling rate from Tpax t0 Thax—70 K was 2 K/h in all
cases.

Nominal amount weighed [mg, mmol] T'max [K]
composition m(RE) n(RE) m(Ag) n(Ag)
Y14Ags1 277.0 3.116 1223.2  11.340 1348

Cer4Ags1 396.2 2.828 1105.9 10.252 1348
GdisAgs: 285.3 1.814 7141  6.620 1273
Tb14Ags1 288.8 1.817 7122 6.603 1273

tron microscopy (HRTEM) images for Gdy4Ags; in relevant orientations to rule out that
the X-ray structure model of higher symmetry may be an effect of twinning in domains
smaller than the X-ray coherence length.

Preparation and single crystal structure determination

Synthesis of the RE14Ags; compounds was generally performed starting from elemen-
tal cerium, gadolinium, terbium and yttrium together with silver powder (Ce: smart-
elements, 99.9%; Gd: smart-elements, 99.9%; Ag: chempur, 99.99%; Th: smart-ele-
ments, 99.9%; Y: smart-elements, 99.9%). In an argon-filled glove box, the rare-earth
metals were filed and filled in tantalum crucibles together with silver powder. The cru-
cibles were sealed by arc welding. The containers were heated to T, = 1273 or 1348 K
with a rate of 80 K/h and subsequently cooled to 70 K below T\,.x with a rate of 2 K/h
for crystallization and finally to room temperature with a rate of 80 K/h. For details
see Table 1.

After cooling, the tantalum crucibles were opened in air. The products are stable to-
ward room atmosphere over weeks. Suitable single crystals were selected under a stereo
microscope. The crystals show metallic luster and irregular shape. Specimens suitable
for X-ray investigations were mounted on top of glass fibers and centred on a one-circle
goniometer with imaging plate (Stoe IPDS, Stoe & Cie, Darmstadt, AgK, radiation,
graphite monochromator).

The collected diffraction images showed primitive hexagonal patterns without any sys-
tematic extinctions in all cases. In Table 2 all possible space group candidates are
assembled with their respective R;,; values. Clearly all high Laue group candidates
are ruled out by the averaging. From the remaining space group candidates all non-
centrosymmetric groups are in contradiction with the Wilson statistics, and space group
P3 is not in agreement with the sixfold symmetry visible in the electron density plot
calculated in space group P1 (Figure 1). The remaining space groups thus are P6 and
P6/m.

The structure solutions by direct methods [22] succeeded in space group P3. Lowest
possible symmetry was chosen in order not to overlook pseudo-symmetry. The structure
solution yielded all atom positions. Atom assignment was carried out by analysis of the
thermal displacement parameters as indicator for heavier (lanthanide) or lighter (silver)
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Table2: A comparison of the Rj,; values for all possible space group candidates derived from the
reflection statistics of a single crystal X-ray data set of Gdi4Ags;.

Crystal system trigonal hexagonal
Laue class 3 3ml  3lm 6/m  6/mmm
Ring 0.087 0.527 0.531 0.091 0.533

Space group P3 P321 P 312 P6 P622
P3 P3ml P3lm P6 P6mm
P3ml P3lm P6/m P62m
P6m?2
P6/mmm

atoms. After anisotropic treatment of all thermal displacement parameters the atomic
positions were checked for statistical mixed occupation or underoccupation. Only Agh
(named Ag* by Bailey and Kline [6]) showed to be half-occupied within error margins
after free refinement of the occupation factor (see Table A7). As too close next-neighbour
distances suggested a mutually exclusive occupation of the six Agh positions in form of
two disordered triangles, the occupation factor was fixed to be % in the final refinement
cycles. All other atomic positions were fully occupied and no mixed occupation could
be detected. Checks for additional symmetry were performed using the platon [23,24]
package and revealed the final space group P6/m. The possibility of a superstructure
was also taken into consideration but no superlattice reflections had been observed. Re-
finements in the direct subgroup P6 or P6 (loss of inversion symmetry) resulted in Flack
parameters of 0.5 within small error margins, large correlation matrix elements for all pa-
rameters of those atom positions connected by an inversion center in space group P6/m
and much worse R values. Together with the analysis of F,s maps calculated in space
group P1 to rule out all symmetry biases (see Figure 1) showing all six Agh positions to
have the same electron density which is about half of the one of all other Ag positions,
P6/m was chosen to be the "true” space group for the crystal structure description. The
underoccupancy and the mutually exclusive occupation of atom positions in too close
proximity cannot be resolved by symmetry reduction.

The final R values of the converged refinements and further information on collection
and treatment of single crystal data can be found in Table 3, fractional atomic coor-
dinates in standardised setting [25] and equivalent isotropic displacement parameters
are compiled in Table A7, coefficients of the anisotropic displacement parameters can
be found in Table A8. The residual electron densities were small and always in close
proximity of the heavy atom positions and therefore regarded as termination effects.
In the discussion, the refined structure of Gdi4Ags, is always referred to, being the
parent compound of this structure type. Further information on data collection and
structural details can be obtained by requesting the respective crystal information files
(cif) from the Fachinformationszentrum Karslruhe, D-76344 Eggenstein-Leopoldshafen,
Germany (e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository numbers CSD-
427781 (C614Ag51), CSD-427782 (Gd14Ag51)7 CSD-427793 (Tb14Ag51> and CSD-427783
(Y14Ags1), the names of the authors and citation of the paper.

X-ray powder diagrams of the air and moisture stable and very brittle products were
recorded on a transmission powder diffractometer (Stoe STADI-P, Stoe & Cie, Darm-
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Fig. 1. Electron density map for Gdi4Ags;. Plot of the observed electron density Fops for Gdi4Agsy
calculated in space group P1 with view along [001] at a height of z = 0. In the center of the selected
area six Agb atoms form a hexagon in which all atoms have only half the electron density as e. g. atom
Ag7 shown in close proximity. The uniform electron density distribution calculated in space group P1
shows that the structure model in space group P6/m with half-occupied Agh atoms is not a consequence
of pseudosymmetry. The electron density map is drawn at a contour lines at a level of 25 e~/ A3, the
zero electron density level is marked as dashed lines.

stadt, MoK, radiation, graphite monochromator) and show the absence of further crys-
talline phases. Representative portions of the products were ground and sealed in cap-
illaries with inner diameter of 0.3 mm. Rietveld refinement was performed with a fun-
damental parameter approach and a double Voigt approach to compensate size-strain
effects. A shifted Chebychev function with 12 parameters was applied for background
modelling. Careful absorption correction was performed by taking the linear absorption
coefficient, the capillary diameter and the packing density into account. Within small
error margins, the refined structure model confirms the model from single crystal struc-
ture determination which was taken as starting values (see Figure 2). Further details on
Rietveld refinements can be found in Table 4.
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Fig. 2. Rietveld refinement of Gd;4Ags;. Final refinement parameters are compiled in Table 4.
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Table 4: Results of the Rietveld refinement of Gdi4Ags,

Formula Gd14Ag51
Z 1
Crystal system hexagonal
Space group P6/m (No. 175)
Lattice parameters [pm] a = 1267.52(4)
¢ = 932.36(4)
Density (X-ray) [g/cm3] 9.8(1)
Unit cell volume [10%pm?3] 1297.2(1)
Radiation MoK1
Monochromator curved Ge single crystal
Parameters 55
R values R, = 0.03075
Ryp = 0.03937
x2 = 1.185

HRTEM investigations

Ground crystals of Gdy4Ags; were dispersed in absolute ethanol and drop-cast on cop-
per grids coated with a holey carbon film (S166-2, Plano GmbH, Germany). All grids
were fixed on a double-tilt holder. SAED, HRTEM and EDX measurements were per-
formed on a Titan 80-300 (FEI, USA) with a field emission gun operated at 300 kV
and equipped with a TEM TOPS 30 EDX spectrometer (EDAX, Germany). Images
were recorded with an UltraScan 1000 camera (Gatan, USA, resolution: 2kx2k). SAED
and EDX measurements were also performed on a Jeol 2010 system (Jeol, Germany)
with a heated LaBg emitter operated at 200 keV, equipped with a EDAX Apollo XLT
EDX detector (EDAX, Germany). Images were recorded on a TemCam F216 camera
(TVIPS, Germany, resolution: 2kx2k). HRTEM and SAED data were evaluated with
the programs Digital Micrograph [27| (including Fourier filtering of the HRTEM images),
Process Diffraction 7 [28] and JEMS [29], EDX data were processed with ES Vision [30]
and EDAX TEAM |[31].

Electrical resistivity and magnetic susceptibility

Resistance measurements were carried out on a cold-pressed pellet (10 kN, @: 4 mm,
thickness: 0.75 mm) of Gdij4Ags; powder. The van der Pauw technique (four-probe
method) was applied [26]. The pellet was contacted with the aid of silver conductive
paint. Currents of 0.5-0.8 mA were applied. The potential difference was measured as a
function of the temperature upon cooling and heating (300 to 3.5 K).

Magnetic susceptibility measurements were carried out on powder samples of Gdi4Ags;
on an AC susceptometer (self-built) [32]. Data were measured at 1333 Hz and 3 Oe.

70 Results



a) b) e c) d)
eRen e TR + wedee e
ikt .. - o0 -0-08
@ssa@es Sl ™ . e N N N X .
o 0000008 s L L LR “ ¢ N .
LN ] -9 L B LY . ™~ o @ .
LA 11 1 1 R IR I e re co@eecoende . u
] [ TX ] "'TRE . o sew S -@ei . LI IO IR NN .
seno@ oo BB sccco@@ 2e@en @9 * 99 [ ] @09 + +» 99 L] o9 =
2 NN "TEEE L
L] LR ] [ X T ] [ ] . se@ B @ew .
L L L X ) [ X e
LR L1 11 R oo ‘e P g " * oe -8 . L L LR R Y L .
tecc 5000000 -0 : - N . - - . . ® L]
" L] [ EE BN EY TRNY | v L[] . X . - .o . .o
I RN ] L ] [ ] RN . .
s TII X ... . R
L LR ER LN ] - ame = se@ees -

<101> <100> <210> <320>
Fig. 3. Selected area electron diffraction (SAED) patterns of Gd;4Ags;. Experimental (bottom) SAED
patterns with corresponding simulations (top, based on the result of the single-crystal X-ray diffraction

data) of Gdi4Ags1 obtained from different crystallites, exemplary reflections in the selected plains are
labeled with indices.
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Fig. 4. High resolution transmission electron micrographs (HRTEM) of Gdi4Ags;. Projected potential
with enlarged inset (a) and HRTEM images with inserted image simulations in the correct (P6/m) and
the competing (P6) space group (b, ¢) along the (101) zone axis (accelerating voltage 300 keV, Cs =
0.6 mm, spread of focus = 3.6 nm, beam semi-convergence = 25 mrad, layer thickness five unit cells),
inserted: defocus values 60 nm (b) and -70 nm (c), white dotted rhombus shows the dimension of the
unit cell and white dotted ellipsoids mark the decisive contrast differences.
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Fig. 5. Temperature-dependent specific resistivity of Gdi4Ags;. Cooling curve: grey; reheating curve:
black. The data show a linear decrease with decreasing temperature and an overall low specific resistivity,
indicating good metal behaviour.
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Fig. 6.Temperature-dependent magnetic susceptibility of Gdi4Ags;. The data show a linear increase
with decreasing temperature and an anomaly at 30 K, typical for a good metal with antiferromagnetic
ordering at low temperatures.
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Fig. 7. Coordination polyhedra centred by Gd in Gdi4Ags;. Polyhedra around Gdl and Gd2 are
derived from capped pentagonal prisms. The basal corpus is black, the capping grey. Gd3 centers a
Frank-Kasper polyhedron. Note the two possible locations for the Agh atoms, indicated by dashed
black lines. Two Frank-Kasper polyhedra around Gd3 interpenetrate to form pairs. Light grey spheres
represent Ag atoms, dark grey spheres are drawn for Gd.

Results and discussion

Crystal structure description

Gdy4Ags, the parent compound of the structure type, crystallizes in the hexagonal space
group P6/m with a = 1264.3(2) pm and ¢ = 933.5(2) pm. The structure contains three
crystallographically independent Gd and seven Ag positions.

The first coordination sphere around Gd atoms is constituted only of Ag atoms. Figure
7 shows the coordination polyhedra around Gd1l and Gd2. Atom Gd1 has 14 Ag neigh-
bours: six Agl, two Ag2 and two Ag6 atoms form a distorted pentagonal prism, two
Ag3 atoms cap the pentagonal basal faces and two Ag4 atoms cap adjacent rectangular
faces. Atom Gd2 also is coordinated by 14 Ag atoms. Four Ag2 and six Ag3 atoms again
form a distorted pentagonal prism, the basal faces being capped by two Agl atoms and
two of the rectangular faces being capped by Ag7 and Agb atoms, respectively. The
coordination of atom Gd3 is somewhat more complicated as shown in Figure7 . Gd3 is
coordinated by three different silver sites (6 x Ag2, 6 x Ag4, 6 x Agh (half occupied, see
below)) and an additional Gd3 atom, completing a coordination sphere best described
as Frank-Kasper polyhedron with 16 vertices. It can also be rationalised as a Friauf
polyhedron with capping of all hexagonal faces. Two interpenetrating polyhedra of this
type surrounding two neighbouring Gd3 atoms form pairs which are further condensed
via the faces formed by the half-occupied Agb hexagons to form columns along [001].

Silver atoms are coordinated by both gadolinium and silver atoms. All Ag coordination
polyhedra can be grouped into two types. The ones of the first type are derived from
an icosahedron (around Agl, Ag2, Ag3 and Ag4, Figure 8), the ones of the second type
are derived from capped trigonal prisms (around Agb, Ag6 and Ag7, Figure 9). The
distorted icosahedra are built from eight Ag and four Gd positions each, the capped
trigonal prisms from eight Ag and three Gd atoms. The most distorted icosahedra are
found around Agl, Ag2 and Ag3, as they occupy general positions (Wyckoff position 121).
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Fig. 8. Coordination polyhedra centred by Ag in GdijsAgs; (1). Polyhedra around Agl, Ag2, Ag3
and Ag4 are derived from icosahedra. The pentagonal antiprismatic base of the distorted icosahedra is
drawn in black. Ag atoms are shown in light grey, Gd atoms in dark grey.

Fig. 9. Coordination polyhedra centred by Ag in Gdi4Ags; (2). Polyhedra around Agh, Ag6 and
Ag7 are derived from pentacapped trigonal prisms. The trigonal prismatic base is shown in black, the
capping in grey. Ag atoms are shown in light grey, Gd atoms in dark grey.

The icosahedron around Ag4 and the trigonal prism around Agb each include a mirror
plane (Wyckoff positions 6k and 6j) rendering them somewhat closer to ideal shapes.
Ag6 has point symmetry 3 (Wyckoff position 4h). The least distorted polyhedron forms
around Ag7 (Wyckoff position 2¢) with site symmetry 6.

Atom Agh, situated close to the sixfold axis, has symmetry-equivalent neighbouring
atoms in too close proximity (see Table A9). These atoms show sharp electron density
maxima which can be refined as Ag atoms with only 50% occupation (see Figure 1 and
Table A7). This results in two mutually exclusively orientated Agh triangles (Figure 7)
with interatomic distances of 274.3(2)pm, well in agreement with those found in other
Ag-rich intermetallics [33-36]. However, the threefold symmetry for the ordered model
is not in agreement with the space group symmetry. Refinement in a lower symmetric
space group shows no ordering of independent Agb positions and therefore no symmetry
lowering from space group P6/m is necessary, as can be seen from the electron density
map calculated in space group P1 (see Figure 1). The effect of half-occupied Agh posi-
tions therefore is not due to an overlooked twinning problem, and the amalgam crystal
structures with ordered triangle of fully occupied Hg atoms at topologically equivalent
positions therefore belong to new structure types of lower symmetry.

The complete packing of the described polyhedra can best be rationalised starting from
the Gd-centred polyhedra. The resulting representation of the total structure is given
in Figure 12. The polyhedra do not fill space without empty wedges when condensed
via common faces. The atomic positions of the three Gd sites form thinned and slightly
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Table 5: Results of EDX measurements for various crystals of Gdi4Ags; in atom-%.

crystal 1 2 3 4 5 6 average calc.
Ag(K) 784 79.0 742 777 793 773 7T7.77(17) 785
Gd(L) 21.6 21.0 25.8 223 20.7 22.7 223(17) 21.5

distorted hexagonal layers in different heights along [001] (Gdl at z = £, Gd2 at z =
0 and Gd3 at z =~ 0.3, see Figure 10) and thus show the relation of this structure type
with a hexagonal closest sphere packing.

Alternatively, the structure can be rationalised as hexagonal rod packing. The polyhedra
around Gd3 at (0, 0, 0) and Ag7 at (3, 2, 0) form columns extending along [001] by
sharing common faces. In this picture, the comparison of the Gd;4Ags; structure type
with the structures of related amalgams (see below) in space group P6 is very clear: in
Figure 11 the effect of symmetry loss can be seen in the ordering of the hexagons of
half-occupied Ag atoms to triangles of fully occupied Hg atoms. The splitting of two
symmetry-equivalent rods (around Ag7 in Gdy4Ags;) into two independent but topologi-

cally very similar rods in the amalgams also is a consequence of the symmetry reduction.

Electron microscopy

Since the structure of X;4Ags; compounds can be fitted well in the two space groups
P6/m and P6 (other possible candidates have been ruled out following the structure re-
finement on the basis of single crystal data, see above in section 2.1.) TEM investigations
on different crystals of Gdj4Ags; were performed in order to verify the final structure
model in space group P6/m. Good crystallinity and domains larger than 100 nm were
observed. The SAED patterns were taken from thin areas to minimize dynamic electron
scattering. The reflection positions and especially the reflection intensities match well
with the SAED patterns simulated in space group P6/m(Figure 3).

HRTEM simulations performed with the multislice method were compared to experimen-
tal data passing the Scherzer defocus (Figure 4) collected from thin areas of GdjsAgs;
crystals. The difference in weight between Ag and Gd does not have a relevant impact
on special contrast features along the (101) direction in the projected potential (Figure
4 a). The atoms form streaks clearly visible both in the projected potential and the
inserted structural projection and have their equivalents in HRTEM images and corren-
sponding simulations. Significant features in the experimental HRTEM images correlate
to features in simulated HRTEM images. Slight but explicit contrast differences within
the critical chemical surrounding of the Agh atom (Figure 4 b, ¢; white dotted ellipsoids)
provide evidence for the distinction between the two structure models in space groups
P6/m and P6. In both defocus images, the model in space group P6 results in double
spots with one weaker and one stronger intensity, whereas the two spots with equal in-
tensities resulting from the model in space group P6/m match better with the recorded
images.

The chemical composition of the product was confirmed by energy-dispersive X-ray
(EDX) spectroscopy. No other elements except Ag and Gd were detected and the average
compostion is in good agreement with the composition Gdi4Ags; (Table 5).
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Fig. 10. Three sublattices of Gd1l (upper left, light grey, at z = %), Gd2 (upper right, dark grey, at
z = 0) and Gd3 (lower left, black, at z ~ 0.3). They form thinned and slightly distorted hexagonal
patterns. When combined in one picture (lower right), the relation to the hexagonal closest packing is
clearly visible.

Fig. 11. View along the ¢ axes of Gdj4Ags; (left) and EujgHgss (right). The comparison clearly shows
the differences of the two structures in space groups P6/m (Gdi4Ags;) and P6 (EujpHgss). In addition
to an origin shift, the positions of the half-occupied hexagons of Agh atoms in Gdi4Ags; are ordered
and fully occupied triangles of Hg atoms in EujgHgss. The orientation of the unit cell of the P6/m
model is given as black lines in the lower picture for direct comparison.

76 Results



Fig. 12. The packing of Gd-centred polyhedra in Gdi4Ags;. Grey polyhedra around Gdl, white
polyhedra around Gd2 and black polyhedra around Gd3. The packing of the polyhedra is not space
filling, kinks and voids remain in between the polyhedra.

Table 6: Complexity values for compounds derived from the Gdy4Ags; family. IG is the bit per atom,
IGgijts is the total information content of the unit cell, IG,, is the normalized information content.

Compound 1G 1Gpgits 1G,

Gdi4Ags [6]  3.101 210.850  0.509
Caj1Hgsq [1]  3.857 251.853  0.640
EwoHgss [3]  4.233 275.159  0.703
Naji Hgso [2]  6.942 3936.056 0.759
Laj1Hgys [37)  3.797  425.287  0.558

Comparison with related structures

In 1973 and 1974 the amalgams Ca;4Hgs; and Sri4Hgs; were assigned to the GdisAgs,
structure type by Bruzzone and coworkers on the basis of powder diffraction patterns
[18,19]. However, investigations by Mar and coworkers in 2008 showed that they crys-
tallise in a closely related structure type with lowered symmetry, leading to an ordered
occupation of those Hg atoms equivalent to the Agb position in GdisAgs; [1]. The sym-
metry is lowered from space group P6/m to P6. Removal of the mirror plane normal
to the sixfold axis goes along with a loss of the inversion centre. In both Ca;4Hgs;
and Sri4Hgs; the position centering the Frank-Kasper polyhedron (Gd3 in Gdj4Ags;) is
mixed-occupied by Hg and Ca or Sr. A third amalgam with composition Eu;oHgss [3]
is of the same type, however, here in addition to the mixed occupancy of the position
centering the Frank-Kasper polyhedron a split position of a Hg atom along [0,0,2] occurs.
Again, this structure shows space group symmetry P6 with an ordered triangle formed
by the atoms corresponding to the position of Agh in Gdy,Ags;.

Naj;Hgso [2] is a further structure with close relation to the Gdy4Ags; structure type. It
crystallizes in a (3 x 3 x 1) superstructure with respect to the parent compound. From
the 101 Hg and 30 Na positions in the unit cell of Naj;;Hgss, one single Hg position
shows a mixed occupation with 50% Na. Other amalgams of the general composition
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X11Hgys (X = La, Ce, Pr, Nd, Sm, Gd, U) [37] crystallise in a cubic structure that can
be derived from the hexagonal Gdi4Ags; structure type and exhibits the same structural
basic building units. This structural relationship is topic of further investigations.

All these different yet closely related structures can be compared in terms of complexity
values as introduced by Krivovichev [38]. All structures show high but comparable
complexity. The various disorder phenomena in the amalgams contribute to an increase
of their complexities in comparison with the one of Gdi4Ags;, however, the effect of
symmetry reduction from space group P6/m to P6 and the herewith related higher
number of symmetry-independent atomic positions is by far more relevant. A huge
increase in complexity for the same reason (symmetry reduction by enlargement of the
unit cell in the sense of a klassengleiche subgroup) is found for the sodium amalgam.
Here, only a minor disorder phenomenon is present, but there are 131 independent atomic
positions, whereas Cai4Hgs;, Sri4Hgs; and EuygHgss have only 20 independent atom
positions and Gdy4Ags; has 10. The crystal structure of Naj;Hgso is with this respect
the most complex binary compound hitherto known not representing an approximant to
a quasicrystalline structure [39).

Electrical and magnetic properties

The specific resistivity of Gdi4Ags; shows the typical behaviour of a metal and decreases
with decreasing temperature, see Figure 5. The specific resistivity at room temperature
(2.25 - 1077 Q - m) is about one order of magnitude lower than the one of metallic
silver (1.59 - 107® Q - m [40]) and about one order of magnitude higher than the one
of metallic gadolinium (1.26 - 107% © - m [41]). In contrast, the amalgams with closely
related structures show typical "bad metal behaviour”, as e. g. shown for Na;; Hgss. This
is consistent with the lower electronegativity difference between Ag and the rare-earth
metals compared tothe one between Hg and alkali, alkaline-earth or rare-earth metals.
The low Joffe-Regel limit detected for Naj;Hgss also is in good agreement with the very
low-symmetric and extremely complex structure with long translational periodicity.

At temperatures below 30 K, Gdy4Ags; the susceptibility of Gdi4Ags; shows a deviation
from the behaviour of a simple pauli paramagnet which can be interpreted as antiferro-
magnetic ordering, see Figure 6. This has also been observed for Thy;Ags; (27 - 27.9K)
and U14AU51 (23K) [15,42]

Conclusions

We have shown that the Gdj4Ags; structure type can be assigned to space group P6/m
by single crystal X-ray structure analysis, careful analysis of the electron density map
and TEM investigations. The observed effect of six symmetry equivalent, half-occupied
and mutually exclusive Ag positions cannot be resolved by symmetry reduction and is an
intrinsic feature of this structure type. The comparison of four single crystal refinements
(X14Ags1 with X =Y, Ce, Gd and Tb) shows that all compounds crystallise isotypically
in the strict sense of the word. Recently occured doubts on the few single crystal data
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available in literature therefore can be outruled, also it is probable that all the structure
structure type assignments based merely on powder diffraction data are correct.

A basic and prominent structure element in the Gdy4Ags; structure type is a rod formed
by condensed pairs of two interpenetrating Frank-Kasper polyhedra with 16 Ag vertices
and centred by Gd atoms. These rods are packed in a hexagonal rod packing topol-
ogy. A class of related structures with general composition Xq;Agys crystallizes in a
cubic structure type where these rods form a cubic packing. The same rods are also the
prominent structure motifs in a number of amalgam structures. They can be regarded
as hettotypes to the Gdi4Ags; aristotype as they crystallise in the direct subgroup P6.
Their respective structures show different kinds of disorder phenomena and higher com-
plexity, mainly due to the lower space group symmetry. However, in all these slightly
different structures, the Hg positions equivalent to Agb in Gdi4Ags; form ordered and
fully occupied triangles. In contrast to these amalgams which show highly polarised
metal-metal bonding due to the high differences in the electronegativities of Hg and al-
kali or alkaline-earth metal, Gdy4Ags; shows the typical behaviour of a good metal and
antiferromagnetic ordering at low temperatures.

The reason for the lower symmetric amalgam structures showing ordered atomic posi-
tions may lie in the higher ionic contributions. The local Coulomb potentials lead to
the formation of coordination spheres of negatively polarised Hg atoms surrounding the
positively polarised less noble metals, and the ionic bonding contributions may favour
structures with higher order in comparison to the primarily metallic bonding in Gdy4Ags,
structure type compounds with low electronegativity differences and good metallic be-
haviour. Extensive studies to clarify the degree of electron transfer of the less noble
metals to Hg in the amalgams and the resulting effects on the crystal structures are at
the moment performed in our group both on the basis of quantum mechanical calcula-
tions and on NMR spectroscopic investigations. In addition, a new and unconventional
approach to the rationalisation of highly complex crystal structures [43] may shed a
light on local structural details, giving new impulse for the interpretation of the disorder
phenomena of both Gdj4Ags; type structures and the related amalgams.
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Supplementary material

Table A.7 Standardised atom coordinates [25] and equivalent isotropic displacement parameters [pm?|
for Gdi4Ags; at 293 K. After free refinement of the site occupation factor of atom Agh it was set to 0.5
for final refinement. Standard deviations of the last digit are given in parentheses.

Atom Wyckoff pos. Site occup. x y z Uequiv
Agl 121 1 0.10451(4)  0.43889(4) 0.33144(5)  118.3(9)
Ag2 121 1 0.26662(4)  0.07488(4) 0.23686(5)  122.4(9)
Ag3 121 1 0.49423(4)  0.11557(4) 0.15256(5)  116.4(9)
Agd 6k 1 0.05884(5)  0.23857(5) 1 88.2(11)
Agh 6j 0.495(6) 0.0162(2) 0.13259(15) 0 260(6)
Agb6 4h 1 i 2 0.29815(9)  115.9(14)
AgT7 2c 1 3 2 0 138(2)
Gd1 6k 1 0.46871(4)  0.14014(4) 1 93.2(8)
Gd2 6j 1 0.11414(4)  0.39036(5) 0 158.9(10)
Gd3 2e 1 0 0 0.30708(8) 85.3(12)

Table A.8 Anisotropic displacement parameters [pm?| for Gdi4Ags; at 293 K. Standard deviations of
the last digit are given in parentheses.

Atom Ui Uaga Uss Uas Uis Uia
Agl 121.9(18)  89.8(17) 119.9(19)  15.0(14)  -145(15)  35.5(15)
Ag2 116.4(18)  115.4(18)  140(2) 16.2(16)  38.4(16)  61.6(16)
Ag3 01.3(18)  127.2(18)  112(2) 11.1(16)  -3.8(16)  40.4(15)
Agd  T72(2) 89(2) 0.0102(3) 0 0 39(2)
Agp 573(13) 159(8) 113(8) 0 0 232(8)
Ag6 97.3(18)  97.3(18)  153(3) 0 0 48.7(9)
Ag7  135(3) 135(3) 146(5) 0 0 67.3(14)
Gdl  91.0(16)  93.1(17)  101.3(17) 0 0 50.5(13)
Gd2  123.3(18)  276(2) 92.3(18) 0 0 111.1(18)
Gd3  75.2(16)  75.2(16)  106(3) 0 0 37.6(8)
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Table A.9 Selected interatomic distances [pm] for Gdi4Ags; at 293 K. Standard deviations of the last
digit are given in parentheses.

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance

Agl Agd 278.60(8) Ag3 Agb 285.93(6) Agb Gd1 310.88(7)
Ag3 279.41(8) Ag7 289.08(5) Ag7 Agb 278.35(9)
Agb 290.31(5) Ag3 299.79(9) Ag3 289.08(6)
Ag2 293.27(6) Agl 299.87(6) Gd2 319.34(8)
Ag3 299.87(8) Gd2 317.10(6) Gd1 Agl 309.44(8)
Ag2 302.35(9) Gd2 324.10(9) Agb 310.88(6)
Gdl1 309.44(8) Gd2 324.74(9) Agb 310.93(6)
Gd1l 311.04(7) Gd1l 328.97(6) Agl 311.04(7)
Agl 314.73(8) Ag4 Ag4d 272.16(11) Agl 316.20(8)
Gdl 316.20(8) Agl 278.60(8) Agd 318.95(10)
Gd2 316.87(6) Ag2 287.10(6) Agd 323.82(7)

Ag2 Agb 276.34(13) Ag2 289.62(7) Ag3 328.97(6)
Ag3 277.21(8) Gd1 318.95(7) Ag2 333.70(7)
Ag4d 287.10(6) Gd1l 323.82(10) Gd2 Agh 284.94(19)
Agd 289.62(7) Gd3 326.36(8) Ag2 313.60(8)
Agl 293.27(9) Agh Agh 158.39(24) Agl 316.87(6)
Agb 298.76(20) Agh 274.34(22) Ag3 317.10(8)
Ag2 301.13(9) Ag2 276.34(18) AgT7 319.43(6)
Agl 302.35(7) Gd2 284.94(19) Ag3 324.10(9)
Gd3 308.18(7) Ag2 298.76(13) Ag3 324.74(7)
Gd2 313.60(6) Agh 316.78(31) Ag2 330.24(6)
Gd2 330.24(8) Gd3 327.53(13) Gd3 Ag2 308.18(5)
Gdl 333.70(7) Agb AgT7 278.35(9) Ag4d 326.36(8)

Ag3 Ag2 277.21(8) Ag3 285.93(7) Agh 327.53(15)
Agl 279.41(8) Ag3 286.03(8) Gd3 360.21(11)
Ag3 284.85(7) Agl 290.25(7)

Table A.10 Standardised atom coordinates [25] and equivalent isotropic displacement parameters [pm?|
for Yi4Ags1 at 293 K. The occupation factor for Agh was set to 0.5. Standard deviations of the last
digit are given in parentheses.

Atom Wyckoff pos. X y z Uequiv
Agl 121 0.10422(6)  0.43934(6) 0.33222(7) 99.7(17)
Ag2 121 0.26576(6)  0.07508(5) 0.23587(7) 117.8(18)
Ag3 121 0.49359(5)  0.11552(6) 0.15231(6) 97.8(17)
Ag4 6k 0.05831(7)  0.23799(7) i 71.2(19)
Agh 6; 0.0053(3) 0.1279(2) 0 278(9)
Ag6 4h 3 2 0.30050(12)  96(2)
Ag7 2¢ 3 2 0 112(3)
Y1 6k 0.46817(8)  0.14010(8) i 78(2)
Y2 6j 0.11416(9)  0.39088(10) 0 128(2)
Y3 2¢ 0 0 0.30832(18)  74(3)
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Table A.11 Anisotropic displacement parameters [pm?| for Y14Ags; at 293 K. Standard deviations of
the last digit are given in parentheses.

Atom U1 Uao Uss Uas Uis Uio
Agl  131(3)  94(3) 54(3)  16.3(19)  -11.5(18)  40(2)
Ag2 146(3)  119(3)  99(3)  27.5(19)  61(2) 74(2)
Ag3  100(3)  131(3)  42(3)  10.3(18)  -3.6(17)  43(2)
Agd  T8(3) 95(3) 37(3) 0 0 41(3)
Ag5  TI0(20)  232(12)  33(9) O 0 338(13)
Ag6  96(3) 96(3) 95(4) 0 0 48.2(14)
Ag7  126(4)  126(4)  83(6) 0 0 63.1(19)
Y1 103(4)  96(4) A14) 0 0 54(3)
Y2 125(4)  237(5)  27(4) 0 0 94(4)
Y3 83(4) 83(4) 54(6) 0 0 41.6(19)

Table A.12 Standardised atom coordinates [25] and equivalent isotropic displacement parameters [pm?|
for Cepq4Ags1 at 293 K. The occupation factor for Agh was set to 0.5. Standard deviations of the last
digit are given in parentheses.

Atom Wyckoff pos. X y z Uequiv
Agl 121 0.07336(9) 0.26761(9) 0.23968(11) 150(2)
Ag2 121 0.11499(9)  0.49523(9) 0.15324(11)  158(2)
Ag3 121 0.33241(9)  0.43754(9) 0.32879(11)  162(2)
Agd 6k 0.05981(11)  -0.17986(11) % 122(3)
Agh 6 0.1053(3) 0.1382(3) 0 217(11)
Agb 4h % % 0.7104(2) 153(3)
Ag7 2c 3 2 0 220(5)
Cel 6k 0.14074(9)  0.46982(9) 1 125(2)
Ce2 6j 0.27494(11)  0.38960(13) 0 239(3)
Ce3 2e 0 0 0.30435(19) 118(3)

Table A.13 Anisotropic displacement parameters [pm?| for Cej;Ags; at 293 K. Standard deviations of
the last digit are given in parentheses.

Atom U1 Uao Uss Uas Uis Uio
Agl  169(4)  135(4)  149(4)  15(3) 12(3)  79(3)
Ag2 172(4)  123(4)  151(5)  -3(3)  4(4)  53(3)
Ag3  I84(4)  130(4)  165(5)  24(3)  34(3)  T74(3)
Agd  106(5)  117(5)  136(6) 0 0 50(4)
Ags  251(17)  123(14)  150(16) O 0 J1(11)
Ag6  144(4)  144(4)  173(8) O 0 72(2)
Ag7  242(1)  242(7)  175(12) 0 0 121(4)
Cel 125(4)  122(4)  131(4) 0 0 64(3)
Ce2  47(5)  473(7)  117(5) 0 0 273(6)
Ce3  102(4)  102(4)  150(8) 0 0 51(2)
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Table A.14 Standardised atom coordinates [25] and equivalent isotropic displacement parameters [pm?]
for ThisAgs; at 293 K. The occupation factor fo Agh was set to 0.5. Standard deviations of the last
digit are given in parentheses.

Atom Wyckoff pos. X y z Usquiv
Agl 121 0.10429(6 ) 0.43913(5) 0.33190(7) 122.0(12)
Ag2 121 0.26642 0.07514(6) 0.23611(8) 132.2(13)
Ag3 121 0.49401 0.11560(6) 0.15249(7) 117.9(13)
Ag4d 6k 0.05860(7 0.23842(8) % 95.4(16)
Agh 6 0.0097(3) 0.1300(2) 0 272(9)
Agb 4h % % 0.29965(13) 121.0(19)
Ag7 2c 3 2 0 137(3)
Thl 6k 0.46839 0.13998(5) % 100.4(11)
Th2 6 0.11409 0.39071(6) 0 150.6(13)
Th3 2e 0 0 0.30759(11) 88.1(16)

Table A.15 Anisotropic displacement parameters [pm?] for Thi4Ags; at 293 K. Standard deviations
of the last digit are given in parentheses.

Atom

Ua2

Ui 2
Agl 129(3) 96(2) 118(3)  15(2)  -10(2)  38(2)
Ag2 137(3) 126(3) 143(3)  20(2)  47(2)  73(2)
Ag3 102(2) 128(2) 105(3)  11(2)  -2(2) 43(2)
Agd 86(3) 99(3) 97(4) 0 0 43(3)
Agb 640(20)  192(12)  85(11) O 0 283(12)
Agb 106(3) 106(3) 151(5) 0 0 53.1(13)
Ag7 139(4) 139(4) 132(7) 0 0 69(2)
Tbl 107(2) 106(2) 95(2) 0 0 58.7(18)
Th2 128(2) 249(3) 85(3) 0 0 102(2)
Th3 86(2) 86(2) 93(4) 0 0 42.8(11)
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3.3.3. Synthesis and characterization of La;; ,Hgss_x and RE;;Hgs s (RE = Nd,
Sm) as hettotypes of the Sm;;Cd,s structure type
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Abstract

The mercury-rich amalgams Laj; Hgys » and RE;1Hgyys (space group F 43m (No.
216), Layi Heys o a = 21.9342(19) A, RE = Nd: a = 21.7384(14) A; RE = Sm:
a = 21.6555(4) A), were synthesized by dissolving the respective rare earth metals in a
mercury surplus and subsequently distilling off the excess. The compounds were charac-
terized by single crystal and powder X-ray methods together with ab-initio band struc-
ture calculations. Both crystal structures deviate significantly and in different ways from
their common aristotype, the Smj;Cdys structure type. In Laji, Hgss o (x = 0.7(1))
two crystallographic sites show mixed occupancy, whereas in RE;1Hgyy 5 one of the Hg
positions is fully unoccupied. Their band structures exhibit typical broad Hg d states at
low energies, and a strong mixing of s and p states indicates a mercury sublattice with
high connectivity.
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Introduction

The structural chemistry of binary mercury-rich amalgams of less noble metals is versa-
tile. Large unit cells in combination with low symmetry and disorder phenomena lead to
structural complexity unexpected for binary compounds. A large number of alkali and
alkaline earth metal amalgams are reported, but in comparison relatively little is known
about lanthanoid metal amalgams. In contrast to amalgams with lower Hg content and
simple structures (REHg [1-3], REHg, [3, 4] and REHg;3 |2, 3, 5|), the structurally com-
plicated mercury-rich amalgams are less understood. In addition to their high structural
complexity, structure elucidation of mercury-rich amalgams is further hampered by ex-
treme air and moisture sensitivity and remarkably high absorption effects. In previous
work, we reinvestigated the crystal structure of EujsHgs; on the basis of single crystal
data and could improve the previous structure model [6] by including a pronounced and
unique defect pattern [7]. This amalgam is one example of a class of Hg-rich amalgams
with composition close to REHgs.

A group of amalgams with composition RE;;Hgys (RE = Ce, Nd, Gd, Pr, also U) [6],
close to REHg,, was assigned to the cubic Smj;Cdys structure type (established 1979
by single crystal X-ray diffraction) [8] only on the basis of the respective powder X-ray
diffraction patterns. A large number of cadmides — discovered prior to 1979 — with gen-
eral composition RE;;Cdys (RE =Y, Pr, Nd, Gd, Th, Dy, Ho, Er, Tm, Lu) were later
on assigned to this structure type, again based on powder diffraction data [9-11]. Early
descriptions of disorder phenomena in this structure type were given for Gdg osMgys.9 [12].
Ternary compounds show particular complexity ((Ceys726Y4.920Mg1.354)Mgu308 and
CegoY125Mggo2) [13, 14|, but for the respective cadmides and mercurides no reports
on disorder phenomena have been given so far.

Previously we have reinvestigated the Gdi4Ags; structure type and some of its amalgam
representatives [7, 15]. We have found the aristotype structure to be correctly described
in higher symmetry and the hettotypes showing lower space group symmetry in combina-
tion with individual disorder phenomena. As an analogous situation could be expected
for the Smy;Cdys structure family, we found it worthwhile to reinvestigate some of its
representatives REy1Hgys (RE = La, Nd, Sm). Here we present detailed X-ray structure
analyses and the resulting new structure models with disorder phenomena leading to
the actual compositions Laji, Hgys  with x = 0.7(1) and RE1;Hgys5 (RE = Nd, Sm),
respectively. The structures can be regarded as hettotypes of the Smy;Cdys type, crys-
tallizing in the same space group type but with specific mixed occupied atomic positions
(La compound) or vacancies (Nd and Sm compound). Band structure calculations help
gaining insight into bonding modi, but no electronic reason is found for the disorder
phenomena.
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Material and methods

Preparation

In an argon-filled glovebox, RE (RE = La: 1 g, 7.15 mmol, 99.99% metal base, smart
elements; RE = Nd: 0.5 g, 3.47 mmol, 99.99% metal base, smart elements; RE = Sm:
0.5 g, 3.33 mmol, 99.99% metal base, smart elements) were mixed with 10 equivalents
of mercury (distilled twice) in a glass ampoule (see Figure 1, total length 22 cm). The
closed ampoule was brought to air, evacuated to a pressure below 11072 mbar and then
sealed by fusing.

The lower part of the ampoule up to the
central constriction was placed in a vertical
tube furnace in upright position and heated
to ca. 300£1 °C for 12 hours. The boiling
mercury reacts with the educt metals to a
liquid but viscous amalgam. The surplus
mercury condensates at the air-cooled upper
thesiz of Hg-rich amalgams. Above: La and Hg pa‘rt of the ampoule outside )Fhe furnace, cre-
sealed under vacuum, prior to reaction. Below: ating a Hg reflux. After cooling the ampoule
Product (left) and surplus Hg (right) after the to room temperature, furnace and ampoule
distillation. To isolate the product, the ampoule were turned into a horizontal position and
is separated into two parts by sealing off at the the lower part was heated to ca. 100£1 °C.
central constriction. The surplus mercury was distilled into the
cold part, see Figure 1b. The product was separated from the Hg by sealing off the
mercury-filled part of the ampoule. This method yields polycrystalline material as well
as single crystals and therefore has advantages over the standard technique of heating and
tempering stoichiometric educt mixtures. The brittle amalgam crystals showed bright
metallic luster, were very sensitive toward air and moisture and therefore handled in a
glovebox or under dried paraffin oil.

Fig. 1. Borosilicate glass ampoules for the syn-

Structure determination

Single crystal X-ray diffraction of LajicHgas_x

In a glovebox, small sample amounts were put in a petri dish and covered with dried
paraffin oil. The sample was brought to air and suitable specimens of irregular shape
were isolated and sealed in paraffin-filled glass capillaries (& = 0.3 mm). After cen-
tering the crystals on a IPDS1 diffractometer system (Stoe & Cie. GmbH, Darmstadt,
Germany) equipped with an imaging plate and graphite-monochromatized Ag-Ka radi-
ation and determining the orientation matrix, data collection was performed in ¢ scan
geometry with Ay = 0.8°. The intensities of the accessible part of the Ewald sphere
were collected between 0 and 200.0 °p. Data were subsequently corrected for Lorentz,
polarization and absorption effects (multiply-scanned symmetry equivalents [16]). Sys-
tematic absences (hkl only observed for h+k, h+l k+1 and consequences on 0kI, h0I
and 00! and on h00, 0kO and 00I) together with Wilson statistics indicated face cen-
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tering and absence of centrosymmetry, suggesting the possible space groups F23 (No.
196), F432 (No. 209) and F43m (No. 216). Structure solution with direct methods
succeeded in space group F23 and yielded all atom positions. Atom assignment was
carried out by analysis of the thermal displacement parameters as indicator for heavier
(Hg) or lighter (La) atoms. After anisotropic treatment of all thermal displacement pa-
rameters the atomic positions were checked for mixed occupancy. Only two positions
(Lal0/Hgl0, 0.23(10):0.77(10) and Lal3/Hgl3, 0.49(18):0.51(18), see Table 2) showed
significant mixed occupancy and were assumed to be overall fully occupied. Checking
for additional symmetry (Platon package |20]) revealed the final space group F43m. The
high R;,; = 0.1533 is caused by a very thin layer of elemental mercury covering the crystal.
Liquid mercury is a very efficient X-ray absorber, even in thin layers and hence influ-
ences reflection statistics, not in all cases mended by absorption correction algorithms.
Further details on crystal structure, data collection, structure solution and refinement
are compiled in Table 1, fractional atomic coordinates in standardized setting [21] and
isotropic displacement parameters are compiled in Table 2, anisotriopic displacement pa-
rameters for all atoms can be found in Table A5. Further details on the crystal structure
investigations are available from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax. +49 (0)7247 808 666; e-mail: crysdata@fiz-karlsruhe.de;
http: //www.fiz-informationsdienste.de /en/DB/icsd/depot anforderung.html) on quot-
ing the deposition number CSD-431022.

Powder X-ray diffraction

Samples for powder diffraction studies on Nd;;Hgyy 5 and Smi;Hgyy 5 were prepared in
a glovebox by grinding the samples and sealing the powder in glass capillaries (& = 0.3
mm). To account for the high absorption coefficients, the sample was optically diluted
with diamond powder, and data were collected in multiple subsequently added ranges
between 2.0 and 70 °24.

Data collection was performed on a diffractome-

ter system with position-sensitive linear detec-
ol - E%E;i%ﬁgj tor (Stadi P, Stoe & Cie. GmbH, Darmstadt,
| eraggpeakpositons|  (Germany, MYTHEN 2K detector) in Ge(111)-
s0f- monochromatized Mo-Kal radiation in Debye-
I Scherrer geometry. Rietveld refinements were
performed with a fundamental parameter ap-

ol proach [17, 18], and a double-Voigt approach
i to compensate size-strain effects. A shifted

| 0000 0T 000000 0000000 000 A Chebychev function was apphed fOI‘ background
o 10 [;iffraggon ;nglgge (1;401(:3 [ deé] o ® modelling. As starting values the single crystal
structure model of Laj; Hgys « was applied

Fig. 2. Rietveld refinement of SmiiHgass.  after replacing La with either Nd or Sm and
i;fli fjnement parameters are compiled in o1 qine mixed positions. On all positions x, y,
z were freely refined. As the data/parameter

ratio was low due to high symmetry, common values for Bj,, were refined for all Hg and
all RE atoms. This allowed to check each atom individually for underoccupation by re-

fining the respective occupation parameters. With high significance all atoms showed full

100 — x

40

Relative intensity [%]
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Table 1: Crystallographic data and details on data collection, structure solution and refinement of
La11+ng45—x-

Empirical sum formula Laj1+xHgas—x, x = 0.7(1)
Crystal system cubic
Space group F43m (No. 216)
Lattice parameters (A, A3) a = 21.934(2)
V = 10553(3)
Formula units Z 8
Calculated density (g-cm™!) 13.231
Absorption coefficient (mm~1) 75.044
Radiation, wavelength (A) Ag-Ka, 0.56086
Diffractometer IPDS 1 (Stoe & Cie, Darmstadt, Germany)
Data collection mode p-Scans, 0° < ¢ < 200°, Ap =0.8°
Corrections Lorentz, polarization, absorption [16]
Transmission factors Thin/ Tmax 0.005 / 0.031
Number of 1.s. parameters 70
Number of collected data 31194
Number of unique data 1010
Number of unique data with I > 20(I) 808
Rint/ R 0.1533 / 0.0421
Data range -33 < h < 32, (20max = 49.8°)
33 < k1 < 33
Structure solution direct methods [19]
Structure refinement full matrix least-squares on F? [19]
R1 (I > 20(I))/R1 (all data) 0.0428 / 0.0617
wR2 (I > 20(I))/wR2 (all data) 0.1174 / 0.1251
Residual electron density min/max (e~-A=3) -3.694/5.582
Extinction coefficient 0.0000072(15)

occupation. However, the thermal displacement parameter for Hgl3 on 0,0,0 appeared
to be unreasonably large (>20 pm?) during free refinement. After fixing to 2 pm? the
occupation factor was refined freely and it became clear that this position is vacant. The
atom was excluded from the list and a difference Fourier map (see Fig. A6) shows no
residual electron density at this position. As a structural consequence, the neighbouring
atom Hg8 relaxes toward this vacancy and thus gives further evidence for an actual un-
occupied position as the shortened interatomic distances prohibit occupation (do,0,0)—ngs
— 2.2066(7)A), see inset of Figure 4. A chemical analysis via ICP-AAS or EDX/WDX is
unhelpful to prove the lower Hg content in RE;1Hgy4 5, as the powder may contain some
Hg metal sticking to the surface of the crystallites, and the effect amounts to a difference
of only 1.1 at.-% Hg in comparison with a structure with fully occupied position of Hgl3.

Selected details on the results of the refinement are given in Table A4 and Figure 2.
The atomic coordinates together with Wyckoff numbers and isotropic thermal displace-
ment parameters Uj; are compiled in Tables A6 and A7. Further details can be ob-
tained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein- Leopoldshafen, Ger-
many (fax. +49 (0)7247 808 666; e-mail: crysdata@fiz-karlsruhe.de;http://www.fiz-
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Table 2: Standardized fractional atomic coordinates [21], Wyckoff numbers, equivalent isotropic dis-
placement parameters (AQ) and site occupation factors as result of a single crystal structure refinement
of Laj14xHgys—x. Ueq is defined as % of the trace of the orthogonalized Uj; tensor. Standard deviations
in units of the last digit are given in parentheses.

Atom  Wyckoff site x v oz Ueq s.o.f
Hgl  48h 0.04581(6) x 0.64056(8)  0.0373(5) 1

Lal  48h 0.07623(13) x 0.26411(15) 0.0356(6) 1

Hg2  48h 0.07671(6) x 0.76178(7)  0.0257(3) 1

Hg3  48h 0.16475(8)  x 0.01589(12) 0.0430(5) 1
Hgd  48h 0.18753(6) x 0.50893(9)  0.0312(4) 1
Hgs  48h 0.20458(6)  x 0.89269(11) 0.0351(4) 1

Hgb  24g 0.09583(14) 1 1 0.0388(6) 1

Hg7  24f 0.16275(12) 0 0 0.0291(5) 1

Hg8  16e 0.0761(2) X X 0.0541(10) 1

Hg9  16e 0.16150(9) x x 0.0322(6) 1
Hgl0  16e 0.33370(11) x x 0.046(2) 0.77(10)
Lal0  16e 0.33370(11) x x 0.046(2) 0.23(10)
Hgll 16e 0.41279(7) x x 0.0275(5) 1

La2  16e 0.65678(11) x x 0.0212(7) 1

La3  16e 0.91140(11) x x 0.0224(7) 1
Hgl2 4d 3 3 3 0.0323(12) 1

Lad  4c 1 i1 0.0196(13) 1

La5  4b % % % 0.0190(13) 1
Hgl3 4a 0 0 0 0.049(4) 0.5(2)
Lal3 4a 0 0 0 0.049(4) 0.5(2)

informationsdienste.de /en/DB/icsd/depot anforderung.html) on quoting the deposi-
tion numbers CSD-431027 (Sm compound) and CSD-431028 (Nd compound).

Band structure calculations

DFT calculations of the electronic band structure were performed for the hypothetical
fully ordered structure model La;; Hgys with the program package Wien2k [23|, applying
the FP-LAPW method. Lattice parameters and atomic positions were used as the results
of single crystal analysis, see Tables 1 and 2. The exchange correlation was taken account
of by the generalized gradient approximation, GGA [24], and muffin-tin radii were set to
132.29 pm (2.5 a. u., Ry - Kpax = 8) for all atoms. The cut-off energy was set to —6 Ry,
and 343 k-points of the Brillouin zone (20 thereof in the irreducible wedge of the Brillouin
zone) were calculated in a 7x7x7 Monkhorst-Pack grid. K-meshes with higher density
would be favourable with respect to higher resolution. Due to the high calculation power
needed for large structures with mixed occupation we were not able to perform larger
calculations within reasonable times with our means. Handling of the mixed positions
would have to be accounted for by modeling superstructures with reduced symmetry and
ordered positions. However, this was not practicable with our means for Lay;,  Hgys_«, as
the crystal structure exhibits 448 atoms per unit cell. Therefore we decided to calculate
the electronic structure based on a model without mixed positions and assumed all mixed
positions to be fully occupied by Hg (Hg/Lal0 and HglLa/13).
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Fig. 3. Representative coordination polyhedra for Laj;Hgss_« around a) Hgl, b) Hg3, ¢) Hg6, d)
Hg8, e) Hgll, f) Lal, g) La3, h) La2. Small black spheres: La atoms, small grey spheres: Hg atoms,
medium sized grey spheres: mixed occupancy La/Hg. The full set of coordination polyhedra for all
atoms can be found in Table 3.

Results and discussion

Crystal structure description

Lai14xHgus_x crystallizes in the cubic system with space group F43m (No. 216, a
= 21.9342(19) A). 17 independent crystallographic sites build the structure (5 La, 12
Hg), of which two Hg sites show mixed occupancy with La.

The crystal structure of Laj;. cHgys_« can be built from eight different polyhedra coordi-
nating the individual atomic sites. Describing the structure via coordination polyhedra
of individual atoms emphasizes the ionic picture of a highly polar intermetallic phase
in the sense of [La’*]i1[Hg’ |45_, where the lanthanum cations are coordinated only
by mercury anions (see Figure 3f-h). The Hg atoms (3a-e) are coordinated by both La
and Hg atoms, according to the sum formula, and La atoms show a clear tendency to
avoid direct contacts due to the Coulomb repulsion of La’* cations. The coordination
polyhedra are shown by representative examples in Figure 3. Coordination numbers for
La are 14-16, for Hg they range from 12 to 14. Icosahedra and rhombic dodecahedra are
prevailing with a total number of eight (see Table 3 and Figure 3a,b). Hg often shows
icosahedric coordination in Hg-rich amalgams, as can also be seen here for Hgl,2,4,5.
Hg9,10,13 and La4 show rhombic dodecahedral coordination. Two further polyhedra
(around Hg6,7) can be derived from a rhombic dodecahedron by removing one vertex
and thus decreasing the number of coordinating atoms to 13 (see Figure 3c). Five
Frank-Kasper polyhedra with coordination number 14 (bicapped hexagonal antiprism,
see Figure 3e) and coordination number 16 (capped truncated tetrahedron, see 3h) coor-
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dinate the atomic sites of Hg8,11,12 and La2,5, respectively. Two less common polyhedra
form around Hg3 and La3 which may be described as "Centaur"-like polyhedra. (Here
we adapt the term usually applied to a polyhedron consisting of half a cube and half
an icosahedron, in analogy to the mythical hybrid creature of horse and man. |25, 26]
In our cases the two halves of the "Centaur"-like polyhedra are derived from a rhombic
dodecahedron and a Frank-Kasper polyhedron.) The coordination polyhedron around
Hg3 can be described as a Centaur-like polyhedron consisting of parts of a rhombic do-
decahedron (see the three dark grey rhombic faces in Figure 3b) and of an icosahedron
(16 light grey triangular faces, % of an icosahedron). La3 is surrounded by another type
of Centaur-like polyhedron where rhombic faces (dark grey in Figure 3g) are combined
with 22 triangular faces (light grey, 1% of a Frank-Kasper polyhedron), resulting in co-
ordination number 16. A special polyhedron with coordination number 15 surrounds
Lal. It is best described as conjunction of two cupolae with a common sixfold basal
plane. One cupola displays a five-membered (light grey in Figure 3f), the other cupola
a four-membered cap (dark grey). Combination of these different polyhedra leads to a
complicated structure description as all of them will interpenetrate.

In an alternative picture, the
topology of the atomic ar-
rangement in the crystal struc-
ture of Laj;y,Hgys « can be

Table 3: Compilation of the coordination polyhedra in
Laj14+xHgss—x. Representative examples are shown in Figure 3.

described by augmenting the polyhedron CN  centering atoms

most special positions of this icosahedron . 12 Hgl, Hg2, Hg4, Hgd

highly symmetric structure by mono-truncated rhombic 13 He6, Ha7

their respective environment, dodecahedron

starting from the coordination Cental.lr 1 13 Hg3

polyhedra above and adding rhombic 14 Hg9, HglO,

concentric next-neighbor poly- dpdecahedron Hgl3, La4

hedra [22]. The atomic posi- blcgpped hexagonal 14 Heg, Hell
antiprism

tions with highest site symme- L
try (43m) are La/Hgl3 with xenomorphic bicupola 15 Lal

Wyckoff site 4a (see Table 2), Centaur 2 16 Laj

La5 (4b), Lad (4¢) and Hgl2 Frank-Kasper 16  Hgl2, La2, Lad

(4d). The mixed occupied site

La/Hgl3 is coordinated by a slightly distorted rhombic dodecahedron (La and Hg atoms
occupying the non-equivalent vertices). These dodecahedra are arranged in the unit cell
in the topology of a cubic closest packing, see Figure 4 (left). All octahedral voids in this
fcc motif are filled by regular Frank-Kasper polyhedra with 16 vertices (4 Hgl1, 12 Hgl)
around Lab. Half of the tetrahedral voids is occupied by Lad, centering a slightly dis-
torted rhombic dodecahedron (4 Lal0/HglO with mixed occupancy, 4 Hg9 and 4 Hg6).
This is further coordinated by a cuboctahedron (12 Lal) interlaced with an additional
truncated tetrahedron (12 Hg3, see Figure 4c). The second half of the tetrahedral voids
is occupied by Hgl2, surrounded by tetra-capped truncated tetrahedron (Frank-Kasper
polyhedron with CN = 16 from 4 La2 and 12 Hg5), further surrounded by a cuboc-
tahedron (12 Hg2) interlaced with an additional truncated tetrahedron (12 Hg4, see
Figure 4d). Thus, the most special atomic positions and their fist and next coordi-
nations build the motif a hierachical variant of the FesAl structure type with rhombic
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dodecahedra and Frank-Kasper polyhedra on the octahedrally coordinated and truncated
tetrahedra on the tetrahedrally coordinated positions.

Nd;;Hgys s and SmyHgyg s also crystallize in the cubic system in the same space group
type F43m (No. 216, Nd compound: a = 21.7384(14) A, and Sm compound: a =
21.6555(4) A). There are only 16 independent crystallographic sites (5 RE, 11 Hg),
none of which show mixed or reduced occupancy. The structures deviate from the
Laji 1 Hgys « structure with regard to two aspects: (1) The position of Hgl3 (0,0,0)
in Laj . Hgys_ is vacant in RE;Hgy, 5, leading to a considerable relaxation of the
surrounding rhombic dodecahedron which collapses toward a tetrahedral entity (4 Hg8,
see Figure 4 insert), and (2) no atomic site in RE;;Hgyy 5 shows any significant mixed
occupancy. However, as displacement factors and site occupation factors tend to correlate
during Rietveld refinement, mixed occupancy can not entirely be excluded. The electron
density map for RE;1Hguy 5 (see Figure A6 in the Supplemental Material) supports this
finding and shows sharp electron density maps for all atoms, no electron density at (0,0,0)
and the relaxation of Hg8 in its direct vicinity.

Nd;;Hgys and Smy;Hgys are isotypic and can be regarded, together with Lajq, Hgys_, as
hettotypes of the Sm;;Cdys structure type, however, all compounds crystallize with the
same space group F43m (No. 216). The differences in the crystal structure are not due to
symmetry reduction but disorder phenomena like mixed occupancy and voids. This is on
the one hand an analogy but also a distinct difference to the aristotype Gdi4Ags; and its
hettotype amalgam structures, e.g. EujoHgss [7]. The aristotype space group symmetry
P6/m is reduced to P6 and a disorder in the aristotype (half occupied Ag positions in
a hexagon) is ordered (fully occupied Hg positions in a triangle). At the same time new
disorder phenomena comparable to the mixed occupancies described above is introduced
in the hettotypes.

Aspects of chemical bonding

The band structure of La;;Hgys, the hypothetical structure with fully ordered occupa-
tion of all positions, has been calculated with the full-potential linearized augmented
plane wave (FP-LAPW) method implemented in the WIEN2k code [23]. The results are
summarized as total density of states (tDOS) for the whole structure and partial den-
sity of states (pDOS) for each crystallographically independent position (see Figure 5).
The grey shaded area corresponds to the electron count of the hypothetical phase width
Laj;cHgys « with x = 0-1. We assume that the overall features of the DOS only
marginally change within this composition range, merely the Fermi level is adjusted to
account for a different electron count in the unit cell.

The tDOS shows Laj;Hgys to be metallic with no (pseudo) band gaps or other distinct
features near the Fermi level. Broad Hg d levels between —9 and —6 eV indicate strong
binding interactions of the Hg atoms forming a [Hg|’~ sublattice, a situation well known
from other Hg-rich amalgams [27]. The electronic states of the La atoms are scattered
leading to narrow unpronounced states in this range. From —6 eV up to the Fermi level,
s and p states of mainly Hg atoms mix and spread over the whole range. Above —1 eV
La states become significantly more pronounced which can also be seen in the tDOS.
However, due to the low absolute number of La atoms in comparison to Hg atoms, the

Results 95



dark grey spheres: Hg

. black spheres: La, Sm or Nd

light grey spheres: Hg/La mixed occupancy

0,0,0 (4a) is not occupied ir?
RE, Hg,,, (RE = Nd, Sm). The
rhombic dodecahedron is se-
verely distorted. This building
block replaces the polyhe-
dron surrounding Hg13 in
La11+ngd5-x'

hoorgr = 3-4692(9) A

\do,o.o-ugs =2.2066(7) A
d = 3.4459(10) A

0,0,0-Sm3

Fig. 4. Topologic relation of the Laj;xHgss—x and RE11Hgys 5 (RE = Nd, Sm) crystal structures to
the FezAl structure type in the sense of hierarchical variants. The insert shows the coordination of the
void at (0,0,0) in RE11Hgas 5 (RE = Nd, Sm) and the resulting relaxation of its direct surrounding,
leading to a collapsed rhombic dodecahedron. See text for details.

96 Results



-6 -4 -2 0

T W&WWWA*«,MM

0:|:Il:llll:l::::llllllllll||||

o
1
|

——  Hg

w

= {
N W\w ‘WWWMMRVM\}}

oo
|
|

w

- Hgo (39) MWM *%MPM\/\/ [J\A‘ Mo\ﬁ/d ]

o

DOS [states eV ' cell ']
o

w

o

[}

T T —+ ' - T 1 T T
H— o | .
B La4 (12x) ‘J 4
3 La5 (12x) /‘ WV’

-10 -8
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vertical line) is set as the energy reference at 0 eV. The grey shaded area corresponds to the electron
count in the hypothetical phase width Laji4Hgss— 5 with x = 0-1.

tDOS is still largely dominated by Hg states. At the current level the electronic band
structure does not account for the mixed occupancy of two crystallographic sites. No
pronounced pseudogaps are found within the grey shaded area which corresponds to
the electron count in the hypothetical phase width Lai; Hgss » with x = 0-1. We
have calculated the Bader charges for all atomic positions (see Table A8), and it is
obvious that all La atoms have an equally distributed positive charge. Also the negative
charge on the Hg atoms does not differ widely, ranging from -0.26 to -0.53. The atom
positions Hgl0 and Hg13 which show mixed occupation appear inconspicuous. The equal
charge distribution and the partial but considerable electron transfer has previously been
observed for other amalgams of less noble metals, e. g. KHgg [28]. This homogeneous
delocalisation of the negative partial charge over the Hg substructure is the consequence
of high electronegativity difference and the endergonic electron affinity of Hg.
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Conclusions

Hg-rich amalgams of the less noble metals show interesting structural diversity. As mer-
cury is the only noble metal with a positive electron affinity and hence no pronounced
tendency toward anion formation, the electron transfer induced by the high electronega-
tivity difference is always incomplete. The polarity of the metal-metal bonding in these
amalgams is highest for the Hg-rich phases as a larger Hg sublattice can delocalize the
negative partial charge more efficiently. Intermetallic systems with high polarity can
show interesting electric behavior due to strong scattering of the conduction electrons
at the Coulombic potentials located at the positively polarized atoms of the less noble
metals. Especially low loffe-Regel limit resistances often are the consequence. Syn-
thesis and crystallographic characterization of the Hg-richest amalgams is complicated,
and knowledge on these phases is scarce. The amalgams connected with the Sm;Cdys
structure type show interesting features with respect to polar structure motifs (Hg’~
anions form discrete coordination polyhedra around La’* cations) and at the same time
structural motifs common to classic intermetallic phases (Frank-Kasper polyhedra, high
packing density). However, the band structure clearly shows all features of good metallic
behavior. There is a large family of amalgams of less noble metals with compositions
MHg, with 4 < x < 5. They can be derived from the Gd4Ags; structure type or, as in
the presented cases, from the Smy;Cdys structure type. The individual representatives
Ay Hgss—x (A = Na, Ca, Sr, Eu) and RE(4Hgss—« (RE = La, Nd, Sm) differ in
their respective disorder phenomena. The mixed occupation patterns always occur in a
singular way, and hitherto no electronic reasons have been found. For the most com-
plicated structure of Naj;_,Hgss_ a detailed topological evaluation [29] points toward
geometric reasons for the observed disorder phenomena, however, this has so far not
been performed for the other representatives. Future work will reveal whether geometric
reasons can be identified in all known cases or whether configurational entropic effects
may be attributed for the observed disorder phenomena. The latter would imply a low
probability to find a representative of the structure types in question with no disorder
at all. As a large number of lanthanides and actinides were reported to form similar
amalgams of composition RE;1Hgys (RE = Ce, Gd, Pr, U) but mixed occupancies or
other complications were never reported, we strongly encourage to look further into the
matter of this interesting part of intermetallic chemistry.
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Supplementary Information

Table A5: Coeflicients Uj; (Az) of the anisotropic atomic displacement parameters for Laj;xHgys— .
U is defined as exp{-2m%|Uy; (ha*)?*+...+2U2hka*b*|}. Standard deviations in units of the last digit
are given in parentheses.

Atom Uy Uag Uss Uas Uiz Up

Hgl  0.0455(7) Un 0.0210(6)  -0.0006(4) Uy -0.0218(R)
Lal 0.0353(9) U1y 0.0363(13) -0.0052(8) Uz 0.0082(11)
Hg2  0.0277(5) Un 0.0217(6)  -0.0001(3) Uy  -0.0068(6)
Hg3  0.0440(7) Uy 0.0409(11)  -0.0087(6) Uy  0.0023(9)
Hgd  0.0338(5) Un 0.0262(7)  0.0013(4) Uy  0.0028(6)
Hgs  0.0252(5) Up 0.0547(11) -0.0020(5) Uy  0.0009(5)
Hg6  0.0254(11) 0.0456(10) Usy -0.0026(12) 0 0

Hg7  0.0245(9)  0.0314(7)  Usy 0.0104(8) 0 0

Hg8  0.0541(10) Uy, Upy 0.0062(13)  Uas Uss

Hgg 0.0322(6) U11 U11 —0.0017(6) U23 Ugg

HglO 0046(2) U11 U11 -00107(9) U23 U23

Lal0  0.046(2) Uy Uy, 0.0107(9)  Uss Uss

Hgll 00275(5) U11 U11 —00049(5) U23 U23

La2 00212(7) U11 U11 00003(7) U23 U23

La3 00224(7) U11 U11 00000(7) U23 U23

Hg12 0.0323(12) U11 U11 0 0 0

Lad  0.0196(13) Uy Uy, 0 0 0

Lab 0.0190(13) Upy Uiy 0 0 0

Hg13 0049(4) U11 U11 0 0 0

Lal3 0049(4) U11 U11 0 0 0

Table A6: Standardised fractional atomic co-
ordinatesl®l and isotropic displacement parame-
ters (A2) as a result of the Rietveld refinement of

Table A7: Standardised fractional atomic coor-
dinates¥land isotropic displacement parameters
(A?) as a result from the Rietveld refinement of

SmyiHgaa 5. Ndi1Hgya 5.
Atom Wyckoff x V z Biso Atom Wyckoff x y z Biso
no. no.
Hgl 48h 0.0464(3) x 0.6398(4) 1.66(4) Hgl 48h 0.04735(7) x 0.6398(12) 2.60(13)
Sm1 48h 0.0755(4) x 0.2654(6) 1.18(9) Ndl 48h 0.08142(9) x 0.264(2) 2.1(2)
Hg2 48h 0.0776(3) x 0.7633(5) 1.66(4) Hg2 48h 0.0788(10) x 0.765(2)  2.60(13)
Hg3 48h 0.1589(3) x 0.0208(5) 1.66(4) Hg3 48h 0.16223(7) x 0.0241(12) 2.60(13)
Hgd 48h 0.1871(3) x 0.5096(4) 1.66(4) Hgd 48h 0.18706(8) x 0.5106(11) 2.60(13)
Hg5 48h 0.2044(3) x 0.8942(4) 1.66(4) Hgh 48h 0.20588(7) x 0.8918(13) 2.60(13)
Hg6 24g 0.0967(5) 1 % 1.66(4) Hg6 24g 0.093(2) 11 2.60(13)
He7 24f 0.1613(6) 0 0 1.66(4) Hg7 24f 0.168(2) 0 0 2.60(13)
Hg8 16e 0.0588(4) x x 1.66(4) Hg8 16e 0.05853(9) x x 2.60(13)
Hg9 16e 0.1608(4) x x 1.66(4) Hg9 16e 0.1601(9) x x 2.60(13)
Hgl0 16e 0.3342(4) x x 1.66(4) Hgl0 16e 0.3275(9) x x 2.60(13)
Hgll 16e 0.4123(5) x x 1.66(4) Hgll 16e 0.413(2) x x 2.60(13)
Sm2 16e 0.6566(6) x x 1.18(9) Nd2 16e 0.6544(14) x x 2.1(2)
Sm3 16e 0.9088(6) x x 1.18(9) Nd3 16e 0.907(2) x x 2.1(2)
Hgl2 4d 3 23 1.66(4) Hgl2 4d 3 33 2.60(13)
Smd 4c 1 11 1.18(9) Nd4 4c 1 11 2.1(2)
Sm5 4b % %% 1.18(9) Nd5 4b % %% 2.1(2)
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Table A4: Details on data collection and results of the Rietveld refinement of Nd;;Hgyy 5 and
Smy1Hgya 5

Formula Nd;1Hgua 5 SmiiHgys 5
VA 8

Crystal system cubic

Space group F43m (No. 216)

Lattice parameters (A, A%) a = 21.7384(14) a = 21.6555(4)
V = 10272(2) V= 10155(5)

Calc. density (g-cm?) 13.60(3) 13.83(7)
Radiation, wavelength (A) Mo-Kal, 0.70926
Monochromator curved Ge [111]

Data collection geometry Debye-Scherrer
Least-squares parameters 50 53

R values Rexp = 0.04608  Rexp = 0.02351

R, = 0.03436 R, = 0.01879
Ryp = 0.04381 Ry, = 0.02238
X2 = 0.951 X2 = 1.062
RBrage = 0.0086  Rpyags — 0.0064

Fig. AG6. Electron density map F,ps of the ab plane of Smyi1Hgyy 5 with sheet thickness Ac=0.05 at
height ¢=0. It clearly shows no electron density in the void (0,0,0). Also, the position of Hg8 is clearly
shifted toward (0,0,0) further confirming the unoccupied position.
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Table A7:Bader charges calculated for La;iHgys.

Atom Bader charge Site multiplicity Charge incl. multiplicity
Hgl —0.351 48 —16.834
Hg2 —0.416 48 —19.968
Hg3 —0.360 48 —17.282
Hg4 —0.335 48 —16.092
Hgb —0.263 48 —17.445
Hg6 —0.263 24 —6.319
Hg7 —0.494 24 —11.867
Hg8 —0.263 16 —4.213
Hg9 —0.340 16 —5.448
Hg10 —0.533 16 —8.521
Hgll —0.450 16 —7.205
Hgl2 —0.288 4 —1.153
Hgl3 —0.322 4 —1.290
Lal +1.466 48 +70.356
La2 +1.462 16 +23.395
La3 +1.449 16 +23.183
La4 +1.441 4 +5.763
Lab +1.431 4 +5.722
Hg total —133.538
La total +128.420
Diff. total —5.118
Diff. % 3.8
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3.3.4. Crystal Structure of Yb;;Hgs,

Reacting elemental Yb with Hg (10 eq.) at 300 °C in vacuum and subsequent distillation
of the mercury surplus yielded Yb;1Hgss as silver metallic lustrous crystals, sensitive
toward air and moisture. A suitable single crystal was isolated and mounted on a STOE
IPDS 1 diffraction system. For additional details on data collection and refinement see
Table 3.16.

Figure 3.17.: Left: Unit cell of Yby1Hgs4 with anisotropic displacement ellipsoids for all atoms drawn
at a 99% probability level. Right: Hexagonal rod packing with viewing direction along [001]. Black
polyhedra form around Hgll and Hgl3, dark grey around Hgl2 and Hgl4 and light grey around Yb4.
Yb: dark grey; Hg: light grey.

Reflections of the accessible part of a whole Ewald sphere were collected. Indexing showed
hexagonal metric and no systematic absences were detected. Wilson statistics indicated
no centrosymmetry. Solution in P6 yielded all atom positions. During refinement,
correct atoms were assigned using displacement parameters and subsequently refined
with anisotropic thermal displacement parameters. Residual electron density was in
close proximity of atomic position and were thus treated as termination effects. Checks
for additional symmetry were performed and showed no higher symmetry.

Table 3.15.: Results of the Rietveld refinement of

B Ybi1Hgsy.
X Caiodated Formula Ybi1Hgss
- | Ticke Yo Ha,, Z 1
5 ' —Ticks dlamond Crystal system hexagonal
\: Space group P6
[ Lattice parameters [A, A3] a = 13.4242(2)
2 ¢ = 9.6163(2)
V = 1500.78(6)
Density (X-ray) |g/cm?| 14.0910(6)
UL |||I|||||l||l|l|||l|||:|- I--II-IWI* Radlation MOKal
" Difraction angle 26/ des *0 Parameters 136
Background parameters 65
R values R, = 0.00537
Figure 3.18.: Results of the Rietveld refinement Ryp = 0.00715
of Yby1Hgsy. x2 = 1.578
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Yby,Hgsy crystallises in the hexagonal system with space group P6 (a = 13.4242(2) A,
c = 9.6163(2) A) There are four crystallographically independent Yb sites and 14 Hg
sites. No mixed or underoccupied positions were detected.

In Yby1Hgss Yb is solely coordi-
nated by Hg atoms. The coor-
dination spheres can be derived
from capped prisms (see Figure
3.19).  Around Ybl (CN=14)
a pentagonal prism forms with
both basal faces and two non-
neighbouring side faces capped.
Around Yb2 (CN=15) a hexago-
nal prism forms with both basal
faces and one side face capped.
Around Yb3 (CN=15) a pentag-
onal prism forms with both basal
faces capped. The latter shows
additional capping of two neigh-
bouring faces and one further, non-
neighbouring side face. Yb4 is co-
ordinated by 15 Hg and one Yb
(Yb4) position in a coordination
sphere best described as Frank-

Figure 3.19.: Polyhedra around Yb atoms in Yb;;Hgss. Kasper polyhedron with 16 ver-
Polyhedra around Yb1-3 can be derived from capped penta- tices. These polyhedra form inter-
or hexagonal prisms. The polyhedron surrounding Yb4 is a penetrating pairs, where the centre
Frank-Kasper polyhedron (CN=16) forming interpenetrating
pairs. Yb: dark grey; Hg: light grey.

of one polyhedron is also the vertex
of the interpenetrating one. The
pairs are stacked along [00z] shar-
ing trigonal basal faces (see Figure
3.19)

Most Hg atoms are coordinated by both Yb and Hg with the exception of Hgl14, which
is solely coordinated by Hg. The resulting polyhedra can be grouped according to their
shapes: Polyhedra around Hgl-2, Hg8, and Hgl1-14 are derived from capped prisms,
polyhedra around Hg4, Hg6-7 and Hg9-10 are distorted icosahedra. Unique are the
polyhedra surrounding Hg3 and Hgb.

Pentacapped trigonal prisms form around Hg2 and Hgl1-14. Both basal and all three
side faces are capped. In both polyhedra around Hgl and Hg8 the two basal and two
side faces of trigonal prisms are capped by one atom each. One side face, however, is
capped by two atoms, indicated by dashed lines in Figure 3.20. The difference between
them is the orientation. While the pair coordinating Hgl is parallel to [001], the pair
coordinating Hg8 is perpendicular to [001] with vector [0.1107 0.9938 0].

Hg3 is surrounded by two different cupolae. The "top" is a hexagonal pyramid and
the "bottom" is a pentagonal pyramid and can be seen as a part of an icosahedron,
resulting in CN = 13 (see Figure 3.20). It can be seen that the "front" also resembles

106 Results



/ /‘. \/
./ DA A 4 yg

/\ U7 Z e T %/bp/

Figure 3.20.: Polyhedra around all Hg atoms in Yb;1Hgs4. Polyhedra around Hgl-2, Hg8, and Hgl1-
14 are derived from capped prisms, polyhedra around Hg4, Hg6—7 and Hg9-10 are distorted icosahedra.
The polyhedron around Hg3 and Hgb are more irregular. Yb: black; Hg: light grey.

an icosahedron, but in the "back" rectangular faces are present due to the enlarged
coordination number. Hgb is surrounded by a hexagonal antiprism with both basal faces
capped.

According to their site symmetry the least regular polyhedra are formed around Hgl to
Hg6 (site symmetry 1), more regular polyhedra around Hg7-10 (site symmetry m..) and
around Hgll and Hgl2 (site symmetry 3..). Ideal trigonal prisms form around Hgl3,
and Hgl4 according to their site symmetry 6.. .

The whole structure can be rationalised as hexagonal rod packing of stacked polyhedra
as shown in Figure 3.17. Each type of polyhedra (around Hgll and Hgl3; Hgl2 and
Hgl4; Yb4) is stacked along [00z], thus forming rods. Again, each type of rod packs in
a hexagonal pattern. All three types of rods are telescoped so the voids are filled and a
dense packing is yielded.

Yby1Hgs, crystallises as hettotype of the Gdi4Ags; structure type. In contrast to other
hettotypes of the Gdi4Ags; structure type (Ay_ Hgssix (A = Ca, Sr)!, EujoHgss and
Na;, Hgs,!?) Yby Hgsy does not show mixed or underoccupied positions but exhibits a
fully ordered structure.

Results 107



Table 3.16.: Crystallographic data, details of the data collection and structure determination for

YbyHgss.

Empirical sum formula

Crystal system

Space group

Lattice parameters (T = 293K)
a/A

c/A

V /A3

Formula units / Z
Calculated density [g-cm™
F(000)

Absorption coefficient [mm™!]
Radiation, wavelength [A]
Diffractometer

Corrections

Transmission factors Tiin/Timax
Number of free parameters
Number of collected data
Number of unique data

’]

Number of unique data with (I > 20(I))

Rint/ RO’
Data range

Structure solution
Structure refimentent
Extinction coefficient

Ybi1Hgsa
heixagonal
PG, (No. 174)

13.3998(15)

9.6072(9)

1493.9(3)

1

14.156

5090

84.677

AgK, 0.56086

STOE IPDS-I

Lorentz, polarisation, absorption (semiempirical)
0.0026/0.024

112

31084

4870

3754

0.1150/0.0712

—22 < h <21,

—22 < k <22,

-15<1<15

direct methods, SHELXS97!3!
full matrix least-squares on F2, SHELXL97!!
0.000242(13)

Final R values I > 20(I)) R1 = 0.0428
wR2 = 0.0649
Final R values (all data) R1 = 0.0683
wR2 = 0.0705
Goodness of Fit 0.994
Residual electron density min./max [e™/A=3] 4.431/—3.496
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Table 3.17.: Standardised fractional atomic coordinates and equivalent isotropic displacement param-
eters / A2 for Yb;1Hgsa as yielded by single crystal X-ray diffractometry. Ueq is defined as % of the trace
of the orthogonalized Ujj tensor. Standard deviations in units of the last digit are given in parentheses.

Atom  Wyckoff number x y z Ueq

Hgl 6l 0.78199(7)  0.83830(7)  0.65475(8)  0.01847(14)
Hg2 6l 0.14426(7)  0.71448(7)  0.65569(11) 0.0260(2)
Hg3 61 0.35756(9)  0.87152(8)  0.82899(9)  0.0248(2)
Hgd 61 0.97796(7)  0.77192(7)  0.83776(9)  0.0110(2)
Hgt 6l 0.60812(8)  0.08240(7)  0.70191(10) 0.0210(2)
Hg6 61 0.72682(7)  0.61154(6)  0.73844(7)  0.01796(13)
Ybl 3k 0.92697(11)  0.72585(11) 1/ 0.0148(2)
Ybh2 3k 0.54256(12)  0.61760(11) 1/ 0.0166(2)
He7? 3k 0.53233(10)  0.21641(10) 1/ 0.0222(2)
Yb3  3j 0.21050(11) 0.97606(12) 0 0.0151(2)
He8 3 0.12407(12)  0.69415(13) 0 0.0271(2)
He9 3 0.49928(11) 0.08113(11) 0 0.0240(2)
Hgl0  3j 0.43937(10)  0.26186(11) 0 0.0211(2)
Ybd  2i 2/3 1/3 0.80261(13) 0.0137(3)
Hgll 2g 0 0 0.8430(2) 0.0228(3)
Hgl2 2h 1/3 2/3 0.6547(2) 0.0233(3)
Hgl3 1b 0 0 L/ 0.0174(3)
Hgld lc 1/3 2/3 0 0.0279(5)
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3.3.5. Crystal Structures of the REHg, REHg; and REHg; Amalgams
REHg;

By reaction of rare earth metals with mercury at 300 °C in vacuum and subsequent
removal of surplus mercury by distillation the following 1:3 phases have been synthesised:
ScHgs, YHgs, LaHgs, NdHgs, GdHgs, DyHgs, HoHgs, ErHgs, TmHgs and LuHgs (rare
earth metals obtained from smart elements, 99.99 % metal basis, Hg double distilled).
LiHgs crystallises isotypically but has been synthesised by electrocrystallisation and is
discussed in chapter 3.4.2.

Varaval
A

A SAN A

VeV vl

b

.,

Figure 3.21.: Left: Unit cell of GdHgs, representative for all 1:3 phases. Right: View on the crystal
structure of GdHgg along the [001], the lower layer is transparent. Gd: light blue, Hg: grey.

All products were characterized by powder diffractometry and subsequent Rietveld re-
finements. The diffractograms are compiled in Figure 3.22, the data in Table 3.18. In the
syntheses of GdHgz and DyHgs, traces of a side phase were observed, the main reflection
can be assigned to Gd;1Hgys or Dy;1Hgys, respectively. However, due to the low per-
centage of side phases, their structural parameters could not be refined. The structures
are isotypic to the low-temperature phase of NizgSn (P63/mmc). Hg occupies the 6h
position (x,2x,1/4) and RE the 2¢ position (1/3,2/3,1/4). The structure can be rationalised
as decorated hexagonal closest packing with hexagonal layers [REHgs|. They are stacked
along ¢ according to —A-B-A-B— with anti-cuboctahedral coordination of all atoms. RE
elements are coordinated by Hg atoms only, Hg atoms have a mixed coordination.
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Figure 3.22.: Rietveld refinements (from left to right, top to bottom): YHgs, LaHgs, GdHgs, DyHgs,
HoHgs, ErHgs, TmHgs and LuHgs. Refinement parameters are compiled in Table 3.18.
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Table 3.18.: Results of the Rietveld refinements of YHgs, LaHgs, GdHgs, GdHgs, DyHgs, HoHgs,
TmHgs LuHgs and YbHgs. Refined powder patterns are shown in Figure 3.22. All structures crystallise
isotypically. Isotropic displacement paramteres are given in A2 Standard deviations in units of the last

digit are given in parentheses.

Formula YHgs LaHgs GdHgs GdHgs DyHgs
VA -2-
Crystal system — hexagonal —
Space group ~ P63/mmc —
Latt. parameters
[A, A3 a= 6.5479(2) 6.8231(8) 6.596(4)  6.595(5) 6.595(10)
c= 4.8779(1) 4.9693(6) 4.899(4)  4.899(4)  4.902(9)
V= 181.12(2) 200.35(5) 184.63(3) 184.47(2) 184.63(7)
p (X-ray) [g/cm?] 12.664(7) 12.277(3) 13.65(2) 13.67(2)  13.79(5)
Radiation CuK.1 — MoK,1 —
Parameters 42 21 27 45 33
R values R, = 0.02795 0.04005 0.01982 0.02145 0.04427
Ryp = 0.03738 0.04984 0.02740 0.03158 0.06195
X2 = 1.238 0.909 1.306 1.173 1.179
X 0.835(2) 0.841(4) 0.839(3) 0.839(8) 0.838(2)
Hgl y 0.165(2)  0.159(4) 0.161(3)  0.161(8)  0.162(2)
z 1/y 1/4 1/4 1/4 /4
Biso 6.18(5)  2.00(11)  1.46(6)  1.6(2) 2.5(3)
X 1/3 1/3 1/3 1/3 1/3
¥ 2y 2y 2/s 2/s 2/s
REL z 1/4 1/y /4 1/4 /4
Biso 7.28(11) 1.9(4) 1.3(2) 0.4(5) 3(2)
Formula HoHgs ErHgs TmHgs YbHgs LuHgs
Z -2-
Crystal system — hexagonal —
Space group — P63/mmc —
Latt. parameters
[A, A3 a— 6.5311(13) 6.5092(2) 6.49615(8)  6.603(3)  6.474(4)
c = 4.8744(14) 4.8641(4) 4.86436(10)  5.027(2) 4.854(3)
V= 180.04(2) 178.48(3)  177.77(5) 189.69(2) 176.12(2)
p (X-ray) |g/cm3] 14.143(7)  14.310(3)  14.398(5)  13.566(13) 14.64(2)
Radiation - MoK, —
Parameters 33 26 28 26 33
R values R, = 0.01797 0.05942 0.02788 0.02914 0.02910
Ry, = 0.02749 0.07548 0.02479 0.03923 0.03757
2= 1.388 1.033 1.472 1.370 1.071
b'e 0.829(3) 0.833(2) 0.832(8) 0.8283(5)  0.829(5)
Hgl v 0.171(3) 0.166(2) 0.168(8) 0.1717 0.171(5)
z 1/y /4 1/4 /4 1/y
Biso 254(5)  1.22(12)  2.00(14) 6.47(7)  2.93(8)
X 1/3 1/3 1/3 1/3 1/3
y 23 23 23 23 23
REL Z /4 1/4 /4 1/4 1/4
Biso 0.81(10) 1.9(5) 1.4(4) 2.11(8) 1.3(2)
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SmHgo

Reaction of Sm with Hg (10 eq.) at 300 °C and subsequent distillation at the same tem-
perature in vacuum yielded SmHg,. The substance is grey, lacklustre, hard, brittle and
sensitive toward air and moisture. X-ray powder diffraction and Rietveld refinement were
performed (see Figure 3.24 and Table 3.19). The Rietveld refinement shows relatively
large residual values, which can be attributed to the high absorption coefficient.

Figure 3.23.: The structure of SmHgs is shown. Sm: light blue, Hg: grey. Left: 2x2x1 super cell of
SmHg, viewed along [001]. Top right: coordination of Hgl, bottom right: coordination around Sml.

The structure crystallises isotypic to AlBy (P6/mmm) in the hexagonal crystal system.
Sm atoms occupy the vertices of the unit cell (1a; 0,0,0), Hg occupies the 2d posi-
tion (1/3,2/3,1/2). Hg atoms are arranged in layers. The topology of a Hg layer is the
same as in graphite. Each Hg is equidistant from three other Hg atoms (dug—mgintralayer
— 2.8167(2) A), the next nearest neighbours is a set of six Sm atoms forming a trig-
onal prism (dgg sm = 3.3151(2) A). The next layers are only slightly further distant
than the Sm prism (dug_nginterlayer = 3.4964(4) A) Sm is coordinated by Hg (dsm—_ng
= 3.3151(2) A) with its next Sm neighbour only little further away (dsm-—sm—interlayer =
3.4964(4) A) thus forming a hexagonal prism with both basal faces capped.
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% e Table 3.19.: Results of a Rietveld refinement
— Calculated of SmHgs.
X Difference
| Ticks SmHg, Formula SmHg»
3 | Ticks diamond 7 1
=
A Crystal system hexagonal
%‘ Space group P6/mmm
3 Latt. param. [A, A% a = 4.8786(4)
£ c = 3.4964(4)
e : V =72.07(2)
B Density (X-ray) |g/cm?| 12.708(3)
[ I T T I T O o A [ VO I (N [T | . .
1 II L] ) U Radiation MoK 1
10 20 30 40 50 Parameters 32
Diffraction angle 26 / deg Background parameters 12
1 = 0. 2
Figure 3.24.: Results of a Rietveld refinement of It values RRP 70000577:?73
wp — Y-
SmHg; X2 = 0.927

Table 3.20.: Standardised fractional atomic coordinates and equivalent isotropic displacement param-
eters / A2 for SmHg, as yielded by powder X-ray diffractometry. Standard deviations in units of the
last digit are given in parentheses.

Atom Wyckoff number x 'y 2z  Bigo
Sml 1la 0 0 0 0712
Hgl  2d 13 2/3 1/ 0.79(2)
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3.4. Alkali and alkaline earth metal amalgams

The following chapter contains published as well as unpublished results of alkali metal
amalgams examined in this work. Seeds of KHgg were synthesised by electrocrystallisa-
tion together with KHg;; as side phase. Phase-pure samples of KHgg were synthesised
by using the seeds for crystal growth by tempering stoichiometric mixtures of KHgq;
and elemental potassium. Band structure calculations showed considerable but incom-
plete electron transfer from potassium to the electronegative sublattice, resulting in "bad
metal" behaviour as shown by electric resistance measurements. These results were pub-

lished in J. Alloys Compd..

No experimental work was done on alkaline earth metal amalgams but their crystal
structures known from literature are essential for the understandung of some of the new
amalgam structures discussed here.

To gain deeper insight into the electron transfer, NMR Knight shift studies in combina-
tion with band structure calculations were performed on the three Li amalgams LizHg,
LiHg and LiHgs, which still have to be published. "Li as well as *Hg are NMR active
cores and allowed for complementary monitoring of the s electron density at Fermi level.
With increasing mercury content of the amalgams, the NMR shift was lowered for 7Li
and increased for 1Hg. It was shown that with increasing mercury content a shift in the
energy of bands occurs which is in accordance with increased positive partial charge on
Li and taht Knight shift measurements are a convenient tool for monitoring the degree
of polarisation of the metal-metal bonding.

The last part of this chapter contains unpublished results of electrolyses on Hgln cathodes
with KI- and Rbl-containing electrolytes. In both cases the incorporation of In in the
BaHg;; aristotype structure was observed leading to compositions AHg;; In, (A = K:
x ~ 1, Rb: x &~ 6). The geometric implications by incorporation of In were examined.
Band structure calculations showed no electronic reason for the incorporation of In on
particular crystallographic sites, the features of the tDOS of the aristotype and hettotype
are similar.
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Abstract

The new mercury-rich amalgam KHgg crystallizes with the BaHgg structure type (or-
thorhombic, space group Pnma (No. 62), a = 13.394(9) A, b = 5.270(3) A, ¢ = 10.463 A).
It was prepared by electrolysis of a solution of KI in N,N’-Dimethylformamide at 343 K
at a reactive Hg cathode. The structure of KHgg shows motifs of ionic packing, covalent
Hg cluster formation and metallic properties. KHgg decomposes peritectically at 443 K.
The combination of alkali metals with a noble metal with moderate electron affinity
results in the formation of polar metal-metal bonding with considerable but incomplete
electron transfer from the electropositive to the electronegative sublattice, resulting in
typical "bad metal behaviour”, illustrated by resistance and susceptibility measurements
and quantum theoretical calculations.
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Introduction

Amalgams of less noble metals have been studied extensively in the second half of the
20th century. Early thermoanalytical studies in the binary system K-Hg [1]| reported the
existence of Hg-rich phases with tentative compositions of KHgy;, KHgg, KHgy, KHgs,
KHg, 7, KHgy and KsHg;. The composition of the Hg-richest phase KHg;; (BaHgy;
structure type [2]) was confirmed by crystallographic investigations [3|, as well as the
ones of KHgs [4] and Ks;Hgr [5]. The composition KHgy is close to those of K;Hgs;
6] (KHgs4), KsHgyy [6] (KHgsr) and KyHgr [7] (KHgss), however, no phases with
compositions close to KHgg, KHgs or KHg, 7 have been reported so far.

The crystal structures of most amalgams have been thoroughly studied, however, their
respective physical properties remain widely unknown. Band structure calculations on
these polar amalgams are scarce due to the typically large and low symmetric struc-
tures. Those examples available in literature [8] show considerable but incomplete elec-
tron transfer from the less noble metal to the mercury sublattice. As the electron affinity
of mercury is insufficient for the formation of Zintl-analogous [Hg,|™ anions, partially
negative polarised [Hg,]°~ networks with equal charge distribution over all Hg atoms
are the more favourable consequence. Ongoing NMR experiments on LizHg, LiHg and
LiHgs [9,10] in our group reveal that the charge transfer is generally more pronounced
in the Hg-richer amalgams as a larger Hg sublattice can delocalise the negative charge
more efficiently. The negatively polarised Hg sublattice in polar amalgams tends to clus-
ter formation as Hg’~ is formally analogous to early p-group elements. In a number of
amalgams with rather low Hg content Hg-Hg-Hg bond angles close to 90° corresponding
to o,-type bonds can be found in [Hgy| squares or [Hgg| cubes [11-14]. If the negative
charge is delocalised over a larger number of Hg atoms, d contributions get more domi-
nant and the bond angles show larger values resulting in icosahedra or larger polyhedra
[15,16]. Following an ionic approach, [Hg,]°~ clusters can be described as negatively
charged coordination spheres surrounding the positively charged cations of the less no-
ble metals. However, most Hg-rich amalgam structures can alternatively be described
by motifs from closest sphere packings, emphasising their metallic character. Amalgams
of less noble metals thus show contributions from ionic, covalent and metallic bonding
at the same time. The interplay of the three bonding types leads to typical "bad metal
behaviour”, e. g. high specific resistance, low Ioffe-Regel limit.

The unusual combination of structural motifs and physical properties from both metallic
and ionic bonding may lead to interesting materials. High-efficiency thermoelectrics
depend on good electric conductivity, a typical metallic property, in conjunction with low
thermal conductivity, a typical property of ionic compounds. Amalgams, in addition,
might fulfil other commonly proposed prerequisites for good thermoelectric materials,
such as heavy atoms, "rattling cages”, high correlation of the electrons and rather low
densities of state at the Fermi level. In addition, the interplay of covalent and ionic
structure motifs with those of a metallic sphere packing typically leads to complicated
structures of low symmetry and long translational periods, and the Ioffe-Regel limit
resistances are reached already at low temperatures.

The chemical preparation of amalgams of less noble metals suffers from various prob-
lems, and knowledge on the Hg-richest phases is especially scarce. The main reason is
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the typically very low peritectic decomposition temperatures for the Hg-rich amalgams
(CsyHgar: +12°C [17]). In the most inauspicious cases, these combine with high reaction
enthalpies resulting from the electronegativity differences and high kinetic contributions
to the seed formation at low reaction temperatures to a total inhibition of phase forma-
tion, even when long tempering times are applied [18]|. A novel approach to phase-pure
samples in gram scale of these hitherto elusive phases has shown useful in the recent
years. The isothermal electrocrystallisation is a cathodic reduction process with metallic
Hg as the reactive cathode and the less noble metal in form of a solution of the respective
iodide in an aprotic, polar solvent. In the past years, this method yielded phases like
CSQHg27, Naqu5g, [N(CH3)4]Hg8 or Eulng55 [17*20] and many others.

Here we report on preparation, crystal structure and physical properties of the new Hg-
rich potassium amalgam KHgg with polar metal-metal bonding and the characteristic
"bad metal” behaviour.

Material and methods

Preparation and single crystal structure determination

KHgg was prepared by electrolysing 100 ml of a saturated solution of dry KI in abs.
N,N’-Dimethylformamide (DMF) with a single drop of Hg suspended in an amalgamated
copper spoon as cathode and a Pt foil (ca. 1 cm?) as anode at 341, 345, 349, and 353
K. A glass apparatus suitable for isothermal electrocrystallisation has been presented
previously [17,19], allowing the performance of the electrolysis under Schlenk conditions
and at constant temperatures between -223 and 4473 K.Due to inner resistance of the
electrolysis chamber, a terminal voltage of 7.0 V had to be applied. Maximal currents of
10 mA could be detected during the process taking about 12 h to total consumption of
the mercury. After electrolysis, the products were scraped from the copper spoon under
argon without removing it from the electrolysis chamber, washed with small portions of
fresh DMF and then transferred to Schlenk tubes and dried under vacuum.

Prior to the preparation of the electrolysis solution, KI was dried by heating to 473 K
under vacuum for several hours. DMF was dried over CaHy and distilled under inert
atmosphere.

When performed at room temperature, the electrolysis yields pure KHgy;, in accordance
with the phase diagram for the system K-Hg [1]. Its decomposition temperature is given
to 338 K, however, when the electrolysis is performed at 341 - 353 K, the products still
showed the presence of KHgy; in X-ray powder diffractograms with fractional amounts
KHgg : KHgy; of about 0.6 : 0.4 according to Rietveld refinements. This may be due
to kinetic hindering of the seed formation. Pure samples of KHgg were prepared from
mixtures of KHgy; (3.75 g, 1.67 mmol) prepared previously via electrolysis together with
metallic potassium (52.7 mg, 1.43 mmol) in proportions according to the composition
KHgg. The thoroughly homogenised mixture was tempered after adding a small amount
of electrolytically grown KHgg seeds at 358 K for 62 h. A rocking-curve temperature
program of 358+5 K with rocking intervals of 5 min was applied in order to improve the
single crystal quality by Ostwald ripening. According to X-ray powder diffractometry,
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the samples consisted from pure KHgg, however, small traces of KHgy; could be detected
in the susceptibility measurements (see Figs. 1 and 2).

The addition of a small amount of KHgg seeds is essential as KHgg cannot be obtained by
directly reacting Hg with K in the required amounts by tempering. This was veryfied by
reacting a mixture of potassium and mercury with nominal composition KHgg (1.0000 g

Hg, 4.99 mmol, 32.5 mg K, 0.83 mmol) in a closed tantalum ampoule with the following

temperature program: RT lﬂh 473 K (12 h), then fast cooling in ice water, followed by

RT 1£/>h 373 K (2 weeks) 1£/>h RT. In the X-ray powder diffractogram of the sample all

intensities could be indexed with the pattern of KHgy;.

KHgg forms brittle, dark metallic crystals of irregular shape and is very sensitive to-
ward air and traces of moisture. KHgy; also is air- and moisture-sensitive, but not to
the same extent than KHgg. Suitable single crystals of irregular shape were isolated
under dry paraffin oil and sealed in capillaries (@ = 0.1 mm) filled with dry paraffin
oil. After centering the crystals on the one-circle goniometer of a IPDS1 diffractometer
system (Stoe & Cie. GmbH, Darmstadt, Germany) equipped with imaging plate and
graphite-monochromatised Ag-Ka radiation, the metric was determined from 20 orien-
tation images. Final data collection was performed in ¢ scan geometry with Ap =
1.2° and 0 < ¢ < 200.4°. Data were corrected for Lorentz, polarisation and absorption
effects [21-23|. Further details on crystal structure, data collection, structure solution
and refinement are compiled in Table A1, fractional atomic coordinates in standardised
setting [24] and isotropic displacement parameters are compiled in Tables A2 and A6,
anisotropic displacement parameters for all atoms can be found in Table A3. Further
details on the crystal structure investigations are available from Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax. +49 (0)7247 808 666;
e-mail: crysdata@fiz-karlsruhe.de; http://www.fiz-informationsdienste.de/en/DB /icsd/
depot _anforderung.html) on quoting the deposition number CSD-427001.

Samples for powder diffraction were prepared by grinding the brittle samples in a glove-
box and sealing the powder samples in glass capillaries (& = 0.2 mm). To account for the
high absorption coefficients, data were collected in many subsequently added ranges in
the range 2.0° < 219 < 70°. Data collection was performed on a diffractometer system with
position-sensitive linear detector (Stadi P, Stoe & Cie. GmbH, Darmstadt, Germany)
in Ge(111)-monochromatised Mo-Kal radiation. Rietveld refinements were performed
with a fundamental parameter approach [25], a double Voigt approach to compensate
size-strain effects. A shifted Chebychev function was applied for background modelling
(24 parameters were refined) and a LeBail-Jouanneaux function for profile modelling.
Further details on the results of the refinement are given in Table A4 and in Fig. 1.

Specific resistance and susceptibility measurements

Temperature dependent measurements of the electric conductivity were performed with
a Cryovac cryostat between 290 and 3 K on cold-pressed polycrystalline sample pellets.
The van-der-Pauw 4-point technique (current generator Keithley 2400 SourceMeter, volt-
meter Hewlett-Packard 43420A Nanovoltmeter) was applied with a current of 1 mA.
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Figure 1. Rietveld refinement of KHgs. The powder diffraction pattern of a KHgg sample shows no
additional crystalline phases. The strong diffuse background is caused by glass powder added to dilute
the highly absorbing sample.

Susceptibility measurements were performed on a fully automated AC susceptometer
(self-built) [26]. Data were measured at 1333 Hz and 3 Oe. The sample was cooled to
1.8 K without applying an external field, then heated to 5 K in a field of 3 Oe (shielding
effect) and subsequently cooled to 1.8 K (Meissner effect).

Thermoanalysis

17.0 mg of KHgg powder were filled under argon in a tight-sealed steel crucible (Perkin
Elmer steel crucibles 60 ul) and transferred into a differential scanning calorimeter (Lin-
seis High Performance DSC PT10, Linseis Messgerdte GmbH, Selb, Germany). The
sample was heated at a rate of 5 K-min™! to Tpax = 200 °C. The heating was performed
under streaming nitrogen (20 ml-min—!) and an empty steel crucible was used as refer-
ence. The endothermic effect with onset at 443 K indicates the incongruent melting of
the sample (Fig. 3) which is in good agreement with the published phase diagram [1].

Band structure calculations

DFT calculations of the electronic band structure were performed with the program pack-
age Wien2000 [27|, applying the full-potential linear augmented plane wave (FP-LAPW)
method. The exchange and correlation functional of Perdew, Burke and Ernzerhof 28]
with a generalised gradient approximation (GGA) was applied. The muffin-tin radii were
set to 121.7 pm (2.3 a. u.) and the number of basis functions was determined by the
value of Ry - Kpnax = 8 with K.« as the largest k vector. The separation energy was
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Figure 2. Above: Temperature dependence of the resistance of KHgg (cooling from room temperature).
In comparison to NaHgs [18], KHggs shows strong deviation from ideal metallic behaviour and a low Toffe-
Regel limit resistance. Below: Susceptibility measurement of KHgg. KHgg becomes superconductive at
3.22 K. A weak additional signal occurs at 2.45 K and belongs to T'¢ of KHgy; impurities [3].
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Figure 3. Differential scanning calorimetry showing the incongruent melting point of KHgg at 443 K.
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Figure 4. Above: coordination polyhedron of 18 Hg atoms around potassium. All ellipsoids (dark
grey: Hg, light grey: K) have been drawn at a probability level of 90%. Below: Projection along [010]

on the Hg nets and the formation of the [KHg;g] polyhedra. The dark grey nets lie at y = i, the light
grey nets at y = %.

set to -6 Ry. 816 k points in the Brillouin zone (108 thereof in the irreducible Brillouin
zone) were calculated in a 6x17x8 Monkhorst-Pack grid.

Results and Discussion

The new amalgam KHgg crystallizes isotypically to BaHgg [29] in the orthorhombic
system (space group Pnma, No. 62, a = 13.410(8), b = 5.269(3), ¢ = 10.459(7) A). The
structure can be described as an arrangement of layers of condensed planar (8%5)4(5%8),
Hg sheets consisting of eight- and five-membered rings. The layers are stacked along [010]
in an ...ABA... sequence. The larger eight-membered rings of one layer are capped by
five-membered rings of adjacent layers on both sides, resulting in an 18-fold coordination
for the potassium atoms centering the eight-membered rings (see Fig. 4). Within a single
layer, strong covalent Hg—Hg bonds are present (286.0 to 308.5 pm), whereas between
two adjacent layers the Hg—Hg bonds are much weaker (322.3 to 423.9 pm,; selected
interatomic distances are compiled in Table A5).

Interatomic K-Hg distances range from 345.7(8) to 408.0(13) pm (see Table A5) and are
in good agreement with those found in other potassium amalgams [3-7]. The structure
description via [KHg;g| coordination polyhedra and covalent Hg—Hg bonding accounts for
the ionic contributions in the structure by emphasising the coordination of negatively
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charged Hg atoms surrounding the positively charged alkali metal atom according to
K*[Hgg] ™

As many other Hg-rich amalgams, however, this structure can also be deduced from mo-
tifs of a closest sphere packing, thus emphasising the metallic character of the compound.

The atoms Hg(1), Hg(3), Hg(5) and Hg(6) together with K(1) build a zig-zag chain of cis-
edge-sharing octahedra. A second chain of trans-face-sharing octahedra is built from the
atoms Hg(1), Hg(2) and Hg(5), and a third chain of trans-corner-sharing octahedra from
the atoms Hg(1), Hg(2), Hg(4), Hg(5) and Hg(6). For atom labels and crystallographic
sites see Table A2. All three chains extend along the b direction and share common Hg
atoms to form a layer of octahedra (see Fig. 5). Each chain is an individual cut-out from
a closest sphere packing, however, as the octahedra have different connection patterns
and orientations, the sum of all three chains does not belong to one common closest
sphere packing for the KHgg structure.

As a consequence of the interplay of ionic, covalent and metallic bonding contributions,
KHgg shows a characteristic "bad metal” behaviour. The complex dependance of the
specific resistance with temperature (see Fig. 2) shows metallic behaviour. At temper-
atures above 50 K the restistance deviates from linear behaviour, and converges toward
a low loffe-Regel saturation resistance [30].

KHgg becomes superconducting when cooled below T'¢ = 3.22 K (see Fig. 2). The
transition temperature is lower than the one of pure Hg (T'¢ = 4.19 K) [31] and higher
than the one of the Hg-richest amalgam KHgy; (T = 2.45 K) [3]. Traces of this amalgam
were still present in the sample used for susceptibility measurements, leading to a weak
additional signal.

The DFT calculations of the total density of states (see Fig. 7) shows no pronounced
minimum at the Fermi energy, i. e. neither a band gap nor pseudo-band gaps occur. This
is in agreement with the overall metallic behaviour of KHgg and in very good agreement
with details of the chemical bonding extensively described for BaHgg [29]. The partial
DOS for K(1) show mostly p-state contributions below the Fermi level, however, the
electron transfer is incomplete and s-states still contribute significantly to the density of
states at the Fermi level. Bader charges have been calculated (see Table A7), emphasising
this bonding situation with a charge for K of +0.87. The charge distribution for the Hg
atoms is almost homogeneous, ranging from -0.09 for Hg(1) to -0.17 for Hg(3). This is in
good agreement with the fact that Hg(3) shows the shortest distances to its neighbours.

Conclusions

KHgg is a new metallic amalgam with considerable ionic bonding contributions. The
interplay of ionic, metallic and covalent bonding leads to interesting electric properties.
The low Ioffe-Regel limit resistance can be interpreted as a consequence of small scatter-
ing length of the conducting electrons in a complex crystal structure, however, most of
the intermetallic systems showing comparable behaviour have even more complex struc-
tures. We have found a new and prolific synthetic route toward intermetallic phases with
high Coulomb contributions. Future investigations are aimed at the elucidation of the
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Figure 5. Upper row: three different chains of octahedra present in the structure of KHgg and their
respective orientation in the unit cell (projected along [100] for the first and along [001] for the other
two chains). Lower left and right: Connection of the three chain systems (chain 1: middle grey, chain
2: dark grey, chain 3: bright grey) to a sheet-like structure in two different projections of the unit cell
(left: projection along [010], right: projection along [100]).
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Figure 6. Synoptic view of the two complementary crystal structure descriptions via [KHgs| and [Hgg]
octahedra chains (left) or by [KHg;g| coordination polyhedra (left) and planar Hg nets.
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Figure 7. Plot of the total density of states in KHgg and the partial densities of states for atoms K(1)
and Hg(1)-(6) in KHge.

interplay of crystal structure, band structure and physical properties, as e. g. electric
resistance and thermal conductivity with respect to thermoelectric behaviour.
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Supplementary information

Table A.1: Crystallographic data and details on data collection, structure solution and refinement of

KHgﬁ

Empirical sum formula
Crystal system

Space group

Lattice parameters (A, A3)

Formula units Z

Calculated density (g-cm™1)
Absorption coefficient (mm™1)
Radiation, wavelength (A)
Diffractometer

Data collection mode
Corrections

Transmission factors Tiin/ Tmax
Number of l.s. parameters
Number of collected data
Number of unique data

Number of unique data with I > 20(I)
Rint/R(0)

Data range

Structure solution

Structure refinement

R1 (F2 > 20(F?))/R1 (all data)
wR2 (F2 > 20(F2))/wR2 (all data)

KHgg

orthorhombic

Pnma (No. 62)

a — 13.410(8)

b = 5.269(3)

¢ = 10.459(7)

V =1739.1(8)

4

11.167

68.154

Ag-Ka, 0.56086

IPDS 1 ((Stoe & Cie, Darmstadt, Germany)
p-Scans, 0° < ¢ <200.4°, Ap = 1.2°
Lorentz, polarisation, absorption
0.0098,/0.0725

44

6020

798

392

0.2018/0.1077

17 < h, < 17, 20mae = 41.9°
6<k <6

-13<1, <13

direct methods [32]

full matrix least-squares on F? [32]
0.0517,/0.1250

0.925/0.1089

Residual electron density min./max (e~-A=3)  2.424/-2.504

Extinction coefficient 0.00070(8)

ICSD deposition number 427001
Table A.2: Standardised fractional atomic coor- Table A.3: Coefficients Uy (pm?) of the
dinates [24] and equivalent isotropic displacement anisotropic  atomic  displacement  param-

parameters (pm?) for KHgg. All atoms occupy
sites with the Wyckoff position 4(c) (x, 1/4, z).
Ueq is defined as g of the trace of the orthogo-
nalised Uj; tensor. Standard deviations in units
of the last digit are given in parentheses.

Atom x y oz Ueq

K(l) 0.3203(8) 1/4 0.3702(12) 380(20)
Hg(1) 0.0410(2) 1/4 0.3597(2) 539(6)
Hg(2) 0.0974(3) 1/4 0.6356(3) 681(8)
Hg(3) 0.1357(2) 1/4 0.1068(2) 551(7)
Hg(4) 0.3067(2) 1/4 0.7314(3) 615(8)
Hg(5) 0.3410(2) 1/4 0.0044(3) 657(8)
Hg(6) 0.5074(2) 1/4 0.6114(3) 511(6)

eters for KHgg. Uj; is defined as exp{-
271'2[U11(ha*)2+...+2U12hka*b*]}. Ui = Usg =
0 in all cases due to site symmetry. Standard
deviations in units of the last digit are given in
parentheses.

Atom U11 U22 U33 U13
K(l) 460(70) 340(40) 330(50) -100(50)
Hg(1) 486(16) 733(14) 397(14) 61(11)
Hg(2) 1040(30) 528(12) 480(15) -106(16)
Hg(3) 930(20) 350(10) 369(14) -54(12)
Hg(4) 825(18) 357(10) 664(17) 396(15)
Hg(5) 686(17) 540(12) 746(18) -302(14)

Hg(6) 386(15) 480(11) 666(17) -6(12)
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Table A.4: Details to the Rietveld refinement of KHgg.

Empirical sum formula
Crystal system

Space group

Lattice parameters (A, A®)

Formula units

Calculated density (g-cm™1)
Absorption coefficient (mm™1)
Radiation, wavelength (A)
Diffractometer

Detector

Monochromator

Data collection geometry
Sample

KHgg
orthorhombic
Pnma (No. 62)
a = 13.3850(20)

b = 5.2636(7)

¢ = 10.4519(20)
V = 736.4(2)

4

11.874

143.01

Mo-Kal, 0.70930

Stadi P ((Stoe & Cie, Darmstadt, Germany)
linear position-sensitive detector

curved Ge(111)

Debye-Scherrer

capillary (@ = 0.2 mm)

No. of background parameters 24
No. of profile parameters 36
Rp 2.089
Rexp 2.347
wRp 2.704
GooF on x? 1.152
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Table A.5: Selected interatomic distances (pm) in KHgg. The cutoff for next neighbours was set to
400 pm for the Hg atoms and to 450 pm for the K atom. Standard deviations in units of the last digit
are given in parentheses.

Atoms distance Atoms distance
Hg(1) — Hg(3) 293.3(4) Hg(5) - Hg(4) 289.3(5)
Hg(2) 298.9(4) Hg(3) 295.6(5)
Hg(5) 303.5(4) Hg(1) 303.5(4)
Hg(2) 322.3(3) (2x) Hg(2) 308.5(3) (2x)
Hg(b) 342.5(3) (2x) Hg(1) 342.5(3) (2x)
Hg(4) 359.3(3) (2x) K(1) 368.5(9) (2x)
K(1) 374.4(13) Hg(2) 373.6(5)
Hg(6) 375.4(3) (2x) K(1)  384.0(13)
K(1) 381.6(13) Hg(6) — Hg(3) 286.0(4)
Hg(2) - Hg(6) 290.4(5) Hg(2) 290.4(5)
Hg(4) 297.9(5) Hg(4) 296.8(4)
Hg(1) 298.9(4) Hg(3) 325.9(3) (2x)
Hg(5) 308.5(3) (2x) K(1) 351.2(8) (2x)
Hg(1) 322.3(3) (2x) Hg(6) 352.3(4) (2x)
Hg(5) 373.6(5) K(1) 355.7(12)
K(1) 376.6(10) (2x) Hg(1) 375.4(3) (2x)
K(1) 408.0(13) K(1) - Hg(4) 345.7(8) (2x)
Hg(3) — Hg(6) 286.0(4) Hg(6) 351.2(8) (2x)
Hg(1) 293.3(4) Hg(6) 355.7(12)
Hg(5) 295.6(5) Hg(3) 366.1(9) (2x)
Hg(4) 303.9(2) (2x) Hg(5) 368.5(9) (2x)
Hg(6) 325.9(3) (2x) Hg(3) 370.4(12)
K(1) 366.1(9) (2x) Hg(1) 374.4(12)
K(1)  370.4(12) (2x) Hg(2) 376.6(10) (2x)
Hg(4) — Hg(5) 289.2(5) Hg(4) 377.9(13)
Hg(6) 296.8(4) Hg(1) 381.6(13)
Hg(2) 297.9(5) Hg(5) 384.0(13)
Hg(3) 303.9(2) (2x) Hg(2) 408.0(13)
K(1) 345.7(8) (2x) Hg(3) 423.9(13)
Hg(1) 359.3(3) (2x)
K(1) 377.9(13)

130 Results



Table A.6: Standardised fractional atomic coordinates [24] and equiv-
alent isotropic displacement parameters (pm?) for KHgg as result of

the Rietveld refinement. All atoms occupy sites with the Wyckoff ’I}‘lable fA.7:11 " Badfer

position 4(c) (x, 1/4, z). All atoms were refined with isotropic dis- ;{;rgges or all atoms in

placement parameters Beq. Standard deviations in units of the last 6

digit are given in parentheses. Atom  charge
Atom x y z K(1) +0.87
K(1) 0.3280(21) 1/4 0.3850(36) Hg(1) -0.09
Hg(1) 0.0080(6) 1/4 0.1298(10) Hg(2) -0.11
Hg(2) 0.0993(6) 1/4 0.6277(13) Hg(3) -0.17
Hg(3) 0.1356(6) 1/4 0.6099(10) Hg(4) -0.15
Hg(4) 0.3036(8) 1/4 0.7211(10) Hg(5) -0.12
Hg(5) 0.3374(9) 1/4 0.0077(9) Hg(6) -0.15
Hg(6) 0.5356(7) 1/4 0.6513(10)
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3.4.2. NMR Investigations on the Li Amalgams LizHg, LiHg and LiHg;

Introduction

The binary phase diagram Li-Hg was the topic of thermoanalytical studies of the early
20th century. The reported phases LiHgg, LiHgs, and LioHg were never characterised
in crystallographic studies and most probably are non-existent. The mercury-richest Li
amalgam LiHgs was prepared 1900 by electrolysis and subsequent crystallisation at low
temperature.l'! In 1911, LiHg and LisHg were observed during thermoanalytic studies
and their crystal structures were assigned to simple crystal structure types based on
Debye-Scherrer patterns.>? No refinement of powder or single crystal data was per-
formed. As Li amalgams present a structurally simple series from Hg-poor to Hg-rich
compounds and both Hg and Li show convenient NMR activity, this system was chosen
for systematic investigations on the quantification of polarity in intermetallic compounds
via NMR methods, corroborated by ab-initio band structure calculations and measure-
ment of physical properties.

The Knight shift is the shift in NMR signals in metallic systems and originates from the
hyperfine coupling of the nuclear spin with the spin of conduction electrons. Electrons in
orbitals with non-zero probability at the core site (s electrons) have the highest influence.
In first approximation, s electrons can be regarded as the only influence on the Knight
shift. For many metallic systems Knight shift measurements have been reported: NMR
resonance for liquid Hg was observed in 1959, Knight shift for single-crystalline Hg was
reported in 1968.14° Subsequent NMR studies on metallic Hg focused on expanded films
or Hg in porous materials.[8 In only two instances, Knight shift measurements for Hg
in intermetallic compounds have been performed: the mixed crystal series NaHg;_ Tl
(x = 0.1-0.9) and Hg;_,Cd,Te (x = 0.2-0.28).1%1% Only in the latter case, Hg NMR
shifts were discussed and put into context with band structure calculations. In contrast,
information on lithium NMR is abundant. The Knight shift of metallic lithium was
reported in 1949.'1 Since then, lithium NMR has become a powerful tool in both inor-
ganic and organic chemistry. Main focuses lie on ionic lithium compounds (solution or
solid state) and covalently bonded lithium in organometallic compounds.'?1°I Recently,
in-situ NMR monitoring of lithium ion batteries has gained reasonable attention.!'519
However, studies on intermetallic compounds are less common. Herzog-Cance focussed
on the temperature dependent mobility of lithium in LisGay, but no detailed discussion
of the bonding situation is given.?”) Menetrier focussed on the Knight shift in a number
of Li-Sn compounds showing nonclassical Zintl-like behaviour.?!! Band structure cal-
culations were correlated with the observed “Li Knight shift. However, complementary
Sn NMR was not reported on. No systematic combined NMR investigation of both the
electropositive and the electronegative elements has been reported so far.

Sample preparation and crystallographic characterization

For the preparation of LigHg and LiHg, suitable amounts of Li (abcr 99.9%) and Hg
(double distilled) were mixed in an argon filled glovebox and sealed in steel crucibles by
mechanical pinching and folding. The sealed crucibles were heated under Ar atmosphere
to 575 K over the course of 10 h, held at elevated temperature for 48 h and subsequently
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Table 3.22.: Results of the Rietveld refinement of LiHgs and LiHg.

Formula LiHgs LiHg
VA 2 1
Crystal system hexagonal cubic
Space group type P63/mmc (194) Pm3m (221)
Lattice parameters [A, A%] a—= 6.23608(9) 3.29140(9)
c = 4.79217(9)
V = 161.39(6) 35.656(3)
Density (X-ray) [g/cm?] 12.5258(4) 9.6648(8)
Radiation - MoK,1 —
Monochromator — curved Ge single crystal —
Parameters 32 24
Background Parameters - 18 -
R values R, = 00.1609 0.02187
Ryp = 0.02404 0.03089
X = 1.718 1.798

cooled to room temperature within 10 h. The highly air- and moisture-sensitive products
were isolated and handled under argon. For details on preparation see Table 3.21.

LiHgs was prepared by isother-
mal preparative electrolysis,

see chapter 3.1.1. As elec- Table 3.21.: Details on preparation of LisHg and LiHg.

trolyte, a solution of lithium Nominal amount weighed

iodide (5 g, 37.4 mmol, Acros composition m(Li)  n(Li) m(Hg) n(Hg)
Organics  99.999%) in dry [mg| [mol] [mg| [mol]

DMF (DMF, 100 ml, dried LizHg 0.945 135493 9.6595 45.164
over molecular sieve 3 A, Fi- LiHg 0.3345 48.18  9.6655 48.18

scher Chemical, HPLC grade)
was used. Electrolysis was
performed at room temperature with terminal voltage 5 V over the course of 12 h,
yielding crystal needles several millimetres in length. The crystals were washed with dry
DMF, dried in high vacuum and further handled in an argon-filled glovebox.

Suitable single crystals of irregular shape (LizHg) or needles (LiHgs) were isolated and
sealed in capillaries (@ = 0.1 mm) filled with dry paraffin oil. After centering on the
one-circle goniometer of a IPDS1 diffractometer system (Stoe & Cie. GmbH, Darmstadst,
Germany) equipped with imaging plate and graphite-monochromatised Ag-Ka radiation
(Li3zHg) or Mo-Ka radiation (LiHgs), the metric was determined from 11 orientation
images. Final data collection was performed in ¢ scan geometry. Data were corrected
for Lorentz, polarisation and absorption effects.??

Phase purity of the samples was confirmed by X-ray powder diffractometry (Stoe STADI-
P, Stoe & Cie, Darmstadt, MoK, radiation, graphite monochromator). Small amounts
were ground and sealed in glass capillaries (& = 0.2 mm). Data from Rietveld refinements
were used for band structure calculations (see Tables 3.22 and 3.23).

134 Results



Crystal structures

The three Li amalgams crystallise in simple and highly symmetric structure types. Re-
ported structures!® 3 were verified and all structural parameters defined more precisely
by least-squares refinement on the basis of single crystal and powder diffraction data.

The Hg-richest amalgam in this series, LiHgs, is isotypic with the NizSn structure type
and can be described as a colouring variant of the hcp packing (see also REHgs with
RE =Y, La, Gd, Dy, Ho, Er, Tm, Yb, Lu; chapter 3.3.5).24 The hexagonal unit cell
shows an a/c-ratio of 1.302, close to the one of the aristotype (a/c-ratio: 1.247) and
thus considerably shorter than the ideal ratio of v/8/3 = 1.633. Both Li and Hg are
coordinated by twelve atoms in anticuboctahedral environment. Li atoms occupy sites
2c with site symmetry 6m2 and Hg occupies sites 6h with site symmetry mm?2. Li is
solely coordinated by Hg, Hg is coordinated by 8 Hg and 4 Li. This reflects the high
polarity in the sense of Li*[Hg’ |5. The high site symmetry is important with respect
to NMR signal shape.

LiHg crystallises with the CsCl structure type (in intermetallic chemistry often referred
to as B’ phase). Li and Hg form commutative cubic primitive sublattices and are coor-
dinated by twelve atoms (eight atoms of the alternate and six of the identical element)
in rhombic dodecahedra with highest cubic point symmetry (Li and Hg: 1a, m3m).

The Hg-poorest amalgam LisHg crystallises with the AlFes structure type,?” a colouring
variant of the bcc packing with 2x2x2-fold unit all with respect to bee. It can also
be described as a NaCl-type lattice from Hg (4a, m3m) and Lil (4b, m3m) with Li2
occupying all tetrahedral interstices (8¢, 43m). Due to the high cubic point symmetry,
NMR signals are expected to be sharp for all crystallographic sites.

NMR spectroscopy - ’Li

"Li solid state NMR signals for LizHg, LiHg and LiHgs were recorded for the first time,
elemental Li was used as metallic referencel? and [Li(DMF)]4l as cationic reference
(1.24 ppm). All shifts are positive and with the exception of [Li(DMF)],I, well out of
range for usual cationic lithium (see Table 3.24).1l Elemental Li shows the highest shift
(265.1 ppm), consistent with literature.[?® In the Li-richest compound LisHg the shift is
lower (203.2 ppm). This trend continues (LiHg (101.7 ppm) to LiHgs (72.9 ppm)) with
the Hg-richest compound exhibiting the lowest shift.

NMR spectroscopy - *?Hg

99Hg solid state NMR signals for LisHg, LiHg and LiHgs have been recorded for the
first time, elemental mercury was used as metallic reference.*3% The shifts of mercury
(22480 ppm), LiHg (4500 ppm) and LiHgs (17172 ppm) are well out of the range of ionic
mercury compounds. LizHg exhibits the smallest shift (1680 ppm). The findings are
consistent with the results shown for the “Li measurements in the sense of ionic bonding
contributions.
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Table 3.23.: The crystal structures of lithium,?®! LisHg, LiHg, LiHgs and mercury.[*”! Lithium atoms:

blue, mercury atoms: grey

o e Stewe Swewwp L g Wt
Li W (1\1130 @Z’;l) a = 3.509 2 Lil: 2a
LisHg AlFe; (1\?:) ’?5’2’;5) a — 6.561 4 551;:4?

Li2: 8c
LiHg CsCl (1\?:) ’?5’2’;5) a— 3.286 1 Eﬁlf 11ba
G Pome oo
He }\ He (Nlj.gllléﬁ) S ne 3 Hella

N

Electric resistance measurements

Temperature-dependent measurements of the electric conductivity were performed with
a Cryovac cryostat between 290 and 3 K on cold-pressed polycrystalline sample pel-
lets. The van-der-Pauw 4-point technique (current generator Keithley 2400 SourceMeter,
voltmeter Hewlett-Packard 43420A Nanovoltmeter) was applied with a current of 1 mA.
Specific electric resistance as a function of temperature for the three lithium amalgams

is shown in Figure 3.26.

Table 3.24.: "Li- and '"Hg-NMR shifts observed for lithium, Li;Hg, LiHg, LiHgs and mercury

Li LisHg LiHg LiHg; Hg

TLi /jppm  265.1 2032 101.7 729 —

99Hg /ppm — 1680 4500

17172 22480
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Figure 3.25.: ' Hg and "Li NMR signals for LizHg, LiHg and LiHgs.

Computational details

All structural parameters used for the calculations were either taken from literature
(Li and Hg)I?6:2™ or were the result of structural refinements (LisHg, LiHg and LiHgs).
Calculations were carried out with the WIEN2k package by means of the full-potential
linearized augmented plane wave algorithm (FP-LAPW).I3!! For the modeling of the band
structure and for optimizing the conditions for mercury rich amalgams, three different
functionals were applied: PBE-GGA 2 unscreened hybrid PBE0P?! and the Yukawa
screened PBE0.*Y To achieve straightforward comparable results, the calculation for
the different compounds were carried out as similar as possible. Therefore, all Muffin-
Tin radii Ry, were set to 2.5 a.u. (132.3 pm), and the number of basis functions Ry - Kpax
was set to 8 with k.. as largest k vector. Details on the calculations are compiled in
Table 3.25. In order to reduce the computational time when utilising unscreened PBEQ
and YS-PBEO potentials, those computations were performed with a reduced k-mesh as
implemented in the WIEN2k code.l?!l Fat-band plots are compiled in Figure 4.20.
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Figure 3.26.: Measured specific resistances for the amalgams in question and mercury as comparison.
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Data for heating from 2 K to 300 K are shown.

Table 3.25.: Computational details for the calculation of the electronic structures of lithium, LizHg,

LiHg, LiHgs and mercury.

Li LisHg LiHg LiHgs Hg

crystal data

see Tables 3.23 and 3.22

Rt /a.u. 2.5 2.5 2.5 2.5 2.5
Rt * Kmax 8 8 8 8 8
PBE k-points/BZ 1728 1728 1728 1728 512
k-Points/IBZ 68 72 126 133 512
Monkhorst-Pack-Grid 12x12x12 12x12x12 12x12x12 12x12x12 8x8x8
Rt /a.u. 2.5 2.5 2.5 2.5 2.5
Rimt * Kmax 8 8 8 8 8
k-points/BZ 27 27 27 27 27
PBEO R

k-Points/IBZ 27 27 27 27 27
reduced MP-Grid 3x3x3 3x3x3 3x3%x3 3x3x3 3Ix3x3
#of bands 100 75 75 100 75
Rmt 2.5 2.5 2.5 2.5 2.5
Rmt - kmax 8 8 8 8 8
k-points/BZ 27 8 27 8 27

YS-PBE k-Points /IBZ 27 8 27 8 27
reduced MP-Grid 3x3x3 2X2x2 3x3x3 2X2x2 3x3x3
#of bands 100 100 75 100 75
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3.4.3. AHgn_xlnX
KHgll—xlnx

A saturated solution of KI (Sigma Aldrich, 99.0 % metal basis) in DMF (100 ml, Fi-
scher Organic, HPLC grade) was electrolysed on a liquid Hgln electrode. The electrode
material was prepared by dissolving elemental In (smart elements, 99.999 %) in Hg
(double distilled) at room temperature. Electrolysis parameters: T = room temperature,
U = 3.5V, duration = 24 h, electrode material: Hgln in a glass spoon contacted with
Pt wire. The electrolytic process yielded a mixture of KHgy; In, (x =~ 1) and Klny
in a 85:15 ratio as grey microcrystalline powder. The product mixture was air- and
moisture-sensitive, and upon exposure with water formation of metallic Hg (or Hgln)
and KOH was observed. A powder X-ray diffractogram was collected and subsequently
refined, see Table 3.26 and Figure 3.27.

Table 3.26.: Results of the Rietveld refinement of

X Measured KngfonX Wlth x ~ 1.
- Sﬁ#:?éi‘?;’ Formula, KsHgsolng Klny
_ ! I:thif:gwlna Phase fraction 85% 15%
g Z 1 4
> Crystal system cubic tetragonal
3 Space group Pm3m I/mmm
g Lattice para- a  9.7112(3)  4.762(2)
meters [A, A3 c — 12.323(12)
V. 915.85(7)  279.5(4)
U000 00 00T O O 0 0 O 0 O Density [g/cmS] 11,69(5) 7,961(10)
- 50 = 2 - Radiation — MoK 1—
Diffraction angle 26 / deg Parameters — 48 —
. ) Background par. - 18 -
Figure 3.27.: Results of the Rietveld refine- R values R. — 0.02380
X2 = 1.281

Thermal displacement parameters were constrained to be equal for all Hg atoms. Sub-
sequent freeing of one thermal displacement parameter for Hg at a time was performed
to check for mixed occupation. For Hg4/In4 a smaller value indicated less electrons and
thus mixed occupancy with In. This, however, does not entirely exclude the possibility
of mixed Hg/In positions for Hgl-Hg3. Refinement of KIny was performed with very few
parameters as it was only present with 15 wt% and many reflections with small intensi-
ties were unobserved. Thermal displacement factors were not refined and set to Big, = 1.
Least-squares parameters refined were both lattice parameters, one atomic position (x
of In2) and one peak broadening effect (integral breadth crystallite size approach, 4
parameters) leading to only 7 parameters for this phase.

Both crystal structures KHg;; and KIn, have previously been described.P? The crystal
structures were validated within small error margins.
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Table 3.27.: Standardised fractional atomic coordinates, site occupation factors and isotropic displace-
ment parameters / A2 for K3HgspIng and KIng. Standard deviations in units of the last digit are given
in parentheses.

Atom  Wyckoff number x v z s.o.f. Biso
KsHgsolng
Kl  3d 12 0 0 1 2.62(13)
Hgl 1b 1/2 1/2 1/2 1 3.91(11)
Hg2 8g 0.1554(3) 0.1554(3) 0.1554(3) 1 3.91(11)
Hg3 12 0.3428(3) 0.3428(3) 0 1 3.91(11)
Hegd  12j 0.2622(4) 0.2622(4) 1/2 0.72(3) 4.3(2)
Ind  12j 0.2622(4) 0.2622(4) 1/2 0.18(3) 4.3(2)
KlIny
K1 2a 0 0 0 1
Inl 4d 0 1/2 1/4 1
2 e 0 0 0.435(3) 1
RbHg11_«In,

A saturated solution of RbI (ChemPur, 99.9 %) in DMF (100 ml, Fischer Organic, HPLC
grade) was electrolysed on a liquid Hgln electrode. The electrode material was prepared
by dissolving equal atomic amounts of elemental In (smart elements, 99.999 % metal
basis) and Hg (double distilled) at room temperature. Electrolysis parameters: T = room
temperature, U = 3.5 V, duration = 24 h, electrode material: Hgln dispersed in a glass
spoon contacted with Pt wire. The electrolytic process yielded a grey microcrystalline
powder sensitive toward air and moisture. A powder diffractogram was collected and
subsequently refined, see Table 3.28 and Figure 3.28. The product was identified as
RbHg11_«In, with x ~ 6.2(3). Elemental analysis (ICP-AES) confirmed the composition
(Rb:Hg:In ~ 1:6:6) within small error margins.

Table 3.28.: Results of the Rietveld refinement of
L RbHg11—xIn, with x = 6.2(3).

X X Measured

= Celouiiod Formula RbHg;_Iny
B | Ticks RoHg, In, 7 4
. | Ticks diamond
3 Crystal system cubic
> Space group Pm3m
2 Lattice a = 9.7538(3)
[0]
E parameters [A, A3] 'V = 927.93(7)
Density [g/cm?| 8.56(12)
i Radiation — MoK, 1—
[ III FTEEEL ””I”h”” [IRLTTIRT IIIIIIII IIIIIII mm IIIIIIIIIIIIIII |II|" LTI Parameters - 41 B
" Dn‘fractlo% angle 293?1eg 0 BaCkground par. - 19~
R values Rexp = 0.0097
Figure 3.28.: Results of the Rietveld refinement R, = 0.01577
of RbHg;;_xIn, with x &~ 6.2(3). R. — 0.02297
WP .
2 = 2.303
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RbHg;1_,In, crystallises in the BaHg;; type (Pmi_%m, a = 9.7538(3) A), all Hg positions
shows mixed occupancy with In in varying amounts. This led to various complications
during Rietveld refinement which were dealt with as follows: Prior to measurement, the
substance was mixed with diamond (approx. 90 wt%) to lower the overall absorption.
The absorption was accounted for by modelling a cylindrical shape (@outer = 0.3 mm,
Dinner = 0.28 mm), the packing density was set to 0.7. Isotropic thermal displacement
parameters were constrained for all Hg/In mixed positions, the parameter for Rb was
refined and gave a value similar to the formerly mentioned. Site occupation parameters
of each Hg/In position were constrained to be fully occupied.

If every position was assumed to be occupied by Hg only, thermal displacement of Rb
became negative, indicating too many electrons present. Assuming every position to
be fully occupied by In, thermal displacement of Rb became unreasonably large. Free
refinement of site occupation factors together with thermal displacement factors led to
strong correlation and was thus avoided. x? is rather high despite the good fit due to
long measurement (72 h) and the resulting superior counting statistics (see Rex,, Table
3.28). It is noteworthy that the refinement is fragile and minor changes may result in
large deviations from the reported values. For further discussion see chapter 4.3.3.

Table 3.29.: Standardised fractional atomic coordinates, site occupation factors and equivalent isotropic
displacement parameters / A2 for RbHgy;_,Iny. Standard deviations in units of the last digit are given
in parentheses.

Atom Wyckoff number x y z  s.of Biso
Rbl  3d 0 0 o 1 2.2(4)
Hgl 1b 1/2 a1/ 0.88(7) 2.98(13)
Inl 1b 1/ lp 1k 0.12(7) 2.98(13)
Hg2 &g 0.1548(3) x x  0.49(5) 2.98(13)
In2 8g 0.1548(3) x x  0.51(5) 2.98(13)
Hg3  12i 0.2646(3) 12 x  0.38(5) 2.98(13)
In3 12i 0.2646(3) 12 x  0.62(5) 2.98(13)
Hgd 12 0.3458(3) x 0  0.65(5) 2.98(13)
In4 12j 0.3458(3) x 0  0.35(5) 2.98(13)
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3.5. Electrolyses on Mercury-Free Cathode Materials

The following chapter contains published as well as unpublished results of electrolyses
with emphasis on mercury-free cathode materials. In the first part, electrocrystallisa-
tion as a new synthetic method toward intermetallic phases is presented and has been
published in Inorg. Chem.. After an introduction focussing on historical aspects of
electrolysis, the techniques, prerequisites, limitations and overall aptness of electrocrys-
tallisation are presented. Products as yielded by electrolysis on elemental (Hg or Ga),
binary (Ga/Sn eutectic, HgIn) and ternary (Ga/In/Sn eutectic) cathode systems are in-
vestigated. Literature-known compounds previously synthesised by classical solid state
methods were reproduced by electrocrystallisation (LizGayy, NaGay, KgGagSnsg). In ad-
dition, the new binary main group element compound Csln;s was synthesised utilising
Hg as inert solvent for In in a Hgln cathode material.

Electrolysis on GallnStan yielded LizGaiy_Sn, with incorporation of Sn on only one
crystallographic site, among side phases LiGa, Liln and In. The compound LizGa;35n
was synthesised phase-pure by electrolysis on a GaSn eutectic cathode material and
investigated by single crystal and powder X-ray methods. Band structure calculations
for LizGayy and LizGai35n were performed and showed the adjustment of Fermi energy
by incorporation of Sn as electron donor. For LisGais the total DOS at Fermi level is
high whereas LizGa;35n shows a small band gap indicating semiconducting behaviour.
The results are not yet published.
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Abstract

Isothermal electrolysis is a convenient preparation technique for a large number of inter-
metallic phases. A solution of the salt of a less noble metal is electrolysed on a cathode
consisting of a liquid metal or intermetallic system. This yields crystalline products
at mild reaction conditions in few hours. We show the aptness and the limitations of
this approach. First, we give an introduction into the relevance of electrolytic synthe-
sis for chemistry. Then we present materials and techniques our group has developed
for electrocrystallization useful for electrochemical syntheses in general. Subsequently,
we discuss different phase formation eventualities and propose basic rationalization con-
cepts, illustrated with examples from our work. The scope of this report is to present
electrocrystallisation as a well-known yet underestimated synthetic process, especially
in intermetallic chemistry. For this purpose we adduce literature examples (LizGaiy,
NaGa,, KgGagSnsg), technical advice, basic concepts and new crystal structures only
available by this method: LizGa;35n and Cslnys.

21

Electrocrystallization has recently proven especially helpful in our work concerning syn-
thesis of intermetallic phases with polar metal-metal bonding, especially Hg-rich amal-
gams of less-noble metals. With the term “polar metal-metal bonding” we describe
phases where the constituting elements have large electronegativity difference and yet
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show incomplete electron transfer from the less-noble to the nobler metal. This distin-
guishes polar intermetallic phases from classical Zintl phases where the electron transfer
is virtually complete. Polar metallic phases can show "bad metal behavior” and inter-
esting combinations of ionic and metallic properties. Amalgams of less-noble metals are
preeminent representatives for this class of intermetallic phases as Hg is the only noble
metal with endothermic electron affinity and thus a very low tendency toward anion
formation. To illustrate both the aptness of the electrocrystallization process and our
interest in polar metals in the above-mentioned sense, we present amalgams but also
Hg-free intermetallics.

1. Introduction

1.1. Electrolysis as an Old Preparative Method

Shortly after Alessandro Volta had presented the Voltaic pile,! the first experimentalists
exploited the new electric power for preparative chemistry and invented electrolysis.?~%
Protagonists were Jons Jacob Berzelius (Stockholm) and Humphry Davy (London), in-
dependently and contemporaneously publishing first results of electrolytic reactions in
1806.78 In close correspondence and with the highest estimation toward the contribu-
tions of their respective colleague,’ they pioneered the fundamental works on electricity
by Michael Faraday.'® Both Davy and Berzelius employed a small pool of liquid mercury
as cathode on which they placed small portions of common salts. The salt was moistur-
ized and touched with a wire attached to the anode of the Voltaic pile. As they both
observed (Davy about half a year later than Berzelius) the formation of amalgams, they
concluded that this was due to a metallic "base” to the respective salts. As Berzelius
chose natron (NaHCOj3) and "caustic kali” (KOH) for his experiments while Davy took
soda (NayCOs) and potash (KyCOs), the same elements subsequently were baptized
sodium and potassium in Anglo-Saxon and by Lavoisier’s instigation in french-speaking
countries or natrium and kalium in several continental european countries, propagated
by Berzelius’ student F. Wdéhler. Davy followed the idea of distilling off the mercury
from the amalgams, yielding the pure metals. The discovery of a number of elements
is nowadays intimately connected with him whereas Berzelius’ contributions faded into
background.

1.2. Industrial electrolytic processes

The most energy-consuming technical process in chemical industry is the amalgam pro-
cess, one of the three technical realizations of the chloralkali electrolysis for the produc-
tion chlorine and soda lye from brine.!**? Other technically relevant electrolytic processes
focus mainly on anodic oxidation (e. g. production of peroxodisulfate) or on reduction
of a metal cation from solution or melt (e. g. aluminum production; raffination of cop-
per, gallium, and others). Thus, a considerable number of basic materials for chemical
industry and everyday life are connected to electrolytic preparation processes.
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1.3. Electrolysis in Chemical Research

In organic chemistry a number of both electrolytic oxidations and reductions are in
use:'? Kolbe electrolysis may be the most common of them. However, despite the long
history of electrolysis it is only scarcely used nowadays in preparative chemical research.
Electrolysis is particular suitable for explorative chemistry as its fundamental parameters
(current density, potentials, concentrations, temperature etc.) are readily controllable
with the highest precision.

Isothermal electrocrystallization offers a possibility to explore binary phase diagrams in
a way complementary to conventional solid state thermochemistry. Consider a phase
diagram like that for the binary system Na-Hg (see Figure 1).
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tion enthalpy .Caus‘ed by large Figure 1 Phase diagram of the binary system Na—Hg, modified
electronegativity differences of | arsion of ref 14.

Na and Hg (EN(Na) = 0.93,

EN(Hg) = 1.93 according to the Pauling scale)'® comes into play. Adding even small
portions of sodium to mercury results in a vigorous reaction, a flash and local heating
over the boiling point of mercury (357 °C). Even rapid cooling will result in NaHgs
formation, and a remaining surplus of mercury. Subsequent tempering of the mixture
of NaHgy and Hg below 157 °C does not yield "NaHgs”, most probably due to kinetic
hindering of seed formation at low temperatures. This phase with actual composition
Naji 1 Hgse—x (x &= 0.19) can easily be obtained as single-phase crystalline material by
electrocrystallization. Here, the process starts, at a given temperature below the peri-
tectic decomposition temperature, with a solution of a Na salt in a polar, aprotic solvent
and pure Hg as a cathode. Na™ cations are reduced at and dissolved in the Hg cathode
and slowly increase the Na concentration in the liquid amalgam until the liquidus in
the phase diagram is reached. The corresponding solid phase, "NaHgs”, will crystallize,
and a mercury-richer liquid remains until all liquid material has been consumed. Sub-
sequently, the electrolysis stops as Na diffusion ceases. If the terminal voltage is held
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constant, no sodium deposition will take place. Details for the electrolytic preparation
and the crystal structure of Na;;Hgs, have been given previously.'6:17

Amalgams of less-noble metals (alkali, alkaline earth, and lanthanoid metals) are inter-
esting examples for intermetallic phases with polar metal-metal bonding. As a larger
Hg sublattice is more effective in delocalizing a negative charge Hg-rich amalgams show
highest polarization. The example of the phase diagram Na—Hg illustrates the prepar-
ative problem common to all systems of Hg with a less-noble metal: the inconvenient
combination of high reaction enthalpies and low decomposition temperatures. This may
be the reason why there is scarce knowledge on structures of the Hg-richest amalgams
despite decades of crucial and extensive studies on the less Hg-rich phases.

1.4. Hg-Free Cathode Systems for Preparative Electrolysis

As electrocrystallization relies on a liquid metallic cathode material, not only Hg but also
Ga and a number of binary and multinary metallic alloys and eutectics can be chosen
as educts. The temperature range is limited by freezing and boiling temperature of the
employed solvent. In the following we present a number of possible combinations and
give details on requirements and the technical limits of the process. The main part of
this publication will deal with the different possible reaction pathways following from the
application of a binary or multinary liquid cathode and electrolyzing a less noble metal
into it. A binary cathode system offers three possibilities: (1) Adding a third metal
by reduction from solution leads to a ternary intermetallic phase. (2) The metal from
solution will only form an intermetallic phase with one of the two cathode components,
and the other serves as solvent for the latter. (3) The metal from solution forms two
individual binary compounds with the cathode components. There are chemical tenden-
cies deciding which of these three pathways will be followed, and we show representative
examples.

2. Results and Discussion

2.1. Prerequisites and Limitations of Electrocrystallization: Apparative Requirements,
Electrode Construction, Electrolyte Composition, and Feasible Cathode Systems

In order to perform a preparative electrolysis reaction under controlled conditions, we
have constructed the electrolysis chamber shown in Figure 2. The anode consists of a
Pt wire, Pt foil, or W rod.

The cathode design has to be adjusted to the repective cathode material. For Hg, a
simple amalgamated copper spoon (see Figure 2, upper left) with a single drop of mercury
suspended in it was applied. For other metals or multinary systems, a perforated Teflon
block with an internal tungsten plate appeared to give the best results (see Figure 2,
lower left). The anode and cathode compartments are separated by a glass frit and
mantled in order to provide a constant reaction temperature with the aid of an external
thermostat. As many of the phases we study are very sensitive toward traces of water
and oxygen, the setup was designed to work under Schlenk conditions. The product can
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Figure 2: Electrolysis chamber suitable for isothermic electrocrystallization under inert conditions, and
two different cathode constructions. Some amalgam crystals are shown below.

be separated from the cathode inside the apparatus, filtered off the remaining electrolyte
solution and washed with fresh solvent on a small glass frit right beneath the cathode.
The presented setup may be completed by a reference electrode for registration not
only of terminal voltages but also of the actual electrode potentials, hence enabling a
quantitative reaction control.

A suitable solvent for electrocrystallization has a preferably large liquid range, has high
polarity in order to dissolve salts in sufficiently high concentrations, can easily be dried
and purified, and shows chemical stability and also redox inertness with respect to the
rather high electrode potentials. The salts of less-noble metals should be chosen with
regard to their solubility in the given solvent and to the reactivity of the oxidation
products of the anion toward solvent or the product when the oxidation product diffuses
from the anode compartment toward the cathode. The salts have to be thoroughly dried
prior to use in order to prevent Hy formation at the cathode. Our preferred electrolyte
is a solution of the anhydrous iodide of a less noble metal in N,N-dimethylformamide.
DMEF has high polarity (z = 3.8 D) and a low melting and a high boiling temperature
(liquid range from —61 to +153 °C),! and thus offers a wide operating range. We
have chosen the iodides as the anodic formation of iodine, and subsequently, triiodide
is preferable to the formation of the strong oxidizing agents bromine or chlorine from
bromides or chlorides, and because of the generally very high solubility of iodides in
DMEF. In addition, the strong color of iodine or triiodide in DMF solution immediately
detects the onset of the reaction. The anode materials are insensitive toward iodine.
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Figure 3.29.: Melting points of the lowest melting metals and their binary eutectics. Refer to text for
color coding.

Drying or preparing anhydrous metal iodides can be complicated. In comparison to Nal
which can be dried simply by heating in a vacuum, Lals as a typical example is difficult
to synthesize as pure binary compound. At this point, employing DMF as solvent shows
another advantage: as DMF is a well-coordinating solvent, complexes of the general
composition MI,xy DMF = [M(DMF),|L can be easily prepared by dissolving a hydrate
MI,xy H50 in boiling DMF, removing the water by azeotropic distillation with toluene
as entrainer, and subsequently crystallizing the solvate complex by cooling the solution.
This works with very high yield as the temperature dependence of the solubility of most
metal iodides in DMF is high. The respective metal iodide solvate complexes are isolated
as crystalline material; the purity can be confirmed by e.g. X-ray powder diffraction,
and then the material is taken for the electrolysis. By this simple procedure, elaborate
and time-consuming syntheses of of anhydrous binary metal iodides can be avoided.

The choice of a cathode material is limited by its melting point with respect to the
boiling temperature of the electrolyte’s solvent. If DMF is employed, all intermetallic
systems with melting points below ca. 150 °C are suitable. Metals with low melting
points or low-melting binary eutectics typically are gathered around the Zintl border.
In Figure 3 all binary systems and their respective eutectics are compiled. Only the
few fields marked in red show no miscibility of the respective elements. Yellow marked
fields show miscibility gaps. Fields marked in dark green show homogeneous phases that
are liquid within the temperature range for liquid DMF. Light green fields could be of
interest if the solvent was changed from DMF to a suitable and redox-inert ionic liquid
or salt melt.
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Table 1: Amalgams of Less-Noble Metals Prepared by Electrocrystallization®

amalgam T terminal voltage
[N(CH3)4]Hg822 -30°C 10V
LiHg3?3 20 °C. 5V
Nalng5216’17 50 °C 45V
KHgg?! 70°C 7V
KgHg1125 100 OC 6V
Rng1126 20 °C TV
CSzHg2727 2°C 6V
CsgHgop?? 20°C 6V
SrHgy26 0°C 5V
BaHg; 2 0°C 5V
Eu;oHgs528 20°C 5V
ErHgz? 20°C 7V

2New amalgam phases from our work are emphasized in bold face.

2.2. Electrocrystallization on Elemental Cathode Systems: Pure Hg or Ga as Cathode
Material

The simplest case is the employment of a pure element as reactive cathode material.
When a metal cation from the electrolyte solution is reduced at the reactive cathode a
binary intermetallic phase will be formed. It will be the phase with highest content of
the cathode metal marked in the respective binary phase diagram, if the reaction tem-
perature is chosen below the deepest respective decomposition or melting temperature.
The cathode metal must be liquid for the electrolysis to enable diffusion of the reduced
metal into the bulk, and Hg and Ga are the only metals that are liquid between the
freezing and boiling points of DMF. By electrolysis of a solution of the iodides of alkali,
alkaline earth or lanthanoid metals in DMF on a liquid Hg as cathode material, a number
of crystalline Hg-rich amalgams could be prepared over the past years, see Table 1. The
analogous reactions with liquid Ga consequently yield Ga-rich gallides. In the system
Li-Ga, for example, the Ga-richest phase is LizGay4,'®'” and in the system Na-Ga it is
NaGay,' both reported in the literature. Indeed, in the respective electrocrystallizations,
these phases are the only ones observed, see Figure 4. The crystal structure of LizGay,
could be redetermined, and the literature model was confirmed from powder data by
Rietveld refinement. A compilation of improved crystallographic parameters, details on
data collection and structure determination as well as selected geometric parameters are
compiled in the Supporting Information. NaGa, crystallizes with the BaAl, structure
type.20:21

2.3. Binary Cathode Materials with One Metal Acting as Solvent for the Other: Liquid
Hg/In Mixtures as Cathode Material

At room temperature, Hg and In show miscibility over a wide composition range Hg, In;
with 0 < x < 0.66.'* We have prepared a liquid solution of indium in mercury with
composition 1:1 (melting point: —19 °C) and performed an electrolysis of a Csl solution
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Figure 4: Powder diffraction patterns of the electrolysis products of a solution of Lil in DMF (above,
as a result from Rietveld refinement) and a solution of Nal in DMF (below) on liquid Ga electrodes.
In the lower diffractogram small maxima marked with asterisks originate from oxidic impurities. The
diffuse background is due to a thin layer of liquid Ga.

in DMF on it. As a result, we observed that liquid Hg remained and a new phase, CsInjs
with hitherto unknown crystal structure had formed. The difference in reactivity of Hg
versus In is most probably due to their very different electron affinities: indium has an
exothermic electron affinity of —0.38 eV, whereas mercury shows endothermic electron
affinity with +1.56 V.30 This large difference results in a clear reactivity difference,
and indium is expected to be reduced first. If the voltage is chosen appropriately (in
our case: 5 V terminal voltage), the electrolysis stops when all indium is consumed
and a subsequent amalgam formation is suppressed. Our synthetic approach suggests
that Cslnjs is the In-richest phase in the system Cs—In and was overlooked in previous
thermoanalytic studies.!* According to our observations, CsIn;, does not decompose or
melt up to 300 °C.

Cslnys forms xenomorphic crystals with pronounced pseudocubic twinning from elec-
trolysis. Crystal quality is considerably improved by tempering the electrolytic product
under argon at 300 °C; however, the crystal structure could not be solved and refined
from single crystal data due to multiple merohedric twinnings. The structure model
shown below therefore was refined from powder data with the Rietveld method, and
the starting values were extracted from symmetry relation considerations starting from
the NaZnys structure type as aristotype,*?? identified from the twinned crystals. The
pseudocubic data sets could be solved and refined in space group Fm3c, the space group
of the aristotype NaZn,3; however, additional reflections in the diffraction patterns were
observed and systematic elongations of a group of In atoms pointed toward a superstruc-
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Table 2: Crystallographic Details as Results of a Rietfeld Refinement of Cslnjs

empirical formula Cslnio

cryst syst orthorhombic
space group Pnn2 (No. 34)
Z 4

lattice params a /A 14.2100(7)

c /A 13.9994(7)

7
b /A 14.2095(7)
7
vV /A3 2826.7(2)

density / g-em™3 6.559(5)
radiation, wavelength /A MoKa1, 0.70930
diffractometer syst Stoe Stadi P
detector Mythen 2K
no. of l.s. params 127
no. of background params 24
R values R, 0.02699

Ry, 0.03935

RBragg 0.03196
Rexp  0.00755
Rexpr  0.03889

x? (GOF) 5.214

ture with lower symmetry. The powder patterns from phase-pure samples could not be
indexed with the cubic structure model. Subsequent symmetry reduction followed the
group-subgroup relations shown in Figure S2 in the Supporting Information. The powder
pattern could only be fully indexed in a structure model in space group Pnn2, result-
ing in Rietveld refinements with satisfactory residual values and a reasonable structure
model. Details on the Rietveld refinements in all possible space group candidates are
compiled in the Supporting Information. The symmetry reduction is necessary to give
room for considerable structural distortions: The four crystallographic Cs sites in Cslnjs
are topologically equivalent and show 24-fold coordination in a chiral polyhedron of In
atoms best described as a strongly distorted rhombicuboctahedron. A rotation of the
square faces of a regular rhombicuboctahedron of 28.7° would lead to a chiral polyhedron
called a ”snub cube? (Kepler first named this Archimedean polyhedron cubus simus)3*
consisting of squares and isosceles triangles. In Cslnj, the square faces are rotated only
by 8.7°, resulting in a hybrid between snub cube and rhombicuboctahedron. In NaZn;3 a
cubic primitive arrangement of snub cubes leads to intersticial icosahedric voids centred
by an additional Zn atom. In Csln;s the distorted rhombicuboctahedra result in intersti-
cial cuboctahedra not occupied by further In atoms, hence the difference in the respective
compositions. A direct comparison of the two structures is shown in Figure 5. Basic
crystallographic information and atomic coordinates are given in Tables 2 and 3. Further
details on data collection and crystal structure can be obtained free of charge by request-
ing the crystal information file (cif) from Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen, Germany (e-mail: crysdata@fiz-karlsruhe.de) on quoting the
depository number CSD-431738, the names of the authors and citation of this paper.
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Table 3: Fractional Atomic Coordinates, Wyckoff Numbers and Isotropic Thermal Displacement Pa-
rameters Big, / A? as a Result of a Rietveld Refinement of CsIngs

Atom  Wyckoff position X v z Biso

Csl 2a 0 0 0.063(5) 6.2(6)
Cs2 2a 0 0 0.583(5)  6.2(6)
Cs3 2b 0 1/2 0.548(4)  6.2(6)
Cs4 2b 0 1/2 0.037(4)  6.2(6)
Inl 4c 0.082(2) 0.423(2) 0.804(5) 3.7(2)
In2 4c 0.913(2) 0.416(2) 0.308(6) 3.7(2)
In3 4c 0.411(2) 0.392(2) 0.805(5) 3.7(2)
In4 4c 0.586(2) 0.398(2) 0.306(5) 3.7(2)
In5 4c 0.364(2) 0.885(3) 0.818(6) 3.7(2)
In6 4c 0.607(2) 0.883(2) 0.314(5) 3.7(2)
In7 4c 0.111(2) 0.865(2) 0.785(5) 3.7(2)
In8 4c 0.910(2) 0.880(2) 0.326(5) 3.7(2)
In9 4c 0.208(2) 0.588(2) 0.417(5) 3.7(2)
Inl10 4c 0.722(2) 0.599(2) 0.636(5) 3.7(2)
Inll 4c 0.733(2) 0.387(3) 0.191(5) 3.7(2)
Inl12 4c 0.224(2) 0.395(2) 0.928(5) 3.7(2)
Inl3 4c 0.400(2) 0.277(2) 0.480(5) 3.7(2)
Inl4 4c 0.601(2) 0.011(2) 0.650(5) 3.7(2)
Inlbs 4c 0.614(2) 0.778(3) 0.145(5) 3.7(2)
Inl6 4c 0.412(2) 0.723(2) 0.970(5) 3.7(2)
In17 4c 0.245(2) 0.129(2) 0.139(5) 3.7(2)
In18 4c 0.734(2) 0.084(3) 0.976(5) 3.7(2)
In19 4c 0.737(2)  0.908(3) 0.484(5) 3.7(2)
In20 4c 0.215(2) 0.913(3) 0.640(5) 3.7(2)
In21 4c 0.012(2)  0.199(2) 0.166(4) 3.7(2)
In22 4c 0.127(2) 0.213(2) 0.939(5) 3.7(2)
In23 4c¢ 0.019(2) 0.698(2) 0.430(4) 3.7(2)
In24 4c 0.891(2) 0.723(3) 0.783(4) 3.7(2)

Figure 5: Comparison of the crystal structures of NaZni3 (left) and CsIngy (right). Distortion of the
regular coordination polyhedra in NaZns is realized by symmetry reduction from Fm3c (NaZni3) to

Pnn2 (Cslngs).
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2.4. Ternary Intermetallic Phases by Electrolysis on a Binary Cathode Material: Liquid
Ga/Sn Mixtures as Cathode Material

Ga and Sn both have exothermic electron affinities (—0.30 and —1.20 eV, respectively)
and form a eutectic mixture with melting point 20.5 °C at composition Gag; gSng4. The
liquidus runs almost linear from the eutectic point to the melting point of pure Sn (232.0
°C).1 Electrolysis on a liquid Ga/Sn cathode with composition 7:3 therefore took place
at a temperature of 70 °C. Gallium and tin both are located close to the Zintl border,
with Ga on the left and Sn on the right of it. Accordingly, tin forms numerous classical
Zintl anions [Sny|™", but for gallides the formal structural separation into cationic and
anionic building units is only true for rare examples. We therefore found it interesting
to check whether the reaction of a less noble metal with this mixture would lead to
two binaries (a nonclassical gallide Zintl phase and a classical stannide Zintl phase) or
a more complicated ternary phase. On the basis of the respective electron affinities, the
electrolysis of a Sn/Ga alloy should be expected to form a binary stannide first. However,
the electrolysis of a solution of KI in DMF on an electrode of composition Ga:Sn = 7:3
resulted in the formation of single-phase clathrate-I-type KgGagSnsg.?® Although the
product contains much more Sn than the pristine electrode material, some elemental (-
Sn remained unreacted. The powder diagram of the product is shown in Figure 6. The
binary clathrate KgSnyy along with a number of analogous alkali metal tetrelides is a
Zint] phase according to the formulation[K*]g[Sn™]g[Sn’|3500s: Removing a Sn atom from
a tetrahedral network renders the four neighboring Sn atoms trivalent and according to
the Zintl concept they carry one negative charge each. To compensate for eight positive
charges from eight K cations, two Sn atoms have to be removed, creating eight negatively
charged trivalent Sn atoms.

The separation of the clathrate network into uncharged and negatively charged Sn atoms
has previously been shown by 1¥Sn Méssbauer spectroscopy on RbgSnys[Js.3¢ The atomic
positions of the trivalent stannide anions can alternatively be occupied by four-valent and
hence negatively charged Ga~ anions without creating vacancies, as in KgGagSngg. A
large number of analogous clathrate structures has been synthesised and characterized
over past decades as this group of compounds shows a number of interesting proper-
ties, ranging from superconductivity to thermoelectric behavior.®” The electrocrystal-
lization technique offers an easy access to new multinary representatives of intermetallic
clathrates.

2.5. Multinary Cathode Materials Resulting in a Mixture of Different Binary Products:
Liquid Ga/In/Sn Mixtures as Cathode Material

If multinary cathode systems are taken into consideration (see the compendium of low
melting systems in Table 4; this list is not intended to be exhaustive), a plethora of
intermetallic systems that are liquid at feasible temperatures are open to be explored
with electrocrystallization. Multinary cathode materials interact after the same pattern
shown above. The products can be a quaternary (or higher multinary) intermetallic
phase, or a mixture of different binary compounds. One of the components can also act
as inert solvent for the others. We present the result of an electrolysis of a Lil solution
on a "Galinstan” cathode as representative example.
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Electrolysis of a Lil solution on the
ternary mixture "Galinstan” as cathode
material (Ga:In:Sn = 62.5:21.5:16.0
weight-%) leads to the formation of

several binary .hthlum compounds. point [°C] [wt-%]
The polycrystalline product after a G lmstan™®
three-day electrolysis with 5 V termi- Ga/In/Sn 1 59.6:26:14.4
nal voltage consisted of LiGa, Liln, Ga/Sn/Zn 17 82:12:6
Li3Gayy and some residual elemental gr?ghsemfmcc’c’l 16.9 41:22.1:10.6:18.1:8.2
indium. LiGa and Liln crystallize | é/ { n/1i17/, e
with the NaTl structure type with Ga Bi?gg/()svrl/ln/(jd 47.2 44.7:22.6:8.3:19.1:5.3
and In forming diamond-analogous an- »cerrolow 13673
ionic frameworks, respectively. Ri- Bi/Pb/Sn/In/Cd 58 49:18:12:21
etveld refinement showed mixed occu- Field’s metal”*? .
. . 62 32.5:51:16.5
pation Ga/Sn for one of the crystallo- ?1/ In/ ?n o
graphic Ga positions, and a significant _'vood's metal 70 50:25:12.5:12.5
. Bi/Pb/Sn/Cd
enlargement of the lattice parameters ;. ‘. . 40
. S ; 1powltz’s eutectic 74 50:27:13:10
of the phase Liln indicates incorpora- p; /Pb/Sn/Cd afilo
tion of Sn as well. Due to the insuffi- “Guthrie’s metal”
. . 71.1 47.4:19.4:20:13.3
cient X-ray contrast of In and Sn the Bi/Pb/Sn/Cd

mixed occupation could not be quan-

Table 4:

Some Multinary Intermetallic Eutectics
and Low-Melting Systems with the Respective Melting

Points and Chemical Compositions

system

melting

composition

”Onion’s eutectic’#!,

tified by refinement. Also the phase g{i/cgf)e/nsbergjs metal” 92 50:20:30

. . . 1 n
LisGaqy s‘hows‘ some 1ncorporz.1t10n ‘of "Rose’s metal™0,
Sn following LizGajs_Shy, S0 in strict  »prArcet’s metal™® 95 50:25:25
meaning these phases are multinary as Bi/Pb/Sn

. . % 9 940

well. In this LlfGa.fIr.lfSn sygtem, t.he Newton’s metal 98 50:30:20
occurrence of two lithium gallides with 131/ Pb/ Sn o
different ratios Li:Ga seems to be in é\i/l/%%t/tgs metal 123 46.1:19.7:34.2
contradiction with the stated general Bi/Sn/Zn 130 56:40:4

“rule” that for a given temperature only
one, the Ga-richest, phase would be expected to form. This is strictly speaking only true
for an electrocrystallization on elemental gallium. When the ternary eutectic Galinstan
is employed, Ga depletion in the cathode material during electrolysis has to be taken
into account, as well as different solubilities of products in changing cathode materials,
lattice energies, and kinetic effects concerning seed formation. Phase formation hence is
multicausal and not in all cases predictable. A differentiation of the possible influences
would call for time-dependent experiments in order to reveal which phases are formed
initially and which phases are formed subsequently.

2.6. Limiting Factors for Electrocrystallization

There are limits to this method resulting from the low reaction temperatures, as observed
in e.g., the binary system Fe-Ga: When a solution of Fel,-6 DMF in DMF is electrolyzed
on Ga at 70 °C, the respective phase diagram (see Figure 7) would suggest the formation
of FeGas as the Ga-richest phase.?> However, we observed the deposition of metallic Fe
on the surface of liquid Ga. The suppression of phase formation is most probably due to
the extremely low solubility of Fe in Ga at low temperature. A heterogeneous mixture of
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Figure 6: Powder diffraction pattern and Rietveld refinement of the products of an electrolysis of Lil
solution on Galinstan (above) and of the product of an electrolysis of a KI solution on a mixture of Ga
and Sn (below). Reflections of an unknown decomposition product are marked with asterisks.

the two metals is formed as a consequence. In order to initialize the reaction of the two
metals, it would be necessary to heat the mixture to considerably higher temperatures at
which a homogeneous melt with higher Fe content is formed (to dissolve 10 at.-% Fe in
Ga at least 800 °C have to be reached). Spontaneous phase formation occurs in systems
with less steep liquidus curves, see e.g., the system Na—Hg in Figure 1 in comparison.

A similar problem occurs if a reaction product shows extremely low solubility in the
cathode metal. The product will then form a thin, passivating surface layer, preventing
the progression of the reaction. This has been observed for ammonium amalgams from
substituted ammonium cations [NR4]™ with larger substituents than R = CHjz.??

3. Conclusion

Three different cases can be expected when employing a multinary cathode system for
electrocrystallization experiments: (1) one metal can serve as solvent for a second one.
(2) From a cathode material consisting of N elements one product phase with N+1
constituents can be formed. (3) From a cathode material consisting of N elements N+1
binary product phases (or other less complex products than in case 2) can be formed.
The first case occurs when the reactivity and electron affinities of the two metals in
the cathode material are very different. The difference between cases 2 and 3 is due
to structural and chemical reasons. We presented the example of an electrolysis of a
KI solution on a Ga/Sn cathode where the formation of KsGagSngs was observed. The
crystal structure of this ternary clathrate provides chemically different crystallographic
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sites, favoring four-valent network positions for Sn atoms, and trivalent positions for Ga.
This chemical difference of the available crystallographic sites favors the formation of one
ternary instead of several binary phases. As a result of the electrolysis of a Lil solution on
a Ga/Sn/In electrode we present the formation of several binary compounds, according
to case 2. Although for LizGaj4 and Liln Sn inclusion was observed we would like to
discern the resulting solid solutions clearly from a ternary phase as e.g., the clathrate
above. In LizGayy and Liln a chemical separation of the available crystallographic sites
is not as clear as in the clathrate, and therefore, no favorable ternary phases is available.
Obviously, the quaternary system Li—-Ga—Sn—In does not hold a quaternary phase, at
least not one being stable under the given conditions.

There is an additional, systematically dif-

ferent way to synthesize ternary (or multi- o

nary) phases via electrocrystallization we |

have not probed yet: A solution con- | L

taining two (or more) different less-noble |

metal salts can be electrolyzed on a single- o .

element cathode, and the formation of a ém || j
ternary compound can result. The neces- EW :’} )

sary condition would be that the elements * *| = g

in solution have the same electrochemical ] % 34
potential. This can be achieved according o 2977
to the Nernst equation by adjusting the = ——cd

T T T
10 20 30 40 50
Atom-% Ga

respective concentrations of the metals in
solution. As an example, two elements Figure 7: Phase diagram of the binary system Fe—
with similar standard potentials, e.g., Na Ga, modified version of ref 14.

and K, should give a ternary Na/K amal-

gam. With inclusion of a multinary cathode material in this approach the preparative
scope of electrocrystallization would be expanded even further.

Electrocrystallization has proven to be a convenient way for the synthesis of intermetallic
compounds. Compounds with low peritectic decomposition temperatures are in general
difficult to synthesize via standard solid state preparation techniques. Here, electrocrys-
tallization offers the opportunity to obtain these compounds conveniently as phase-pure
material with high crystallinity. With an isothermal increase of the amount of one el-
ement via cathodic reduction in the cathode element a phase diagram can be scanned
in a complementary way to conventional thermochemical phase analysis. Thus, electro-
crystallization can reveal in particular those phases overlooked in conventional thermo-
analytical studies.

Studies on new intermetallic systems are of interest in their own behalf. We have had a
great benefit from electrocrystallization for studies on intermetallic systems with highly
polar metal-metal bonding. However, the impact of intermetallic phases is much higher:
They are widely employed as catalysts and as precursor compounds for, e.g., the prepa-
ration of oxidic or nitridic systems. Oxidation of NaTl was shown to yield NagT105%*,
and a number of SIAION-based luminophors are prepared by nitridation of multinary
intermetallics.*>#6 With this regard, electrocrystallization could help in the production
of new intermetallic precursor systems for further chemical modification and may provide
a wide application range beyond intermetallic chemistry.
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4. Experimental Section

4.1 Cathode Materials

All metals were used in high purities. Hg was purified from all less noble impurities by
treatment with half-concentrated HNO3 and from all remaining impurities by filtration
and subsequent double destillation in vacuum at 120 °C. Ga was used as purchased, also
tin and indium (99.999%, Smart-Elements GmbH, Wien, Austria). Binary and ternary
intermetallic cathode materials were synthesised according to the available binary phase
diagrams. In the Supporting Information the synthesis conditions for all intermetallic
cathode materials are summarized. The respective syntheses are simple and straightfor-
ward.

The employment of a low melting alkali metal as "cathode" metal and the salt of a
noble metal could in principle be used for preparative purposes, however, this setting
would of course constitute a galvanic cell with spontaneous exothermic reaction difficult
to regulate.

4.2 Electrolyte

N,N-Dimethylformamide was chosen as solvent for the electrolyte solutions according
to its electrochemical stability, its strictly aprotic character and its high polarity. DMF
was purified and dried by distillation and degassing at elevated temperatures. The alkali
metal iodides were used as purchased (Lil, Nal, KI, RbI, Csl 99.9% from abcr GmbH,
Karlsruhe, Germany), without further purification. Alkaline earth metal iodides were
synthesised from the respective commercially available chloride hydrates by dissolution
in DMF and addition of Nal dissolved in DMF. As NaCl has very low solubility in
DMF it precipitates and can be filtered off. The resulting solution of alkaline earth
metal iodide still contains water from the starting material which is eliminated by either
azeotropic distillation with toluene as entrainer or by degassing in vacuum at 120 °C.
The solutions were either directly taken as electrolyte, or the earth alkaline iodide was
isolated by evaporation of DMF in vacuum in the form of its DMF solvate as crystalline
material, e.g., [Ba(DMF)g]|l;. Solvate complexes of the lanthanoid metal iodides Lnl;
were synthesised in DMF by reaction of the metal with iodine, or by adding aqueous
concentrated HI to the lanthanoid metal oxide or carbonate. The resulting solutions
were dried in the same way as described for the alkaline earth metals. Evaporation
of the solvent leads to the isolation of solvate complexes [Ln(DMFg)|I3 or, only in the
case of La, [La(DMFy)|I3. For electrocrystallization, the solutions had concentrations
between 0.1 and 1 mol L.

4.3 Electrocrystallization Conditions

The apparatus shown in Figure 2 was thoroughly dried by heating in vacuum, and then
the electrolyte solution was inserted under argon. The anode (Pt foil or W rod) was
inserted, and then the amalgamated copper spoon with a single Hg drop was inserted,
or the Teflon inset with the intermetallic cathode material was placed inside the device
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and in contact with the external voltage source. With the aid of an external temperature
control perfusing a heating/cooling liquid through the glass mantle a chosen temperature
was adjusted for about 1 h before starting the electrolysis. As the design of the electrol-
ysis chamber does not include a reference electrode only terminal voltages but not the
actual electrode potentials could be adjusted. The terminal voltages depend not only
on the electrode potentials, but also on ohmic resistance of the electrolyte, temperature,
electrode distance and other parameters. In order to find the minimum voltage at which
a redox reaction starts, the voltage was increased slowly until the formation of iodine
at the anode indicated the onset of the process. Typical values for terminal voltages
were 2 to 7 V. The electrolyses were stopped when all liquid cathode material had been
consumed, typically after 2 — 24 h. After removal of the electrolyte the product was
washed with small portions of pure DMF and dried in vacuum inside the electrolysis
apparatus. The crystalline products were isolated under strict inert gas conditions and
characterized by powder X-ray diffraction or single crystal X-ray diffraction.

4.4 Powder X-ray Diffraction

Samples for X-ray powder diffration measurements were prepared in an argon-filled glove-
box. The powder samples were ground in agate mortars, in cases of ductile samples under
addition of diamond powder. The hygroscopic samples were sealed in glass capillaries
(inner diameter of 0.1 to 0.5 mm, Hilgenberg, Malsberg, Germany). Measurements were
performed in Debye-Scherrer geometry on a STADI P diffractometer system (Stoe & Cie
GmbH, Darmstadt, Germany) with Ge-111-monochromatized CuKal or MoKal radia-
tion. Intensities were collected with a MYTHEN detector (Dectris, Baden, Switzerland).
For phase identification the detected diffraction pattern was compared to patterns calcu-
lated from single-crystal data. Rietveld refinements were performed with a fundamental
parameter approach 47 and a double Voigt model was used to compensate size-strain
effects. The background was modeled with shifted Chebychev functions, and the profiles
were modeled with LeBail-Jouanneaux functions.

4.5 Single crystal X-ray diffraction

A small portion of the air- and moisture-sensitive reaction products was covered with
paraffin oil dried over K metal and brought to air. Suitable specimens for single crystal
X-ray structure analysis were selected under a microscope and sealed in paraffin-filled
capillaries with inner diameter of 0.1 mm (Hilgenberg, Malsberg, Germany). The crystals
were mounted either on a one-circle diffractometer system IPDS 1 (Stoe & Cie GmbH,
Darmstadt, Germany) with graphite-monochromatized MoKa or AgKa radiation, and
an image plate detector or on a three-circle diffractometer system D8 QUEST (Bruker
AXS, Karlsruhe, Germany) with Go6bel mirror optics, MoKa radiation, and a CCD
detector. After a quality check and determination of the orientation matrix on the basis
of a set of preliminary exposure frames intensity data of at least half of the accessible
part of the Ewald sphere were collected at room temperature (¢ and w scans) and
subsequently corrected for Lorentz, polarization and absorption effects.*®4? Structure
solution was performd with direct methods in all cases; structure refinement on F? was
performed with full-matrix least-squares cycles.?®
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The Supporting Information is available free of charge on the ACS Publications website
at DOI 10.1021/acs.inorgchem.6b02068.

Preparation of cathode materials. Crystallographic data and Rietveld refinement results
for Li3Gay4 and for the electrolysis product of Galinstan as cathode material with Lil
solution in DMF. Details on structure solution and refinement, crystallographic data,
symmetry relations and Rietveld refinement results for Csln;, (PDF)
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Preparation of cathode materials

Mercury

Mercury was purified from less noble impurities by vigorous stirring under half-concen-
trated HNOj until colorless and insoluble Hgs(NO3), started to form. Solid impurities
were removed by filtering through paper. Subsequently, the mercury was destilled twice
in vacuum at 120°C.

Gallium

Gallium was used as purchased (99.999%, smart-elements GmbH, Wien, Austria).

Galinstan

Galinstan was prepared from the elements. Suitable amounts of gallium, indium and
tin (Ga:In:Sn = 59.6:26:14.4 wt%) were combined in a 2mL Micro Tube with Lip Seal
Screw Cap & Loop under air. Reaction of the metals proceeded at room temperature
by vigorously shaking the educts in the container. During reaction the mixture cooled
under room temperature indicative for the formation of the eutectic.

Mercury/Indium

Mercury was purified as mentioned above. Indium (99.999%, smart-elements GmbH,
Wien, Austria) was used as purchased. One equivalent of Mercury was put in a glass
vial and small chunks of Indium (total amount of one equivalent) were added. The
vial was gently shaken until all indium was dissolved. In contrast to mercury, which is
non-wetting toward glass, the Hg:In = 1:1 mixture covers the vial.
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Table S1: Crystallographic details as results of a Rietveld refinement on LisGay4. The graphical result
of the refinement is shown in the main text, see Figure 4 (top).

Empirical formula LisGaqy
Crystal system trigonal
Space group R3m, No. 166
Lattice parameters / A, A3 a = 8.4535(2)

¢ = 16.8229(4)
V = 1041.13(3)

Formula units Z 3
Calculated density / g-em™3 4.770(2)
Diffractometer STADI P (Stoe & Cie., Darmstadt, Germany)
Detector MYTHEN 2K (Dectris Ltd.,
Baden-Daettwil, Switzerland)
Data collection Debye-Scherrer geometry,

glass capillary @ = 0.2 mm,
step width = 0.015°, exposure time = 50 s/step

Radiation, wavelength / A MoKg1, 0.70930

Number of 1. s. parameters 33

Number of background parameters 12

R values R, = 0.01215
Ryp = 0.01627

RBragg = 0.00587
x? (GooF) = 1.242

Rietveld refinements

3. Details on Rietveld refinement of Csln;,

The structure refinement was performed on powder data with the Rietveld method (see
below for graphical results), starting with idealized parameters derived from the aristo-
type structure of NaZn;3 (see below). The powder diffraction patterns were recorded in
Mo Kal radiation on a STADI P system (Stoe & Cie., Darmstadt, Germany) with a
MYTHEN 2K detector (Dectris Ltd., Baden, Switzerland) in Debye-Scherrer geometry
(capillary diameter: 0.1 mm, step width: 0.015°, exposure time: 500 s/step). The finely
ground powder was diluted with diamond powder (red ticks in the Rietveld plots below)
to optimize absorption effects. All Cs atoms are topologically identical and therefore
were refined with one common isotropic thermal displacement parameter, so were all
Indium atoms.

A series of refinements shows that symmetry reduction to space group Pnn2 is necessary
to get full accordance of data and structure model. In all higher space groups a number
of reflecions remains unindexed. Further symmetry reduction to P222 or monoclinic
subgroups of Pnn2 was checked but gave no improvement. The final refinement of the
Pnn2 structure model with 24 In sites and 4 Cs sites gives a good agreement of calculated
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Table S2: Standardised fractional atomic coordinates, isotropic displacement parameters / A2 and site
occupation factors for LizGayy.

Atom  Wyckoff position x v z Biso s.o.f.
Gal 6¢ 0 0 0.0789(3) 1.19(11) 1
Ga2 18h 0.5066(2) —x 0.1971(2) 0.75(5) 1
Ga3 18h 0.4387(2) —x 0.0512(2) 0.89(6) 1
Lil 18h 0.4795(4) —x 0.3812(6) 1.00 0.5

Table S3: Crystallographic details as results of a Rietveld refinement on the electrolysis product of
Galinstan as cathode material with Lil solution. The graphical result of the refinement is shown in the
main text, see Figure 6 (top).

Empirical formula LizGajq—xSnyx LiGa Liln In
Proportion by weight 30.5 % 46.6 % 19.8 % 3.2 %
Crystal system trigonal cubic cubic tetragonal
Space group R3m Fd3m Fd3m I4/mmm
Lattice parameters / A, A3 a 8.4539(2) 6.1822(4) 6.7666(4) 3.2579(4)

c 16.8236(4)1 4.9450(3)

v 797.23(6) 236.28(4)  309.82(5) 52.49(2)
Formula units Z 3 8 8 2
Calculated density / g-cm™3 1.6513(1) 4.3100(8) 5.0(7) 7.264(3)
Diffractometer — STADI P (Stoe & Cie., Darmstadt, Germany) —
Detector — MYTHEN 2K (Dectris Ltd., Baden-Daettwil, Switzerland) —
Data collection — Debye-Scherrer geometry, —

— glass capillary @ = 0.2 mm, —
— step width = 0.015°, exposure time = 100 s/step —

Radiation, wavelength / A — MoKgu1, 0.70930 —
Number of 1. s. parameters — 60 for all phases combined —
Number of background parameters — 12 —
R values — Rp = 0.02298 —
— Rwp = 0.03315 —
RBragg = 0.01417 0.01228 0.00509 0.02310

— x2 (GooF) = 1.556 —

and observed intensities. The resulting structure model shows very strong distortions in
comparison with the aristotype structure of NaZn,3 (see Figure 5 in the main text).
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Table S4: Standardised fractional atomic coordinates, isotropic displacement parameters / A2 and site
occupation factors for LizGai4_,Sny as result from a Rietveld refinement of the electrolysis product of
Galinstan as cathode material with Lil solution. Standard deviations in units of the last digit are given
in parentheses.

Atom  Wyckoff position X y z Biso s.o.f.
Gal 6e 0 0 0.0742(8) 1.5(5) 0.56(6)
Snl 6c 0 0 0.0742(8) 1.5(5) 0.44(6)
Ga2 18h 0.5008(7) —x 0.1996(6) 2.7(4) 1
Ga3 18h 0.4399(6) —x 0.0470(7) 0.60(5) 0.95(3)
Lil 18h 0.404(2) —x 0.381(5) 1.00 0.5

Table S5: Standardised fractional atomic coordinates and isotropic displacement parameters / A2 for
LiGa as result from a Rietveldrefinement of the electrolysis product od Galinstan as cathode material
with Lil solution. Standard deviations in units of the last digit are given in parentheses.

Atom Wyckoff position  x v Z Biso
Gal 8a 12 1/2 1/2 1.52(8)
Lil 8b 0 0 0 7.5(8)

Table S6: Standardised fractional atomic coordinates and isotropic displacement parameters / A2 for
Liln as result from a Rietveld refinement of the electrolysis product od Galinstan as cathode material
with Lil solution. Standard deviations in units of the last digit are given in parentheses.

Atom Wyckoff position  x y z Biso
Inl 8a 1/2 1/2 1/2 1.97(10)
Lil 8b 0 0 0 6.5(8)

Table S7: Standardised fractional atomic coordinates and isotropic displacement parameters / A2 for
In as result from a Rietveld refinement of the electrolysis product od Galinstan as cathode material with
Lil solution. Standard deviations in units of the last digit are given in parentheses.

Atom  Wyckoff position x
Inl 2a 0

y Z
0 0 4(1)
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Figure S2

reduction of the aristotype coordinates and served as starting values for structure refinement. The final

values are given in the main text, see Table 3.
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3.5.2. Li3Ga14_XSnX with x = 1

LizGajs3_xSn, with x ~ 1 was prepared by electrolysing 100 ml of a saturated solu-
tion of Lil (acros organics, 99 % metal basis) in dry DMF (100 ml, Fischer Organic,
HPLC grade). The cathode consisted of a Ga-Sn solution (92.9 at% Ga (smart ele-
ments, 99.999 % metal basis), 7.1 at% Sn (alfa aesar, 99.999 % metal basis)) with the
approximate melting point 55 °C.11 In order to obtain a homogeneously molten cathode
material, the temperature was brought to and held at 80 °C. Electrolysis proceeded at
this temperature and a terminal voltage of 3.5 V. After electrolysis, the solid product
was washed with dry DMF, transferred to a Schlenk tube and subsequently dried in high
vacuum. Further manipulation was carried out in an argon-filled glovebox.

Samples for powder and single
crystal diffraction were pre-
pared as stated in chapter
3.1.2. Indexing of single crys-
tal data revealed two indi-
vidua, both with hexagonal
symmetry, rhombohedral cen-
tring and similar lattice pa-
rameters. The individua were
integrated and refined sepa-
rately. Only individuum 1 is
further discussed as the second
individuum showed too few in-

Figure 3.30.: Left: Excerpt of the crystal structure of
LisGaj3_xSn, (Li: blue; Ga: green; Ga/Sn: red). Emphasis on
dumbbell (red bonds) and icosahedra (green bonds) is shown, gal-
lium atoms from icosahedra extending in adjacent cells have been

dependant reflections. Struc- gpitted for clarity. Right: Optical microscope photograph of
ture solution and refinement LizGa;3Sn.

succeeded in space group R3m. Heavy atom positions were result of solution, dif-
ference Fourier analysis revealed the Li positions. All positions were checked for
mixed /underoccupation. Ga(3)/Sn(3) show mixed occupancy of 50%, the Li position
is only half occupied.

Table 3.30.: Results of a Rietveld refinement

Lattice
parameters [A, A3]

y < enreg of LizGajz_,Sn,. For atomic parameters see
— Calculated Table A.20.
Difference .
| Ticks Li,Ga,,Sn Formula LizGajz_Sny
. | Ticks Sn
. x~1
(]
%‘ Crystal system trigonal
5 Space group R3m
C

a = 8.48096(2)
¢ = 16.89013(4)
V = 1052.09(5)

- I \I I IITI I IIIIII m \Il=|IIIIIIII|IIIIIIII:I\I‘III.IIII‘IIET‘Illll\IlTllllllTlmnﬂf Density (X_ray) [g/cm3] 488(2)
10 20 30 20 50 Radiation MoK 1
Diffraction angle 20 / deg Parameters 40
. . Background parameters 18
Figure 3.31.: Results of a Rietveld refinement of R values R. — 0.2988
LizGa13—xSnx. Ry, — 0.04025
x? = 1.381
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Figure 3.32.: Calculated precession images of a single crystal X-ray measurement of LizGaj3_,Sny.

The parent compound LisGays has previously been reported on by Stér and Schéfer!?
and was reproduced by electrolysis. LizGais_,Sny crystallizes in the trigonal space group
R3m with 3 formula units in the unit cell. There are three crystallographically indepen-
dent gallium sites, one shows mixed occupancy with Sn (Ga:Sn = 1:1). Ga(2) and
(3) form an icosahedron, Ga(1)/Sn(1) builds a dumbbell-like motif. The only Li site
is statistically half-occupied forming triangles as structural motif. To assess whether
the mixed/underoccupations are statistical or of ordered nature, calculated precession
images are shown in Figure 3.32, showing no distinct diffuse intensity distribution.

The crystal structure of LizGay3_Sn, can topologically be derived from Heusler-type
phases (see Figure 3.33). If the centroids of the dumbbells, icosahedra and triangles are
substituted by "atoms", icosahedra and dumbbell centroids build a cubic face centred
motif each, the distortion from ideal 90° being 7.3°. Centroids of lithium triangles occupy
all tetrahedral voids. Furthermore, the space group type of Heusler phases (Fm3m) is a
direct supergroup of R3m (index [i2]) illustrating the relationship.
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Table 3.31.: Crystallographic data, details of
the data collection and structure determina-
tion for LigGalg_XSnx.

empirical sum formula LizGaiz_xSny
crystal system trigonal
space group R3m
Lattice param. [A, A%] a 186485289(2?3 Table 3.32.: Standardised fractional atomic coordi-

‘i 1058.2%3; nates and equivalent isotropic displacement parame-

7 3 ters /Az for LizGaj3_,Sny, from single crystal data.
calc. density (g-cm?) 5.151 Ueq is defined as 1/3 of the trace of the orthogonalized
Abs. coeff. (mm™!) 14.314 Ujj tensor. Standard deviations in units of the last
Radiation (A) Mo-Kal digit are given in parentheses.
Diffractometer IPDS 1 (Stoe Atom Wyckoff x 0% z Ueq

& Cie, Germany) number
Corrections Lorentz, polar.,  "Ga77 18h  0.4383(3) 0.5617(3) 0.0498(2) 0.0035(9)
absorption Ga2 18h 0.5022(3) 0.4978(3) 0.1971(2) 0.0041(11)
No. of Col.lected data 5076 Ga3 6¢ 2/3 1/3 0.2534(4) 0.011(2)
No. of unique data 487 Sn3 6c s 13 0.2534(4) 0.011(2)
with I >2¢ (I) 443 Lil 18k 0.225(5) 0450(11) 0.02(4) 0.7(5)
Rint/Ro 0.0613/0.0247
Structure solution direct methods!®
Structure refinement full matrix
least-squares on F208l

R1 (I>20(I))/R1 (all) 0.0299/0.0343
wR2 (I>20(I))/wR2 (all) 0.0673/0.0685
Res. electron dens. 1.195/-1.475

.¢0 e I—— e B—

O<b0<'_>—>

Figure 3.33.: From left to right: Centroids of [Gajs] icosahedra (green), centroids of
[Ga/Sny]dumbbells (red), centroids of (Liz) triangles (blue) and the assembled structure with pseu-
docubic unit cell (orange bars).

DFT calculations were performed as stated in chapter 3.1.2. Muffin-Tin radii were set
to 121.7 pm (2.3 a. u., Ry - Kiax = 8) for all atoms, the cut-off energy was set to —6 Ry,
and 816 k-points of the Brillouin zone (108 thereof in the irreducible Brillouin zone) were
calculated in a 6x17x8 Monkhorst-Pack grid. Plots of the density of states are compiled
in Figure 4.27.
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4. Discussion

The first part of the following chapter contains a comparative discussion of the employed
synthetic methods. Electrolysis on different cathode materials is evaluated with modi-
fied Born-Haber cycles. The paths through the respective phase diagrams are assessed
for unary, binary and ternary cathode materials. Crystallisation of multiple products
from binary and ternary cathode materials is rationalised as well as the employment of
Hg as solvent for In. Electrocrystallisation is compared with the distillation approach,
similarities and differences are put into context.

The second part contains the evaluation of the obtained crystal structures. Metal iodide
solvate structures are rationalised as decorated variants of simple sphere packings. The
relations are further illustrated by group-subgroup schemes with the aid of Barnighausen
trees. The crystal structures of the synthesised amalgams are evaluated and put into
context with literature-known crystal structures. A structure-field diagram for mercury-
rich compounds with composition from AHgs to AHg;; is proposed. In addition, the
crystal structures are analysed by means of complexity measures to quantify multiple
disorder phenomena.

The third part contains discussions related to chemical bonding in polar metals. After
clarification of the term "polar metal", polarity in amalgams is evaluated. The band
structures of three Li amalgams is examined in detail and correlated with the Knight
shift measurements of both "Li and »Hg. NMR shifts of "Li are put into context with
data from literature and compiled in a scheme. Electric conductance is discussed on
the Li amalgams and on KHgg, model systems for polar metals, and on Gd4Ags; as a
metallic reference.

The bonding polarity in LizGays and LizGai3Sn is the subject of the fourth part. The
crystal structure is described with the aid of Wade formalism and band structure calcu-
lations reveal the importance of the underoccupation of the Li site and rationalise the
incorporation of Sn on one Ga site. NMR measurements show predominantly Li™ as an
indicator for high polarity. In combination with the discussions on structures derived
from the BaHg;; structure type, Bader charges are critically evaluated.
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4.1. Syntheses

4.1.1. Syntheses |: Preparative Electrocrystallisation
Historical remarks

Liquid mercury as reactive cathode material was first used by Davy and Berzelius.!»2
Small amounts of wet salts were contacted to a pool of liquid mercury and a Voltaic
pile was used to perform electrolysis.®l Metal ions of the respective salts are reduced at
and dissolved in the liquid cathode and later isolated by evaporation of Hg. The idea of
mercury as auxiliary agent was taken up again — over one hundred years later — during the
second world war, the background being separation of rare earth metals.!* 13 However,
preparative electrolysis was not employed for synthesis of intermetallic compounds, the
first target-oriented syntheses were performed only recently (also within this work).146l
For a detailed description of the experimental procedure see chapter 3.1.1.

Basic mechanism of electrocrystallisation

Preparative electrolysis on metallic cathodes offers a unique way of synthesis, fundamen-
tally different from classic solid state methods. The latter processes rely on a defined
educt ratio and variation of the temperature. In contrast, electrolysis is isothermal (i.e.
no temperature variation) and the composition varies over time. This is illustrated on
the basis of a binary phase diagram (see Figure 4.1). Classical solid state synthesis (in-
dicated by a green arrow) shows constant composition and variation of the temperature.
Electrocrystallisation (indicated by red arrows) starts at pure Hg (or any other liquid
metal electrode), with an isothermal change of composition over time.

700 700 Met

600 — [— 600 /@\
N _\/’_ B

400 — [— 400

300 — — 300

200 — — 200

100 — — 100

0 —| 0
-38.836

-100 -100

Met MetHg MetHg, MetHg, Hg X Hg

Figure 4.1.: Left: Hypothetical binary Met-Hg phase diagram, typical for the combination of Hg
with an electropositive element (Met). Two dystectica (MetHg and MetHgs) and one peritectic phase
(MetHgs) are shown. Right:. An isothermal section of the hypothetical ternary X—Met—Hg phase
diagram is shown (Met: electropositive element, X: other metal). Red arrows indicate electrolytic
processes, green arrows classic solid state synthesis.

During the electrolytic process, ions (Met™") are reduced to the metallic state and dis-
solved in the cathode material. As the cathode is enriched with Met, one moves horizon-
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tally through the phase diagram. When the composition reaches the liquidus curve, the
two-phase area is entered: the corresponding solid phase is depleted and a mercury-rich
liquid phase retains as cathode. Subsequently, the whole cathode is consumed by this
process ideally yielding a phase-pure sample. Reaction ceases as the mobility of atoms
in solids is not high enough for the reaction to proceed.

This method is especially valuable for synthesis of compounds melting incongruently at
low temperatures. Classical methods rely on high cooling rates and tempering below
the peritectic point. At low temperatures this is not feasible as the mobility of atoms is
negligible, e.g. in CsyHgor below 12 °C.M Isothermal preparative electrocrystallisation
provides synthetic access to these phases as crystallisation occurs below decomposition
temperature from a liquid phase (increased mobility).

When a binary system is used as cathode, the electrolytic reduction of a metal from
solution either yields a ternary product, two binary products or one metal serves as sol-
vent for a binary product. Independent of the outcome of the reaction, the electrolytic
process can be visualised with a ternary phase diagram as shown in Figure 4.1, right.
On a hypothetical cathode with composition "X;Hgs", a solution of Met-iodide is elec-
trolysed. During the reaction, the amount of Met in the cathode material is increased,
the X:Hg ratio remains the same. A solid product precipitates when a liquidus curve is
reached and the process terminates when all liquid cathode material is consumed. As
there are several degrees of freedom (composition, temperature), different products can
form either simultaneously or in succession, deviating from the red path in the depicted
ternary phase diagram.

Figure 4.3 shows a sketch of the elemental processes involved in the electrolytic crys-
tallisation process. It is based on the well-known Born-Haber cycle, including an "initial
state" (prior electrolysis), a state highest in energy (top), a "final state" (right, after
successful electrolysis) and an "intercepted state" (left, unsuccessful attempt). The left
and right part of the Figure differ in the applied terminal potential.

The initial state consists of elemental Hg (cathode), solvated Metfyt - and I, (in DMF,
electrolyte). Desolvatation and adsorption to the electrodes are the first steps. Next,

Electrode

. unar binar ternar
material y y y
é
® ®
<
\ Y r
Product(s) binary ternary quaternary

Figure 4.2.: Basic paths for electrolysis. Unary cathode materials: Only binary products are obtained
(1). Binary cathode materials: either two binary (2a) or one ternary (2b) product forms. Ternary
cathode materials: either several binary (3a), several ternary (3b) or one quaternary (3c) product
forms.
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Figure 4.3.: Overview of elemental reactions involved in electrocrystallisation.

the endothermic electron affinity of Hg is considered, pushing the system in a higher
energy state.'”l (If one was to modify the scheme for metallic cathodes with negative
electron affinities, the direction of the arrow is to be reversed making this partial reaction
exergonic.) To reach the state highest in energy, I~ is oxidised to I' (radical).

The first exergonic reaction is the reduction of Met"" to Met® as every ionization energy
is positive and so every electron affinity of cations is negative. (The upper states of both
sides show a simplified Born-Haber cycle for the system Met’- iodine. The grey reaction
path connects both sides, the hypothetical Met’I at lowest energy, respectively.) Recom-
bination of two I', subsequent reaction with additional I~ to I and solvatation comes
next, completing all reaction parts involving iodine. Most metals react with/dissolve
in Hg exothermically so this partial reaction is considered exergonic. As stated above,
dissolution of Met’ in Hg is an essential part of the process as the absence of solubility
renders the reaction stagnant through passivation. Upon supersaturation of Hg with
Met® the liquidus of the system HgMet is reached and solidification occurs. Lattice
energy makes this exergonic, however, strong heat effects are not observed because the
process is slow and heat transport from the electrode is good through DMF. The last
contribution is the applied terminal voltage (ATV). If the ATV is too low, the "final
state" is energetically disfavoured with respect to the initial state. If one sets the ATV
high enough, reaction can proceed.

Limitations of the scheme are: (1) Kinetic effects leading to overvoltage, seed formation
or decreased speed of the reaction are not considered, (2) detailed reactions on the
electrodes (adsorption, desorption, Helmholtz double layer, polarization) are omitted for
clarity (3) the scheme is not suited for quantification as all other energies have to be
known to quantify one unknown energy of the cycle.
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Electrolysis with unary, binary and ternary reactive cathode materials

Unary electrodes Compounds with peritectic and dystectic melting points can be syn-
thesised with electrocrystallisation, only the highest melting dystectic of a given phase
diagram cannot be overcome. In this work the following compounds were synthesised
starting from unary electrode materials. Amalgams: LiHgs (see chapter 3.4.2), KHgy;
and KHgg (see chapter 3.4.1) and EujgHgss (see chapter 3.3.1); Gallides: LizGayy and
NaGay (see chapter 3.5.1).

Binary electrodes Electrolysis of Lil on a binary Ga-Sn cathode (see Figure 4.4) yields
Li3Ga3Sn. Figure 4.4 shows an isothermal section of the ternary phase diagram Li-
Ga—Sn including literature-known binary and ternary phases (black) and the new phase
LigGai3Sn (red). Two different electrolytic synthesis pathways are indicated by arrows.
Pale blue: Electrolysis performed in this work (see chapter 3.5.2) starting from Ga-Sn
eutectic with 8% Sn and melting point 55 °C yields LizGa;3Sn; Purple: hypothetical
electrolysis starting from GaSn (melting point 130 °C), leading to LiGaSn as product.
In both cases the Ga:Sn ratio remains the same for the educt and the product.

Formation of a ternary phase during electrolysis on a binary cathode is one of the possi-
ble outcomes. Another one is the formation of a binary phase with the second electrode

Ga-Sn Eutectic

N/
X >
A 7y at8%sn
— MP =20.5°C
\ /

Figure 4.4.: Ternary phase diagram of Li-Ga—Sn. Literature known phases are black, the new phase
in red. Literatureis compiled in Table 4.1. The pathway of the performed electrolysis is shown in light
blue, another possible pathway leading to LiGaSn is shown in purple.
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ingredient serving as inert solvent. This was observed when Csl was electrolysed on a
Hgln cathode (see chapter 3.5.1). The process yielded CsInjy and elemental Hg. Anal-
ogous to the description given above, this outcome can be rationalised by a modified
Born-Haber scheme (see Figure 4.5). The left part of the scheme shows the formation of
Cslnyo, the right part the suppressed formation of a Cs amalgam. Both sides differ by
the electron affinity of Hg (positive, endothermic) with respect to In (negative, exother-
mic). It is immediately clear that additional formation of a Cs amalgam would require
a higher terminal voltage, which was prevented in this case.

+ g o B
Cs'+1I'+In . +Hg 0

AEA,, (positive) 21->1,

+ g o a
Cs'+ I +In (e Hg 0

AEA,, (negative) Cst—> Cs?

Cs*+ 1+ In“"w + Hg"”ql Oxidation of I

Energy

Solution and crystalli-

. Cs'+ I +In° +Hg" -
20=>1, [T zation enthalpy
5 a
Cs' +1In ot Hg il
. Desolvatation and Applied terminal
Cs'->Cs adsorption processes potential
0 5 a
Cs? +1In* +HG®
5" oun + Vg 10 + HI'y

Solution and crystalli-
zation enthalpy

Initial state

0|y 6- 0
Cs%ln nt Hg "

Applied terminal
potential

Final state: ~ Csin,

Figure 4.5.: Elemental reactions for the electrolysis of Csl on Hgln as cathode material. Black:
Observed formation of Cslnjs. grey: Hindered formation of a Cs amalgam.

Ternary electrodes A third possible outcome of electrolysis on multinary cathode ma-
terials is the observation of demixing and formation of multiple binary phases. This was
observed for electrolysis of Lil on GallnStan as ternary cathode material (see chapter
3.5.1). The graphical illustration of the electrolytic pathway in a quaternary phase dia-
gram is difficult. It is schematically presented in Figure 4.7, however, known phases have
been omitted for clarity. The basal plane is an isothermal section of the ternary phase
diagram of Ga-In—Sn with the intersection of the red lines at the eutectic (GallnStan,
electrode material) and the red arrow indicating change in composition during electrol-
ysis. No quaternary phase but several simple other phases were yielded: LiGa 46.6wt%,
LigGayy_Sny 30.5wt% (x ~ 1), Liln 19.8wt% (with substantial amounts of Sn on the In
position) and In 3.2wt% (wt% determined by Rietveld refinement, see chapter 3.5.1). A
detailed description of formation is impossible without a full evaluation of the ternary
phase diagram which lies beyond the scope of this thesis. However, we make a proposal
by considering the respective binary phase diagrams (see Figure 4.6) and the observed
phase formation.

180 Discussion



200

800
730£10°C
700 |
150 - 156.6°C
600 |
v v s
@ ¢ 500 |
2 100 H
g g
g g
g g
£ £
= & 400
356+10°C
50— .
300 288:5°C
153°C
142 97.7 2004 A 16721°C 1806°C
o
A 975
5
G2 in 100 - 3
L —|
297°C 27.5£2°C
~Ga
=0 T T T T T T T T T 0 T T T T T T
10 20 30 40 50 60 70 EY % 100 10 20 30 40 70 80 % 100
Atomic Percent Indium Atomic Percent Lithium
300 200
800 — 783°C
250 — 765°C /T
219°C 716%
700 - 698°C
200 —
v 600 |
v
£ 150 El
2 g 4
g g 500 486°C
g 100 — Bsn 2 /
= 400 | |
50 - 326°C
— 205°C e 300 4
130
o 8a 936 22C 2319°C
200 . .
180.6°C 1727 :
fe——Ga asn | md
S50 100 | & N
L =h o sn———
D — i
100 T T T T T T T T 0 T f T T T T
0 10 20 30 40 50 60 70 80 % 100 10 50 60 70 80 % 100
Atomic Percent Tin Atomic Percent Tin
250 700
224°C
63215°C
600
200
U 500
s ¢
v m 5
5 1%0 H 400£10°C
s 3
3 g
g £
£ 2 200 G
ks
w- VT
300
so~4 |/ ST
200
1806°C
15947 °C
L
0 asn
T T T T T T T T T 100 T T T T T T T T
10 20 30 40 50 60 70 80 9 100 0 10 20 30 40 50 60 70 80

Atomic Percent Tin

Figure 4.6.:

top to bottom).!®!

Atomic Percent Lithium

100
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Perfect liquid miscibility is observed for Ga—Sn and Ga—In (see Figure 4.6). The phase
diagram In-Sn is a non-classical Hume-Rothery system without pronounced dystectica,
an eutectic is observed 48.3 at% Sn, constituted by the 8 and - phases. This indicates
small binding interactions between the three constituents, resulting in the especially low
melting GallnStan eutectic. Phase diagrams Ga-Li and In—Li show a pronounced dys-
tectic for the respective phases LiGa and Liln which are the highest melting phases in
the respective systems. Other known phases melt incongruently at lower temperatures,
indicating high energy of formation for LiGa and Liln compared to other phases (thermo-
dynamic sink). Thus, formation of LiGa and Liln is highly favoured. In addition, both
LiGa and Liln show large phase width, possibly extending into the ternary and quater-
nary phase diagrams. In contrast, the Li-Sn diagram shows formation of non-classical
Zintl phases with two dystectica. LiSn shows small phase width and melts 280 K lower
than LignSns.2% One concludes the formation of LiSn being hampered, other Li-Sn
phases are more likely to form.

Table 4.1.: References for the compounds depicted in Figure 4.4.

Substance Lit. | Substance Lit. | Substance Lit. | Substance Lit.
LissSns (201 | 1i;Sns 21| Li;Gay 221 | Li;g6Gas4Sny 123
Li;zSny 124 | LiSn 191 | LiGa 251 | Lij_x_,GayxSn, [23
LizSny 261 | LiySns 271 | LiGag (181 1 Li;GagSn (28]
LijzSns 1?9 | LisGa 30| LiyGay B | LiGaSn (28]
LisSns 321 | LizGas B0l | LisGayy Bl | LisGas3Sn this work

Binary phase diagrams can be used to minimise the

number of phases likely to form. Electrocrystallisa- I.
tion stops when a solid phase is formed. In the Ga- I
Li and In-Li phase diagrams the solid phases GalLi

and Liln are the highest melting, making the Li-rich
parts of the phase diagrams inaccessible by electroly-

sis. Possible Li-poor products are Gali, LisGay4 and
Liln. LisSnj as a Sn-rich phase does not form because I
Sn is more likely to be incorporated in other phases n
forming more easily (e.g. Liln with Sn on the In po-
sition), the reaction most likely stops at the dystectic

InLi.

Sn

Phase formation during electrolysis of a Lil solu- Ga
tion on a GallnStan cathode can be rationalised as
o L .
followsf. FII‘S’C.LI is reduced forming a quaternary Figure 4.7.: Quatcrnary phase dia
metallic solution with Ga, In and Sn. Further en- .

; . . . gram of the system Ga-In-Sn-Li. The
richment of the cathode material with Li leads to iptersection of red lines shows the
co-crystallisation of LiGa and Liln while formation GallnStan eutectic, the red arrow the
of LizGayy is hindered by high In content. A possible change in composition during the elec-
reason is the increased solubility of this phase when trolysis.

In is present in the cathode, as indicated by the Li—
In phase diagram. As the cathode is depleted in Ga (In and Sn to a lesser degree), In
becomes insoluble in the cathode segregating as element (minor side phase). A Ga-rich
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electrode with additional Sn remains equivalent to the electrolysis of Lil on a Ga-Sn
electrode (see above). LizGays forms (with Sn on one position) and the reaction stops.

4.1.2. Syntheses Il: Distillation Method

A complementary preparation method is the distillative synthesis of amalgams (presented
in chapter 3.3.3). In this chapter we will describe and discuss the distillation process
and put it into context with electrocrystallisation.

Experimental procedure

An electropositive metal is mixed with a mercury surplus of at least 10 equivalents.
This mixture is put into borosilicate glass ampoules (I &~ 20 cm) with a constriction at
half length (see Figure 3.3). Evacuation to p < 1-107% mbar is followed by sealing the
ampoule. It is then put upright into an oven, with the upper part above the constriction.
The lower part is heated to 300 °C, the top part air-cooled. Hg vaporises in the lower
part, condenses on the air-cooled part and flows back into the heated part. Essentially,
the reaction is performed in refluxing mercury.

In all cases the reaction can be observed before the ampoule is heated. Adding pow-
ders of elemental lanthanides to mercury immediately leads to an exothermal reaction,
heating the mixture to temperatures as high as 100 °C. After cooling, a sludge of a
solid amalgam in surplus mercury is formed. If this is not observed, the powdered less
electronegative reactant may have developed a thin oxide layer, preventing the reaction
at room temperature. Proceed with extreme caution! It is possible that upon heating
the reaction may not take place until high temperatures are reached. Subsequently, the
instating reaction is extremely exergonic and may melt the ampoule leading to implo-
sion. If no reaction is observed at room temperature, the experiment has to be aborted
and the reactants dissolved in half-concentrated HNO3.

When the reaction mixture is homogenous, heating is ceased and the ampoule allowed
to cool to room temperature. Afterwards the oven including the ampoule is turned
horizontally and heated to 100 °C. This allows the surplus mercury to be distilled
into the cold part of the ampoule, which, again, is air-cooled. This is the point where
the constriction becomes essential. It prevents the distilled mercury from flowing back
into the reaction mixture and is thus removed from the reaction. After completion the
ampoule is allowed to cool to room temperature and the product-containing part of the
ampoule is separated from the Hg-containing part by sealing at the constriction, resulting
in phase-pure amalgam and freshly distilled mercury.

Reaction mechanism and difference to electrocrystallisation

The preparation can be divided into steps: (1) Dissolution of the electropositive metal in
Hg. (2) Complete reaction of the starting materials at elevated temperature. (3) Crys-
tallisation of the desired amalgam. (4) Removal of surplus mercury at low temperature.
The Hg-richest amalgam stable at given conditions (100 °C, p < 1 - 1072 mbar) is
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obtained. Analogous to electrolysis, the distillation process is rationalised by evaluation
of the respective binary phase diagrams. During electrocrystallisation, a metallic reac-
tive cathode is enriched with a metal by reducing it from solution. This results in an
horizontal movement through the phase diagram as shown in Figure 4.1 (left). During
distillation, one also moves horizontally through the phase diagram. Usually, tempera-
tures required for distillation are higher than for electrocrystallisation. Distillation only
works when a substantial vapour pressure of Hg over the component mixture is achieved,
thus requiring higher temperatures. Therefore, electrocrystallisation is appropriate for
syntheses of amalgams with especially low stability ranges. Figure 4.8 shows the vapour
pressure/temperature phase diagram of Hg.[33l Melting, boiling and critical points are
shown. For comparison: Ampoules employed in the experiments of this work are stable
to a pressure of 10 bar (~ 800 K / 525 °C) which is well above the required temperature.
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Figure 4.8.: Experimental vapour pressure data for Hg. Modified Figure taken from NIST Intera-
gency/Internal Report (NISTIR) - 6643.133I

At the reaction temperature (300 °C) the vapour pressure of Hg is 2000 mbar and thus
mercury is boiling in the evacuated ampoule (1073 mbar). This allows the reaction to
proceed and a solution of an amalgam in Hg is obtained. For distillation the temperature
is lowered to 100 °C corresponding to a vapour pressure of 3 mbar. Hg is no longer boiling
but still shows substantial vapour pressure allowing for good transport through the gas
phase. For comparison: 50 °C and 0 °C correspond to pgg of 0.5 mbar and 0.0015 mbar,
respectively. Distillation at those temperatures is not feasible as the vapour pressures are
too low for a substantial Hg transport along the length of the ampoule. In conclusion, the
distillation method is useful to obtain amalgams with high decomposition temperatures,
whereas electrocrystallisation is especially useful for the synthesis of amalgams with
unusually low decomposition temperatures.
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4.2. Evaluation of Crystal Structures and Measures of Complexity

Quantification of the vague term "complexity" is possible with the definition of com-
plexity measures.’#3% For a long time, complexity in crystal structures was regarded
as "largely a qualitative, frequently intuitive, notion".l This is in contrast to the fre-
quent use of the term and related terminology to describe structures, e.g. "complicated
structure", "the most complex structure", "complex superstructure" or "a masterpiece
of structural complexity".[1%:36:37 A new approach towards a numerical interpretation
of complexity leading to quantifiable ratings provides important tools for comparison
of structures and was developed recently.[**35 Within this new method, structures are
deconstructed and adapted to information theory conceps, more precisely graph theory:
total crystal structure (graph), atoms as vertices (nodes) and chemical bonds as edges

(links).

The structural information content of one crystal structure per reduced unit cell is IG
in |bits/atom| and is calculated as the sum of the number of crystallographic orbits k
and the probability of occurrence of the atom on the ¢th orbit p,. The total information
content IGp;its (in [bits/unit cell]) is calculated by multiplying /G with the number of
atoms in the unit cell. To make /G independent of the number of atoms, a normalised
information content /G, (unitless) is defined by division of /G by IGya.x (the maximal
information content with all non-equivalent atoms). Strong influence on the information
content is imposed by the size of the unit cell and therefore the number of atoms in
the unit cell. Structures with low symmetry are generally more complex as they exhibit
more inequivalent crystallographic orbits than a unit cell similar in size but with higher
in symmetry. Mixed positions introduce more complexity, they are treated as additional

crystallographic orbits. Underoccupation is also treated as additional crystallographic
orbit.[343%

Another method of rationalising complex crystal structures, especially of coordination
compounds, is to reduce the coordination moieties to spheres. The topology of the
packing of those centroids can then be analysed topologically. Thus, complex structures
can be reduced to and explained by simple sphere packings.

4.2.1. Metal lodide Solvate Structures as Decorated Variants of Simple Sphere
Packings

Preparative electrolysis as synthetic method often yields intermetallic compounds which
are very sensitive towards air and moisture. A dry aprotic solvent is necessary. In order
to dissolve the educts (iodides) it must be polar. In addition, the liquid range and
electrochemical stability should be large and its viscosity low. N,N-dimethyl formamide
(DMF) satisfies all requirements. It is liquid from —61 °C to 153 °C, very polar (3.86 D),
of low viscosity (0.802 mPas), electrochemically stable up to ~ 5 V and easy to dry over
CaH, or by azeotropic distillation.

The starting material for electrolysis, usually an iodide, is dissolved in DMF | the resulting
solution dried and used for electrolysis. However, some iodides are very expensive and
it is convenient to synthesise the iodides in DMF as solvent yielding the respective
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coordination compounds. Synthetic procedures were carried out as described in chapter
3.1.1.

DMEF coordinates via its O atom in the sp? lone-pair direction. Coordination numbers
range from 4 in [Li(DMF),]I to 9 in [La(DMF)g|I5 (see Table 4.2), larger ions coordi-
nating more DMF. The crystal structures of the resulting solvates can be rationalised
as follows: lodide and coordinated cations can be replaced by centroids which — in a
first approximation — are spherical (see Figure 4.9). The centroids are packed in motifs
known from simple sphere packings or hierarchical variants there of.

[Li(DMF)4]I  is a decorated variant

of the a-U structure type. Stacking o o _

of the hexagonal planes is similar in gﬁ’;e 1413[ C(ioordlnd§t103 Corgpogrﬁ?; of éo‘ild;zwmg
. . . 1Xed coordination by aln odldae.

[Ifl(DMF)‘l]I‘and a-U (see Figure 4.12, e’ g bridging ligand. 3 RE — Nd, Sm, Eu, Gd,

right). Despite this, there is no direct g, vy,

group-subgroup relation between the Compound CN Coordination
two structures, the similarity is merely polyhedron
topological. [Li(DMF) 4JT 4 tetrahedron
[Be(DMF )41 4 tetrahedron
[Na(DMF)s/,]I is a decorated vari- [Zn(DMF), ]I 4 tetrahedron;
ant of the NiAs structure type with [Na(DMF ), |1 6 octahedron
[Na(DMF)e) " occupying the Ni and [Ca(DMF )]l 6 octahedron
I~ the As sites. The a/c ratio is 0.548, [Mg(DMF )]l 6 octahedron .
significantly less than in NiAs (1.39), [Cd(DMF)g][CdLy] 6 octahedron
indicating a severe compression of the [Sc(DMF)g](I3)s 6 octahedron
structure along the ¢ axis. This com- [Sr(DMF)7]1 7 augi. trlg.. prism
pression originates from stacking of the [Ba(DMF)s]1, 8  square antiprism s
[Na(DMF)s/,] " octahedra forming rods [RE(DMF)g]15 8 square antiprism
along c¢ sharing trigonal faces (see Fig- [La(DMF)o[Ts 9 tricap. trig. prism

ure 3.6) and thus employing DMF as
Lo-bridging ligand.

Hierarchical variants of the hexago-

nal closest packing:  [Sr(DMF);|I,,

[Ba(DMF)g]I; and [La(DMF)g]I5. The

symmetry relation between the aristo-

type (Mg) and the respective hetto-
types [Sr(DMF);]Iy and [Ba(DMF)g]I,
is shown in Figure 4.10 (left). Sym-
metry reduction steps were chosen as
follows: The initial hexagonal cell is 755 pm
converted to orthorhombic C centred
with double volume and free y coordi-
nate (set to the final value of 0.61, only
small deviation from 2/3). Reduction to monoclinic C is followed by tripling of the b
axis, leading to a splitting of the 4e position into three 4e positions ([Ba(DMF)s]ls).

198 pm

Figure 4.9.: Van-der-Waals radii of I~ (left) and
[Er(DMF)g]?* (right) to scale.
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Figure 4.10.: Group-subgroup relation between the Mg structure type, [Ba(DMF)g]ly and
[Sr(DMF)7]I; (left) and the hexagonal primitive structure and the [RE(DMF)g|I5 structures (RE = Sm,

Gd, Er, Yb, right). Values are exemplarily taken from RE = Sm.
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Klassengleiche reduction of index 2 including origin shift leads to P2, /¢ ([Sr(DMF);|15)
and thus free x and z coordinates (Srl, I1 and I12) which differ only little from the ideal
value of 1/4 (see Figure 4.10).

[RE(DMF)s]Is (RE = Nd, Sm, Eu, Gd, Er, Yb) crystallise as decorated hettotypes of
the hexagonal primitive packing, the symmetry relation is depicted in a Bérnighausen
tree (figure 4.10 right and Figure 4.11). First, the hexagonal primitive packing is dou-
bled in a and b direction quadrupling the volume and introducing the 6h position. A
translationengleiche reduction of index 3 leads to an orthorhombic C cell and splitting
of the 6h position into 4c and 8g. C2/c as final space group type is reached by transla-
tionengleiche reduction (index 2) including an origin shift. Atomic positions vary only
little from the ideal starting values.

[Zn(DMF),I2] crystallises as decorated hettotype of a hexagonal primitive packing
(see Figure 4.13). Centroids of [Zn(DMF)yls] molecules form hexagonal layers stacked
along the crystallographic b axis in an ~A-B-A-B- sequence. The layers are undulated
in the b direction, a result of the higher spatial demand of DMF versus iodide. A further
representation of the distortion shows in the monoclinic angle of 111.33°.

[Cd(DMF)g][Cdl,] crystallises as complex salt [Cdl4]?*~[Cd(DMF)g|*". The pack-
ing of [CdI4]*~ forms the motif of a cubic primitive packing, as does the packing of
[Cd(DMF)g]?*. Both motifs are interpenetrating in a decorated variant of the CsCl
structure type. Figure 4.13 (right) shows this relation. Distortions originate from the
different spatial requirements of the respective complex ions.

[Sc(DMF)g](I3)s does not form a decorated variant of a simple structure. Due to the
fact that triiodide ions (I5) are elongated and far from spherical, simple packing is not
possible without severe distortions straining the concept applied above too much. The
topology of the packing of [Sc(DMF)g]>* and I; ions can better be rationalised in another
way. I3 are oriented almost parallel to one another forming "strings" approximately along
the [101] direction. In between the [Sc(DMF)g]*t ions are located. The octahedra are
also aligned in the [101] direction. Together, both structural units form a tetragonal rod
packing (see Figure 4.14).
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Figure 4.11.: Top: Relation between the hexagonal primitive packing (left) and the packing of cen-
troids in [RE(DMF)g]I3 (RE = Nd, Sm, Eu, Gd, Er, Yb; right; dark grey: RE3T, light grey: 17). Cen-
ter: Relation between the hexagonal closest packing (left) and the packing of centroids in [La(DMF)]I5
(right). Dark grey: [La(DMF)g]3*, light grey: 17). Bottom: Relation between a hexagonal closest
packing (left) and the packing of centroids in [Sr(DMF);]Iy (right). Dark grey: Sr?*, light grey: 17).
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Figure 4.12.: Top left: Face-sharing stacking of octahedra around Na in [Na(DMF)3]I. bottom left:
Centroids of [Na(DMF)3]I as NiAs structure type. Right: Relation between the a-U structure type
(top) and the packing of centroids in [Li(DMF)4]L.

T
e

Figure 4.13.: Left: Relation between the hexagonal primitive packing and the packing of centroids
in [Zn(DMF).I5]. Right: Relation between the CsCl structure type and the packing of centroids in
[Cd(DMF)][Cdly]. Light grey: [Cd(DMF)g]?*, dark grey: [Cdly], magenta: iodide, red: oxygen atom
of DMF (omitted for clarity).
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Figure 4.14.: Rod packing of [Sc(DMF)s](I3)s along three perpendicular directions. The monoclinic
unit cell is shown in black, the unit cell of an idealised tetragonal rod packing in dashed black. Dark
grey: lodine; light grey: polyhedra around Sc.
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4.2.2. Amalgams

General aspects of amalgams, crystal structures and phase diagrams

Phase diagrams alkali metal — mercury are characterised by a dystecticum at the compo-
sition AHgy (A = Na, K, Rb, Cs) followed by a steep slope of the liquidus curve towards
the melting point of Hg.'® In between AHg, and liquid Hg only Rb-Hg and Cs-Hg
show additional dystectica (at &~ 80 at% Hg), all other phases decompose peritectically.
Generally, formation of mercury-rich amalgams is favourable among heavy alkali metals
indicative for the general trend towards increased formation of mercury-rich amalgams
with increasing atomic number of the electropositive metal (see Table 1.1). An exception
is the Li-Hg system (dystecticum at LiHg), which in general shows different features than
the other systems: All three known Li amalgams derive from simple structure types and
do not exhibit extended mercury sublattices.' A possible cause are the similar metallic
radii of Li (152 pm) and Hg (150 pm), enhancing the formation of close sphere packings
with high density. Because of their structural simplicity and their accessibility for NMR
studies ("Li, 1%Hg), Li amalgams were chosen for the examination and quantification of
the electron transfer within a polar metallic bonding, see chapters 3.4.2 and 4.3.2.

Phase diagrams alkaline earth metal — mercury exhibit a dystecticum AEHg, followed
by a steep slope of the liquidus curve towards the melting point of mercury. Additional
dystectica are MgyHg, AEHg, (AE = Ca, Sr, Ba) and Ba;Hgs; (formerly noted as
BaHg,"®l), all other phases decompose peritectically. The obvious trend is alike to
the alkali metal amalgams: Heavier alkaline earth metals tend to form mercury-rich
amalgams whereas light alkaline earth metal amalgams form mercury-poor amalgams
(see Table 1.2). Mercury-rich amalgams usually show peritectic behaviour. Up to now
there are no amalgams known of the lightest alkaline earth metal Be and solubilities of
the elements are very low, indicating very small interactions.*®!

Phase diagrams rare earth metal — mercury are mostly speculative, no full evaluation
of any system has been performed.®® %2 An overview of known and assumed crystal
structures and thermochemical analyses is given in Table 1.3. All rare earth metals form
amalgams REHg and REHgs, most of the latter have been prepared in this thesis. In
addition, most RE metals form amalgams REHg,, with the exception of Sc, Tm and Lu.
Thermoanalytical studies were also carried out with the educt composition REHg,,*3! the
values reported most likely point towards the respective RE;1Hgy; compounds. Amal-
gams previously reported with compositions "REHgg 5" were found to have general sum
formula RE;;_Hgss, « and were observed for RE = FEu, Yb. For RE = La-Nd and Th,
no evidence for those structures have been found, thermoanalytical data might again
refer to RE;1Hgys compounds.

A trend in most A-Hg systems (A = alkali, alkaline earth and rare earth metals except
Li, Be and Mg) is the tendency to form small or extended, negatively polarised mer-
cury sublattices [Hg,|°~. The degree of condensation is roughly a function of mercury
content with few exceptions. As a general rule mercury-rich compounds form more com-
plex structures as indicated by complexity measures (see below). Coordination numbers
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of the electropositive metals are frequently high, e.g. CN=16 (Frank-Kasper, capped
augmented tetrahedron, reoccurring structural feature), CN=20 (BaHg;;) and CN=32
(surrounding the "extended metal" Mg(NH;)g in Mg(NH;)gHga,) [

REHg,; amalgams: SmHg;

SmHg, was synthesised by distillation (see chapter 3.3.5). It crystallises in the AlB,
structure type (P6/mmm) and thus differs from the reported structure (CeCd, structure
type, P3m1).1% Both models show sixfold rings of Hg stacked along ¢ (see Figure 4.15).
In P6/mmm the Sm atoms are located between two sheets of Hg, in P3m1 the Sm atoms
center Hg hexagons. In the latter structure the Hg sheets are slightly puckered.

Other REHg, phases (RE = Dy, Ho, Er) were reported to crystallise with the AlB,
structure type, t00.?l In this case, the compounds were synthesised in vacuum, whereas
SmHg, was synthesised in an argon atmosphere. No publication lists the exact tempera-
tures or pressures applied. However, it can be assumed that two modifications for SmHg,
exist, formation seems to be dependent on synthesis conditions, especially temperature
and pressure.

Figure 4.15.: Comparison of the two structure models for SmHg,. Left: Structure as refined in this
work (P6/mmm); Right: Structure model from literature (P3m1).15%)

REHg3; amalgams

The 1:3 compounds of RE with Hg (RE = rare earth metal) were first synthesised in
1963.1°6581  The crystal structures were assigned to the NizSn structure type on the
basis of powder diffraction patterns. No single crystal or Rietveld refinements were
performed. In this work the 1:3 crystal structures of RE with Hg (RE = Sc, Y, La,
Gd, Dy, Ho, Er, Tm, Yb, Lu) were reproduced and analysed by Rietveld refinement, for
details see chapter 3.3.5. All refinements show good agreement with lattice parameters
from literature.!>6-58l

All rare earth metals form compounds REHgs (NigSn structure type).*°2 From La to
Lu the lattice parameters decrease in accordance with the lanthanide contraction. Eu
and Yb differ significantly from the trend indicating the RE*" oxidation state rather
than RE®" observed for the rest of the lanthanides. Mdssbauer measurements on EuHg,

Discussion 193



w

Lattice parameters [A]
[o)]
-
[

e
[{e]

B
e

| ' | ' | ' I ' | !
0,85 0.9 0,95 1 1,05
lonic radius [A]

Figure 4.16.: Relation between lattice parameters (top: a, bottom: ¢) of REHgs and the respective
ionic radii of the trivalent ions. Yb and Eu show large deviations and support the assumption of
predominantly divalent species in the amalgams.

EuHg, and EuHgs confirmed oxidation state 42 for Eu in each compound, corroborating
the observed trend.[5%%)

Further mercury-rich amalgams of rare earth and alkaline earth metals

Some mercury-rich amalgams of rare earth metals form structures Ay Hgss, and
A11Hgys. «, the former are also observed for the alkaline earth metals Ca and Sr.[69 Ca,
Sr, Eu and Yb readily exhibit oxidation state +2, other rare earth metals do not, as can
be see from atomic radii and molar volumes of the elements. Sm and Tm also exhibit
2+ valence states, albeit at larger standard potentials (Sm: —1.55 V, Tm: —2.3 V)
and show no pronounced differences in atomic radii and molar volumes. It seems that
formation of RE;;  Hgss. 1 depends on bivalency and might have electronic reasons.
However, up to now quantum mechanical calculations cannot account for numerous
mixed occupancies of the crystal structures or exact modelling of the f-electrons within
reasonable computational time.

A way of rationalising the occurrence of mercury-rich amalgam structures is illustrated in
Figure 4.17. Metallic radii are plotted against atomic number in a structure field diagram.
The lower part (brown) contains elements forming amalgams A;;Hgys,, including all
rare earth metals with exception Eu and Yb. The green part contains elements forming
amalgams Aj;_ Hgss. «, notably Na, Eu, Yb, Ca and Sr. Coincidently, and in accordance
with the description above, mostly bivalent elements are found here with the exception of
Na. As Naj;Hgss shows a very complex crystal structure (large unit cell, low symmetry,
mixed positions) it might be seen as lower boundary of ionic radius. Sr clearly is the
upper perimeter, showing formation of Ay Hgss, alongside with AHgy; (blue field).
Elements with highest radii form AHgy; (except Cs). Cs with highest atomic radius
forms the unique CsyHgo; structure, the Hg-richest of all known amalgams.
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Figure 4.17.: Structure-field diagram for mercury-rich amalgams AHgq1, A11—xHgs54x and Aj1Hgys «.
*. Cs forms an amalgam CsoHgor.[14]

The crystal structures of Ay;_ Hgss1x (A = Na, Eu, Yb, Ca, Sr) can be derived from the
Gdy4Ags; aristotype by lowering the symmetry (from P6/m to P6) and introducing sev-
eral disorder phenomena (see chapter 3.3.2). Only Yb shows no disorder phenomena, all
atomic positions are fully occupied by one element (see chapter 3.3.4). In Cay;_ Hgss:«
and Sry;_Hgss. «, the position centring the Frank-Kasper polyhedron is of mixed occu-
pancy. In addition to that, Eu;gHgss; shows a Hg chain along the crystallographic ¢ axis
with constrained underoccupation (see chapter 3.3.1). The crystal structure of Naj; Hgso
is the most complex. It crystallises in a 3x3x1 superstructure of Gdy4Ags; with 132
crystallographically independent positions, one of which shows mixed occupancy.

Complexity measures (see chapter 4.2) for the compounds A1 Hgss.x (A = Na, Eu, Yb,
Ca, Sr) are compiled in Table 4.3. The aristotype crystallises with higher symmetry and
thus is significantly less complex than the other compounds. Amalgams of Yb, Ca/Sr and
Eu crystallise with lower symmetry and thus higher complexity than Gdi4Ags;. Despite
the differences of their crystal structures and the numerous disorder phenomena, their
complexities lie in the same order of magnitude (250-275). Next higher in symmetry is
a (not yet fully characterised) Na—K amalgam with an estimated complexity of ~1000.
Due to its 2x2x1 superstructure (in comparison to GdjsAgs;), its unit cell content is
quadrupled and so is the information content. Highest in complexity is Na;;Hgso with
a value close to ~4000 which is considerably larger than expected even for the 3x3x1
supercell with ninefold unit cell content. The difference can be explained by increased
value of IG, the information content of each atomic position. Due to its large unit cell
and low symmetry, each atom can account for more information which then translates
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Table 4.3.: Complexity values for compounds derived from the Gdi4Ags; and the Laj; Hgys family. IG
is the bit per atom, IGgjis the total information content of the unit cell, IG,, the normalised information
content.

Compound SG 1G 1Gpits 1G,
GdygAgsi 01 P6/m  3.101  210.850  0.509

Yby1Hgsa P6 3.986 259.111  0.662
Cai Hgs4%  P6 4.141  269.156  0.640
EuoHgss192  P6 4.233  275.159  0.703
Na-K-Hg P6 5.466 1197 0.703
NajHgso1l  P6 6.942  3936.056  0.759
Laj1Hgys F43m  3.797 425.287  0.558

Ndi1Hgya 5 F43m  3.757 417.043  0.553
Smi1Hguas F43m  3.757 417.043  0.553

onto the value of IGpi. It is noteworthy that Naj;;Hgso is the most complex binary
inorganic compound known so far.1364

Classification of KHgg

Particularly the K—Hg system shows a great variety of mercury-rich amalgams with a
striking lack of mercury-poor amalgams beyond KHg. In contrast to various Na-rich
amalgams, formation of isolated Hg®~ atoms is disfavoured, a trend that inflicts the
heavier Rb-Hg and Cs-Hg systems, too. In this work KHgg was synthesised and its
crystal structure and physical properties discussed (see chapter 3.4.1). A revised phase
diagram is proposed, see Figure 4.18. Green phases are newly assigned from literature
data: KyHgr together with KgHgyy (formerly KHgs) and K;Hgs; (formerly KHg,). KHgg
was synthesised in this work and is shown in red.
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Figure 4.18.: Revised phase diagram for K-Hg. The original phase diagram was taken from Massal-
ski.['8] Green phases are newly assigned from literature data, the red phase (KHgg) was synthesised in
this work.
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4.3. Polar Intermetallics — Aspects of Chemical Bonding

4.3.1. What is a Polar Metal?

In this work the term "polar metal" is used to describe the gradual transition from
a metallic bond to an ionic bond, equivalent to the "polar covalent bond" in between
covalent and ionic bonding (see chapter 1.3)

Essential for the formation of a polar metallic bond in the sense of a gradual transition
from a metallic bond to an ionic bond is the interplay of a high electronegativity differ-
ence (AEN) of the electropositive partner combined with a high (endothermic) electron
affinity (EA) of the noble partner. In general, there are two extremes which do not result
in a polarised metal-metal bonding: 1) If AEN is too low, typical intermetallic phases
without pronounced electron transfer will form. The structures are mostly dominated by
dense packing of atoms, e.g. Hume-Rothery and Frank-Kasper phases, their properties
are typically good ductility, opacity and high metallic conductivity. 2) If AEN is high
and the noble element has a negative (exothermic) electron affinity, Zintl phases will
form. They can be rationalised to a great extent with ionic binding concepts and are
usually brittle, transparent, semiconducting and dissolve in polar aprotic solvents.

A "polar metallic bonding" forms if AEN is high enough for a considerable electron
transfer from the less electronegative to the noble metal, combined with a positive elec-
tron affinity of the latter. This does not result in the formation of distinct Zintl anions
(which in this case are thermodynamically unstable) but in the formation of extended,
negatively polarised networks with embedded cations of the less noble metal. The only
noble metal with a positive electron affinity is Hg (E° = +0.8 V, EA = 1.45 V)I'"l and
thus amalgams of less noble metals with high Hg content often show metallic conductiv-
ity with comparably high resistances and Ioffe-Regel saturation of the specific resistance
at low temperatures. Strong scattering of conduction electrons at the periodic Coulomb
potentials lead to typical "bad metal” behaviour.

Another definition of "polar metals" comes from the combination of ionic and metallic
motifs in the sense of a "chemical twin". In this case a composite structure of ionic
oxo(nitrido)metallate ions and excerpts of metal structures is formed, combining prop-
erties of classical salts and metals.!%!

4.3.2. Polarity in Amalgams

Structural differences as the result of increasing Hg content lead to severe changes in the
band structures of the amalgams (see chapter 1.3 and Figure 4.19). Hg-poor amalgams
show isolated Hg atoms, Hg states are localised without strong Hg—Hg interactions. If
small Hg clusters form (squares, cubes) observed bond angles are about 90°, indicating
mainly o, binding interactions.

Increasing Hg content leads to involvement of Hgbs states into the chemical bonding and
thus to dispersion of the respective states. If more Hg-Hg contacts form, Hghd states
show increasing dispersion, too. For amalgams crystallising in CsCl structure type it is
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Figure 4.19.: Schematic view of the trend of the DOS with increasing Hg content (from left to right).
Hg-poor amalgams show strong localisation of low lying states which broaden with increasing Hg content.
X = Alkali metal.

possible that the interlaced X* [Hgg]’~ motifs lead to strong coulomb interactions. High
melting points of XHg phases are the result, supporting this assumption.

A further increase in Hg content leads to formation of negatively polarised mercury
frameworks and to increasing dispersion of Hgbd states and an increasing mixing of
Hgb6s and Hgbp states. The change in respective orbital (band) energies, similar to an
molecular orbital diagram, was verified by NMR and band structure investigations of
simple Li amalgams, which is the topic of the following chapter 4.3.2.

Quantification of polarity in Li Amalgams

The elements Li and Hg have NMR-active nuclei: °Li, (I = 1, natural abundance 7.42%);
"Li (I = 2, natural abundance 92.58%); *"Hg (I = %, natural abundance 16.84%) and
WlHg (I = %, natural abundance 13.22%).1%! Exhibiting a receptivity greater than five
times that of C, "Hg has great potential for NMR studies.|! In this chapter we show
that NMR studies can, to an extend, provide an experimental quantification of electron

transfer in a polar metallic bond by comparison of Knight shift measurements.

Here, the assessment of electron correlations in bad metals is discussed. The understand-
ing of this substance class heavily relies on the degree of polarity and thus on the degree
of electron transfer between Li and Hg which can directly be monitored by NMR. Nu-
clear magnetic resonance for both “Hg and “Li show a distinct trend: With increasing
mercury content, the Li signal shifts to lower ppm values, whereas the Hg signal shifts
to higher ppm values. The valence electron densities for Li and Hg can be evaluated by
band structure calculations and subsequently compared to the NMR results.
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Figure 4.20.: Fat-band plots of the three Li amalgams LisHg, LiHg and LiHgs. Left: emphasis on

Hg6s bands, right: emphasis on Hg6p bands.
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The total density of states (tDOS) and partial densities of states (pDOS) for the Li
amalgams were calculated (see Figure 4.21) in the range of —10 to +2 €V, relative to
Fermi level. In addition, band structures for the Li amalgams were calculated (see
Figure 4.20) and plotted in fat-band mode with emphasis either on Hg6s bands or Hg6p
bands. All three compounds are metals, but the electronic structures differ significantly

indicating changes in the chemical bonding situations from Hg-poor to Hg-rich compound
(LisHg vs. LiHgs).

LigHg: The band structure of LisHg

exhibits a narrow band of Hgbd states E-Ey [oV]

from —7 to —7.5 eV, between —4.5 ¥ - - - - :
and —6.5 eV, Hgbs states occur. From 2’: :E Ff%%%s :
—2.5to —4.5 €V a band gap is located. 15 [Ll—_L2Dos

Above the gap, from the Fermi level to o
—2.5 eV, Hgbp and Li2s states domi-
nate the tDOS. In accordance to the o8 _: om0
low electron transfer from Li to Hg 08 L= wioos
(in the case of full electron transfer

three electrons from Li would have to
be transferred to Hg), the partial den- L

sity of states (pDOS) for Li contributes > H= fooe
considerably to the total DOS at Fermi “r

level. The two crystallographically dif- 05 |-

ferent Li sites do not differ with re- ——
spect to their electron transfer ability

and give only one signal in the NMR Figure 4.21.: tDOS and pDOS for LizHg (top), LiHg
spectrum (203.2 ppm, see Figure 3.25). (centre) and LiHgs (bottom).

As can be seen from the fat-band plots

(see Figure 4.20, top), Hgbs states are low in energy and clearly separated from Hg6p
states, in accordance with the scheme shown in Figure 4.19. In first approximation, only
s electrons contribute to the Knight shift and thus only a small shift is observed for **Hg
in LizHg (1680 ppm). LizHg shows low polarity in terms of small § in [Li®*]3[Hg’"].

[ [— tomiDos

4
E-E, [eV]

LiHg: In LiHg, Hghd states are located in the range of —6 to —8 eV. Compared against
LizHg they are broadened, indicating stronger Hg-Hg interactions than in LisHg. Closure
of the band gap through mixing of Hg6s and d states occurs. Fat band plots (see Figure
4.20, middle) show considerable broadening of Hg6s states and mixing with Hghd states
at low energies. Hg6s states are no longer only located at low energies but spread to
Fermi level. The separation of Hgbs and Hg6p states is no longer as clear as in LizHg,
significant mixing is observed. Hg6s electron density at Fermi level is higher than in
LizHg which can be observed in a Knight shift of 4500 ppm (see Figure 3.25). Hg states
dominate the total DOS, and distinct features from the Li states hardly can be observed.
The Li-pDOS shows a decrease of the density of Li2s electrons at Fermi level and results
in a lower Knight shift for “Li (101.7 ppm). Thus, electron transfer from Li is increased
in comparison to LizHg with a higher § in [Li’*][Hg’].
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Figure 4.22.: Partial electronic density of states of the s-like electrons at the Fermi level (s-DOS(EF))
versus NMR signal shift of the Li (left) and Hg (right) atoms. In both cases, the solid black lines
represent the linear dependency expected for the correlation of s-electron density and the Knight shift.
Colored lines show the regression.

LiHgs: This compound ex-
hibits a DOS typical for Hg- Table 4.4.: pDOS values at Fermi level for s and p bands as a

rich amalgams. Low in en- result of band structure calculations.

ergy, between —6 and —9.5ev, Compound Li s-DOS Hg s-DOS Hg p-DOS

broad Hgbd states indicate Li 0.052 — —

strong binding interactions be-  LizHg 0.041 / 0.038 0.021 0.198
tween Hg atoms. The strength  LiHg 0.032 0.025 0.119
of the interaction is also visible [ iHg, 0.028 0.056 0.077

in strong mixing of Hg6s and He
Hg6p states, resulting in broad
diffuse states between —6 eV
and Fermi level. Fat band plots (see Figure 4.21, bottom) also show very strong mixing
of Hg6s and Hgbp states with a very high density of Hg6s states at Fermi level (especially
between M and K point, see Figure 4.20). This leads to a high Knight shift for **Hg
(17172 ppm). The electron transfer from the Li atom to three Hg atoms is near-complete
but some contribution of Li2s states to the total DOS at Fermi level remain, resulting
in a Knight shift of 72.9 ppm for 7Li (see figure 3.25. This indicates a considerable but
incomplete electron transfer in the sense of highly polarised metal-metal bonding (high
§ in [Li%*][Hg’"]3).

— 0.073 0.028

The correlation between NMR shift and pDOS is shown in Figures 4.22 and 4.23. The
density of Li2s states is non-zero at the atomic core site. These electrons contribute
more to the Knight shift than p or d conduction electrons.l"%! As a consequence, the
Knight shift is in a first approximation proportional to the partial s electron density
at Fermi level.l%! In Figure 4.22 the observed correlation of the s DOS at Fermi level
with the NMR shift is shown. For "Li measurements, elemental Li has the highest shift
and thus the highest s electron density at Fermi level. With increasing Hg content, Li
transfers its electron with increased efficiency in the series LisHg-LiHg-LiHgs, resulting
in the lowest shift (72 ppm) for LiHgs, indicating the "most positive" Li’*.
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Figure 4.23.: Left: Partial electronic density of states of p electrons at the Fermi level (p-DOS(Er))
versus NMR signal shift of the Hg atoms. Solid black line represents linear regression. Right: Measured
specific resistances for the three Li amalgams and for mercury in comparison.

A complementary trend is observed for *Hg measurements. Elemental Hg shows the
highest shift (22480 ppm) and thus the highest s electron density at Fermi level. With
increasing Li content, more and more "electron pressure" is put on Hg resulting in a
lower shift in the series LiHgz—LiHg—LisHg. However, this cannot solely be attributed
to different § in [Hg®"]. It is rather illustrating the shift in the energies of the Hg6s
and Hg6p bands and their mixing. Amalgams with low Hg content generally show little
interaction of the Hg atoms and thus s and p states are separated and localised with small
dispersions. As the Hg content increases, interactions become stronger and dispersion of
bands is observed. Mixing of Hgbs and Hgbp as well as broadening of those states are the
result. The increasing pDOS of Hgbs electrons at Fermi level can directly be observed
by Knight shift measurements and supports the results from band structure calculations.
Similarly, the partial density of states of the Hgb6p states at Fermi level decreases in the
series LisHg—LiHg-LiHgs (see Figure 4.23). This also is directly correlated to a higher
mixing of Hgbs and Hg6p with increasing Hg content.

The observed scattering of the data points relates to the fact that the NMR signal shift
is not only dependent on the s DOS. For a full description, chemical shielding and other
effects would also have to be taken into account. However, with the methods available
today this is not viable for the systems in question. Elements up to atomic number 55

(Cs) have been examined and require the use of extensive k-meshes (= 2 x 10° k-points
in the BZ).["!

The following conclusion can be drawn: LiHgs shows the highest electron transfer per
Li atom. This may be seen as the "most polar" of the Li amalgams. LizHg shows
the least electron transfer per Li atom. This may be seen as the "least polar" of the Li
amalgams. However, as Knight shift measurements only correlate with s electron density
at Fermi level, and Hg has significant amount of p electron density at Fermi level, too,
no such conclusions can be drawn for the total electron count on the Hg atoms. The
assignment of highest and lowest polarity is strongly corroborated by measurements of
specific electric conductance, see Figure 4.23.
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Figure 4.24.: "Li NMR shifts of selected metallic, semiconducting and ionic (incl. Zintl phases) Li
compounds. Data acquired in this work is indicated by red lines. The scheme shows accumulation of
shifts in the ionic bonding realm near 0 ppm. Semiconducting and metallic behaviour is observed above
~ 5 ppm with the exception of Zintl phases up to ~ 94 ppm. References can be found in Table 4.5.

A broader context for the Li signals of the amalgams is shown in Figure 4.24. The
Figure shows signals for "Li as reported in literature (see Table 4.5) and also the signals of
three lithium amalgams. The latter are equally spread with equal distribution, indicating
pronounced differences in their electronic states.

Highest Knight shifts are observed for elemental Li and LigHg. In the immediate vicinity,
no compounds are located, closest is the AlLi 8090 alloy next to LiHg. Between LiHg and
LiHgs two compounds are located: Liy;Sis and LisSny. Lis;Sis exhibits Zintl phase char-
acteristics as well as Hume-Rothery phase characteristics, indicative for a non-classical
Zintl phase.[™ In contrast, Li,Sns; was reported to be of metallic lustre and to deform
rather than break under pressure thus exhibiting mostly metallic features. LiHgs shows
metallic characteristics, too (metallic lustre, opacity) but conductance measurements
show no linear dependence of the resistance with temperature as would be expected for
classical metals. While showing signals in similar regions of the ppm scale, lithium amal-
gams, silicides and stannides behave differently, mainly due to different electron affinities
of the binding partner and due to different Li to Hg/Sn/Si ratios.

Between 0 and 50 ppm, the majority of reported Li compounds are located. The closer
the NMR signal is to 0 ppm, the "more ionic" the lithium compound is with Li;CO3 as
example for a highly ionic compound. Generally speaking, the closer the signal is to 0
ppm, the more influence the chemical environment — that is the chemical shift — has and
the higher the shift the more contributions originate from the Knight shift.
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Table 4.5.: Chemical shift of the various Li compounds used in the Li ppm scale.

Sum formula Li Wyckoff number chemical shift Reference
LioCOg 8f 0.4 (7]
LiAlO, 4b 0.9 (711
LisSiNy 8 Li sites exchanged 1.7 [72]
LisAgSns 8e 3.6 (73]
LigGa14 18h 4 (74]
Lij5Siy 12a, 14e exchanged 6 (73]
LisCuSns 8e 6.4 [73]
Li7Sny 6 Li sites exchanged 9.5 [76]
Li13Siy 7 Li sites exchanged 11.5 [75]
Li5Sny 3 Li sites exchanged 14.3 [76]
Lii3Sns 7 Li sites exchanged 16 [76]
Li7Sis 8 Li sites exchanged 16.5 [75]
Li7Sng 7 Li sites exchanged 17.5 [76]
LiioSir not assigned -17.0
not assigned 1.8
not assigned 8.3 [77]
not assigned 15.0
not assigned 19.8
13 sites, exchanged 18.5 [75]
AlLiCu 22
25
mixtqre of phases, 97 78]
for details see reference
29
32
LiSn 4b 32 [76]
8e 42.5 (76
Lig Sis not assigned 70.5
not assigned 93.7 [75]
LiHgs 2c 72.9 this work
LisSns 4h 80 [76]
LiHg 1b 101.7 this work
AlLi alloy 8090 104.5 (71]
LisHg 4b, 8e 203.2 this work
Li 2a 265.1 this work

Electric conductance in polar metals

Scattering of conduction electrons, e.g. on strong local Coulomb fields (i.e. ionic moi-
eties), leads to typical "bad metal" behaviour. Electric conductances are generally low
and deviate from linear temperature dependence expected for a typical (good) metal.
Instead, conductances converge towards loffe-Regel saturation, a typical indication for
polar metallic bonding due to a small free path length of the conduction electrons.

Specific resistance measurements have been carried out for Gdy4Ags; as example for a
good metal (see chapter 3.3.2), KHgg (see chapter 3.4.1, Figure 2) and all Li amalgams
(LisHg, LiHg, LiHgs, this chapter, Figure 3.26).
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Gdi4Ags1  shows a decrease of specific resistance with decreasing temperature. The
relation is linear in the measured temperature interval. Together with an overall low
resistance, this indicates good metallic behaviour.

KHgg shows a decrease of specific resistance with decreasing temperature. The overall
resistance in comparison to a good metal is high. Furthermore, linear dependence of the
resistance with respect to temperature is only given for a small temperature interval
(0 to 50 K), at higher temperatures loffe-Regel saturation is observed, indicative for a
typical "bad metal". The findings are supported by band structure calculations.!®!

The Li amalgams LisHg, LiHg and LiHgs differ in their electric behaviour as a result
of Li content and thus polarity of metal-metal bonding. LizHg and LiHg show bad metal
behaviour and exhibit lower specific resistances than LiHgs. At temperatures above
20 K, the thermal behaviour of the resistances deviates from linearity and converges in a
loffe-Regel saturation. LiHgs shows a complicated behaviour even at low temperatures,
not indicating typical metallic or "bad metal" behaviour. At temperatures higher than
50 K, it follows more or less the signature of a semiconductor, constituing the upper
border of a polar metal-metal bonding.
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4.3.3. Structures Derived from the BaHg;; Structure Type

Amalgams with composition AHgy;_,In, (A = K: x &~ 1, Rb: x &~ 6) have been synthe-
sised and analysed by powder X-ray diffraction methods as stated in chapter 3.4.3. Both
crystallise in the cubic crystal system in space group Pm3m with the BaHg;; structure

type.

KHgq1-xIn, (x & 1) can best be described by constructing a set of concentric endohe-
dral polyhedra around Hgl on (1/2,1/2,1/2). The first coordination sphere is an undistorted
cuboctahedron (CN = 12), consisting of a mixed Hg/In position (75:25). It is surrounded
by an octadecahedron (CN = 32, all Hg), which is surrounded by a cuboctahedron of K
atoms. This description can be shortened to Hg@(Hg/In);,@Hgs, QK 5, see Figure 4.25.
The polyhedra describe the whole structure as all atoms take part, however, the large
K cuboctahedra cannot be packed without leaving large octahedra surrounding (0,0,0)
empty.

The lattice parameters of KHgy,_,In, dif-
fer significantly from those reported for
KHg;; by Aa — +0.0812(3) A leading to
AV = +2.5%. This is in accordance
with a larger atomic radius of In in com-
parison to Hg and serves as indication
for incorporation of In on at least one
atomic position. Analysis of interatomic
distances was carried out in comparison to
KHg;;. Distances between Hg4 and surround-
ing atoms increase: Apgi_pga = +0.095 A,
Ao pigs = +0.026 A and Apgy pgs = +0.095 A.
This directly leads to an expanded cuboc-
tahedron and in turn to a larger octade- Figure 4.25.: Set of concentric endohedral
cahedron.  The latter distorts by shifting polyhedra Hg@Hg/In;2@Hg3> @Ko of which
Hg2 towards the centre of the unit cell, the structure of Kng_)fInx is built. K: black;
leaving Apgo_pgz — —0.007 A almost un- H& &reys Hg/In: grey gids.

changed but dispersing Hg3 atoms slightly

(Apgs—ngs = 0.081 A) Overall, this supports the incorporation of In on the Hg4 po-
sition.

To assess the mixed position, DFT calculations were performed for KHgy; and the hypo-
thetical compound KHg;In, (assuming 100 % In on the Hg4 /In4 position). The exchange
and correlation functional of Perdew, Burke and Ernzerhof [28] with a generalised gra-
dient approximation (GGA) was applied. The muffin-tin radii were set to 132.3 pm (2.5
a. u.) and the number of basis functions was determined by the value of Ry - Kpax =
8 with K. as the largest k vector. The separation energy was set to -6 Ry. 1331 k
points in the Brillouin zone (56 thereof in the irreducible Brillouin zone) were calculated
in a 11x11x11 Monkhorst-Pack grid. The respective plots of the density of states are
compiled in Figure 4.26.

208 Discussion



The band structure of KHgy; is discussed first, the incorporation of In into the structure
and its implications later on. Low in energy (—9 to —6 V), Hghd states are located,
showing considerable dispersion indicative for strong Hg-Hg interactions. Between —6
and 0 eV, mixing of s, p and d states is observed. K4s states do not contribute much to
the total DOS. Those findings are in accordance to other mercury-rich amalgams, e.g.
XHgg (X = K, Ba), BagHgyy, CseHgor. Incorporation of In on the Hg4/Ind site does
not lead to drastic changes in the total DOS. The small pseudo-bandgap at Fermi level
is closed in the tDOS and the respective pDOS of Hg, In and K atom positions. As
the In—In contacts are few, the dispersion of In4d bands is small. Akin to Hg, s and p
states of In mix considerably with p states predominantly at Fermi level. Overall, no
electronic reason for In to be incorporated at this particular site can be seen from those
calculations.
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Figure 4.26.: Left: Plot of the total density of states in KHgy, and the partial densities of states for
atoms Hg(1) — Hg(4) and K1 are shown. Right: Plot of the total density of states of the hypothetical
compound KHg7In, and the partial densities of states for atoms Hgl — Hg3, Inl and K1 are shown.

KlIny was obtained as side product in the synthesis of KHg oIn. The lattice parameters
observed for KIn, differ from the reported by Aa = +0.073 A and Ac = +0.387 A.
This could be indicative for incorporation of Hg in the compound (presumably on the
In positions) with the metallic radius of Hg slightly smaller than that of In. Due to the
low phase fraction of Klny not enough data was collected to refine mixed occupancy.

RbHgy;_,In, (x ~ 6) (Pm3m, a = 9.7538(3) A) crystallises in the BaHgy; structure
type, all Hg positions are mixed with In in varying amounts (see Table 3.29). The lat-
tice parameters differ by Aa = +0.046(3) A leading to AV = +1.4%. In contrast to
KHgy;_,In,, the expansion is smaller, despite the higher incorporation of In into the
crystal structure. The interatomic distances are also enlarged but a pronounced distor-
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tion as seen for KHgy;_(In, is absent. This might be due to the uniform incorporation
of In on all Hg positions.

Bader charges — a measure for polarity?

The method of calculating Bader charges (AIM: atoms in molecules) is a method for the
topological analysis of molecular and atomar electron densities.[®!l Space is separated
into sub-volumes, centred by atoms (Bader bassins), and an arbitrary spatial charge
distribution is calculated. Resulting values are often (incorrectly) taken as absolute
charges of atoms in solids, whereas they should be regarded as a spatial charge state.
The inconsistencies originate from the definition of an "atom" in the AIM theory which
is not unambiguous. One wedge of space is allocated to one atom only, covalent /metallic
binding interactions are substantially neglected. The theory also neglects vibrational
effects.18? Despite this limitation it is useful in a comparative sense, e.g. calculation of
charge distributions, allocation of cations/anions and general trends of electron transfer.
In this work, Bader charges were calculated for KHgg (chapter 3.4.1), CsoHgo7 (see Table
4.6), Laj;Hgys (chapter 3.3.3) and LizGay3Sn (chapter 4.3.4).

The structure of KHgg features a large
sublattice of [Hgg]°~. Bader charges in-
dicate no distinct differences between Hg
atoms showing similar negative polarisa-

Table 4.6.: Bader charges calculated for CsoHgor.

Atom Bader  site Charge
charge multiplicity incl. multiplicity

tion. Electron transfer from K is near Csl 1075 12 +9
. Hgl —0.12 48 —5.76
complete, which can also be seen from the He? 4016 24 384
low partial s-DOS of K at Fermi level. Hg3 —-0.04 24 —0.96
Hgd 4+0.03 24 +0.72
The situation in CsyHgy; is different. Its ggg :8'3 f‘é :g';’i
structure is composed of a large [Hgo4]°~ Hg7 017 2 —0.34
cluster surrounded by Cs’*) leading to o total J—rg-l

o o . . S tota.
only marginally different charge distribu- Diff. total 09
tion among Hg atoms. Some atoms can Diff. % 10

be regarded as near neutral (Hg3/4), one
as slightly positive (Hg2), the rest shows
equal charge distribution (Hgl/5-7). Thus, the view of a "cationic space webbing with
anionic filling" is flawed from an electronic point of view, albeit useful for a more general
and intuitive description of the structure.

Positive charges in Laj;Hgys (see chapter 3.3.3) are equally distributed among the La
atoms, negative charges equally among Hg atoms. The structure can be described in
various ways, emphasizing structural relations to closest packed structures. Distribution
of La atoms in a Hg sublattice is uniform, no pronounced formation of [Hg]’~ clusters is
observed.

Bader charges calculated for LizGaj3Sn (see chapter 3.5.2) show localisation of positive
charge on Li atoms and negative charge on Ga and Sn atoms. Although differences
between Ga and Sn would be expected from structure and electron counting rules (Wade),
no obvious differences are observed. This might be due to artificial ordering of mixed
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Ga/Sn and underoccupied Li positions for the calculation, necessary because WIEN2k
does not feature calculations including disorder phenomena.

To conclude, Bader charges serve as comparative values, addressing structural features
and the trend of electron transfer. Absolute charges cannot be calculated with this
method, making other experiments (e.g. Knight shift measurements) essential for deeper
insight into polarity of intermetallic phases. In all amalgams for which Bader charges
have been calculated a clear trend points towards uniform distribution of the negative
charge in the Hg sublattice. No concentration of charge on individual Hg atoms is
observed, corroborating the picture of polar metallic bonding getting more pronounced
in the Hg-rich phases due to more efficient delocalisation of a negative charge on a larger
Hg sublattice.
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4.3.4. Polarity in LizGa;4 and LizGa;3Sn

Electrolysis of a Lil solution on a Ga cathode leads to formation of Li3Gayy (see chapter
3.5.1), electrolysis on a Ga/Sn cathode to formation of LizGaj3Sn (see chapter 3.5.2).
LizGay4 was previously synthesised by melting a mixture of elemental Li and Ga in high
Ga surplus.?#3 Cooling to 100 °C followed by filtration through glass wool separating
LizGayy from Ga melt yielded single crystals.

Structural elements are [Gajs] icosahedra packed in a cubic closest packing (see Fig-
ure 3.33). They are interconnected either directly via exo-bonds or by tetrahedrally
coordinated [Gag] dumbbells. Li atoms are located in voids of this packing, see also
chapter 3.5.2. Electron counting shows LizGajys to be a metal: The Gays icosahedra
represent Wade clusters with 36 electrons. For a closo cluster N + 1 = 13 electron pairs
corresponding to 26 electrons are necessary. 10 electrons are available for exo-bonds.
As each icosahedron vertex shows a two-electron-two-centre exo-bond, accounting to 12
electrons, the Gayy icosahedron must bear the charge —2. The Ga atoms in the dumb-
bells are fourvalent and thus the dumbbell has also a charge of —2. In one unit cell with
Z = 3 the overall charge on the Ga sublattice is —12. The lithium atoms are located
on 18h positions and are half-occupied, yielding 9 electrons in total and leading to a
non-electron precise metallic phase.
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Figure 4.27.: Left: Plot of the total density of states in LizGaj4 and the partial densities of states for
atoms Ga(1l) and Ga(3) (dumbbell), Ga(5) and Ga(12) (icosahedron), Li(1) and Li(2). Right: Plot of
the total density of states in LisGa;3Sn and the partial densities of states for atoms Ga(1) (dumbbell),
Sn(1) (dumbbell), Ga(3) and Ga(10) (icosahedron) also Li(1) and Li(2).
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If Sn is present in the electrode material,

LizGay35n forms as product (see chapter 3.5.2).

Here, the Sn atoms are located on dumbbell positions with an occupation factor of 0.5.
Applying electron counting rules, no changes for the icosahedron (12 skeletal electrons
and —2 charge) are expected. Dumbbell positions have only one Ga with a charge of

—1 left. Sn as tetrel has a valency of 4

and thus no charge. This reduces the electron

demand per unit cell from 12e— to 9e~ which is in accordance with a half-occupied Li 18h
position. LizGa;35n therefore should show a band gap and semiconducting behaviour.

Band structure calculations support the

The half-occupied position for lithium
and the mixed occupancy of Ga(3)/Sn(3)
are crucial for the position of the Fermi
energy with respect to the DOS. Both
were modelled by symmetry reduc-
tion by enlargement of the unit cell
and reducing the symmetry to R3m.
This orders the underoccupied Li posi-
tion into fully occupied positions and
voids, and also leads to a split of
the "dumbbell" position Ga(3)/Sn(3)
(mixed-occupation of Ga3 with 1:1
Ga:Sn). A detailed Bérnighausen tree
is shown in Figure 4.30.

Calculations with full lithium occupa-
tion (LigGayy, less resource consuming)
resulted in a band structure with Fermi
energy significantly above a pseudo-
band gap (see Figure 4.28). Decreasing
the symmetry to account for the un-
deroccupation (LizGayy, calculated in
R3m) results in a similar band struc-
ture but with the band gap above
Fermi energy.

As can be seen in Figure 4.27 (calcula-
tion for LizGayy), the band structure
shows distinct features. The lowest-
lying states (—10.5 to —9.5 eV) re-
sult mainly from Ga atoms forming the
icosahedra. States slightly higher in
energy originate from Ga atoms con-
stituing the icosahedra as well as the
dumbbells.  All aforementioned fea-
tures show high s contributions. From
—6.5 eV up to —4 eV s-states are preva-

electron counting, see below and Figure 4.27.
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Figure 4.28.: Plot of the total density of states of the
hypothetical LigGay4 structure and the partial densities
of states for atoms Ga(1) and Li(1).

Table 4.7.: Bader charges calculated for LizGaj3Sn;

Atom Bader charge  Site Charge incl.
multiplicity — multiplicity

Gal —0.297 3 —0.891

Ga2 —0.266 3 —0.798

Ga3 —0.181 9 —1.629

Ga4 —0.127 9 —1.143

Gab —0.146 9 —1.314

Gab —0.096 9 —0.864

Ga7 —0.266 9 —2.394

Ga8 —0.140 9 —1.260

Ga9 —0.243 9 —2.187

Galo —0.122 9 —1.098

Snl —0.338 3 —1.014

Sn2 —0.249 3 —0.747

Lil +0.854 9 +7.686

Li2 4-0.858 9 +7.722

Ga + Sn total —15.339

Li total +15.408

Diff. total 0.069

Diff. % 0.4

lent and p-states are prevalent above —3 eV. Higher in energy at +0.6 eV a band gap is
located. Lishows little contribution to the total DOS. Only s-states are present spreading
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Figure 4.29.: "Li and ''*Sn NMR signals for Li3Ga;3Sn;.

over the whole energy range with a maximum at —1.5 eV. The two crystallographically
independent Li positions behave about the same.

The band structure of LizGaj3Sn (calculated in R3m, see Figure 4.27) shows features
similar to the band structure of LisGays. Notable differences are additional, low-lying
states introduced by tin s-bands, compression of the s-band of Gal at —8 eV results in a
high local DOS. Sn largely shows the same features as Ga. The introduction of two ad-
ditional electrons by the incorporation of Sn raises the Fermi level to the aforementioned
band gap thus forming a semiconductor with a small band gap. Similarly to the band
structure of LizGayy, Li shows no large contribution to the band structure. However, the
two crystallographically independent sites show small differences.

Bader charges calculated for LizGai3Sn
are compiled in Table 4.7. They do not
represent absolute charges in electrons
but are unitless and as such serve as rela-
tive values suitable for direct comparison

Table 4.8.: Isotropic Knight shift data of ''?Sn for
elemental Sn and LizGa;3Sn;.

Compound isotropic Knight

of charges in one compound/calculation. shift [ppm] ]
The total difference in positive and neg- Sn 709070 Ref[85]
ative charges is +0.069 (0.4%) indicating Sn 7570 Ref
good quality of the calculated scf-process. Sn 7130420 Refl*
However, there are no distinct differences ~ SD ean 7263 ‘
between Ga atoms or Ga and Sn atoms, Li LizGa;35n; 6640 this work

atoms appear to be similar to each other,

too. One would have expected lower charges for Sn atoms as they count as +0 for Wade
cluster calculation. The discrepancy might be due to the ordered model employed for
calculation in contrast to the true disordered model from single crystal refinement (see
also precession images in Figure 3.32).

Solid state NMR measurements for LisGay4 were carried out before and show a shift of
4 ppm for "Li.l™ Almost no contribution of Knight shift is observed, electron density
for Li at Fermi level is thus negligible and Li can be regarded as prevalently ionic. In
NMR measurements on LizGa;3Sn ("Li, *Ga, 119Sn) the "Li and ?Sn resonances of the
compound were observed (see Figure 4.29). "'Ga only showed resonance for elemental
Ga (4486 ppm, side phase, not observed in Rietveld refinement). "Li shows resonance
at 5.47 ppm, indicative for largely ionic Li without pronounced contributions of Knight
shift, similar to the parent compound LizGays. ''?Sn shows resonance at 6640 ppm,
significantly differing from resonance in elemental Sn (see Table 4.8). Lower Knight
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shift means lower s electron density at Fermi level. From band structure calculations
Li3Gay35n is expected to be a semiconductor and thus Knight shift measurements are
highly temperature dependent. At present, no temperature-dependent measurements
have been carried out. Electric resistance measurements are required to confirm semi-
conducting behaviour for LizGa;35n.

As can be seen from band structure calculations as well as NMR investigations, Li
exhibits a high positive charge in both LizGa;, and LizGa;35n. The negative charge is
equally distributed between the Ga atoms (and Sn atoms if present). Thus we conclude
that these compounds show high polarity in the sense that the electron transfer from
the Li atoms is near-complete in accordance with the exothermic electron affinities of
Ga ans Sn.

References

[1] J. J. Berzelius, Forelasningar i Djurkemien, Carl Delen, Stockholm (1806).
[2] H. Davy, Philos. Trans. R. Soc. London, 97, 1-56 (1807).
[3] A. Volta, Philos. Trans. R. Soc. London, 90, 403-431 (1800).

[4] H. N. McCoy, H. S. Morris, P. W. Selwood, Inorganic Syntheses, volume 2 of Inor-
ganic Syntheses, John Wiley & Sons, Inc., Hoboken, NJ, USA, 2 edition (1946).

[5] T. Moeller, H. E. Kremers, Industrial & Engineering Chemistry Analytical Edition,
17(12), 798-800 (1945).

[6] E. E. Jukkola, L. F. Audrieth, B. S. Hopkins, J. Am. Chem. Soc., 56(2), 303-304
(1934).

[7] J. W. Neckers, H. C. Kremers, J. Am. Chem. Soc., 50(4), 950-954 (1928).
[8] J. K. Marsh, J. Chem. Soc., 53(9), 398 (1942).

9] J. K. Marsh, J. Chem. Soc., 53(9), 523 (1942).

[10] J. K. Marsh, J. Chem. Soc., 53(9), 8-10 (1943).

[11] J. K. Marsh, J. Chem. Soc., 53(9), 531-335 (1943).

[12] H. N. McCoy, J. Am. Chem. Soc., 63(2), 7-8 (1937).

[13] H. N. McCoy, R. P. Hammond, J. Am. Chem. Soc., 64(4), 1009-1009 (1942).
[14] C. Hoch, A. Simon, Z. Anorg. Allg. Chem., 634(5), 853-856 (2008).

[15] C. Hoch, A. Simon, Z. Anorg. Allg. Chem., 632(14), 2288-2294 (2006).

[16] C. Hoch, A. Simon, Angew. Chem., 124(13), 3316-3319 (2012); b) C. Hoch, A. Si-
mon, Angew. Chem. Int. Ed., 51(13), 3262-3265 (2012).

[17] J. H. Simons, R. P. Seward, J. Chem. Phys., 6(12), 790 (1938).
[18] T. B. Massalski, Binary Alloy Phase Diagrams, ASM International, Materials Park,

Discussion 215



0TL¥°0|06€%°0|0TL6°0{0620°0| FFLF'0 | 966470 | #FLE°0 | 9G20°0 | €T0F'0 | 886970 | €106°0 | 8860°0 | ##E0°0|9996°0 | #FEG0 [ 969770

0L4T°0|0€¢8°0|0LLT'0{0€Z8°0| 0TIS'0 | 06€F°0 | OTIG'0 | 06EF'0 | S¥EF°0 | G90S°0 | G¥6F°0 | €50G°0 0 0 0 0 ey
0€28°0|0L2T°0|0€28°0[0LLT 0| 06€F0 | 0OT99°0 | 06€7°0 | 0TS0 | GG05°0 | GFEF 0 | €505°0 | SF67°0 0 0 0 0 s Mwu ol
w- ur ur w- ur ur ur ur wr ur ur ur urg urg urg g e

46 ‘096 -F1196 ‘0|96 “'T|96 ®D |96 "D |96 ®D|96 ®D |96 B |46 BD|q6 B |46 “®D|PE ‘US| |LE US| BE ¥D|PE B

062¢°0 | 0620°0 | 992¢°0 | 96200 | 8865°0 | 8360°0 [9096°0| 909F°0
0£28'0 | 0£28°0 | 0670 | 06EF'0 | 5050 | 5060 | 0 | 0 :

: : : ‘ : : uglenory
0LL1°0 | 0LL1°0 | 019S0 | OI9S'0 | SP6F0 | SF6F0 | 0 | 0 e
ur ur ur ur ur ur we g T

q8T “VT|7ST :'T|U8T "D |TST *¥D 48T ¥D|YST TH|29 U |29 D
/ / / e
(f'0'0)+ ‘27 A= x- ¢ M__

08G0°0 | €TS0°0 | 9L6T°0 |FTTE60
0LLT°0 | 0T9G°0 | SF67°0 0

TTpny9
0€¢8°0 | 06€F°0 | 99050 0 E

W/gey

uar uarr w- we

48T TT(Y8T BD YT BDH| 29 BH
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the Li 18h positions and subsequent ordering of fully occupied positions and voids.

Figure 4.30.: Group-subgroup relation between LigGayy, LizGajq and LisGaj3Sn utilised as base for
quantum mechanical calculations. The first step [i2] duplicates the ¢ axis and thus leads to ordering of
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5. Conclusion

In this thesis polar intermetallic compounds have been investigated. They are charac-
terised by an incomplete electron transfer from an electropositive to an electronegative
metal. On selected examples, the impact of introducing Coulombic contributions in a
metallic matrix on the physical properties have been demonstrated. Main objectives
have been the development of new synthetic methods towards the synthesis of this class
of intermetallics with special focus on amalgams as model systems. A plethora of struc-
tures of coordination compounds (educts for electrolysis), various amalgams and some
selected related Hg-free compounds have been elucidated. Furthermore, DFT calcu-
lations have been performed to get insight into bonding modi of the compounds and
to better understand fundamental structure-property relations. Additional analytical
methods (electric conductance, magnetometry) have been employed to characterise the
impact of polarisation of metal-metal bonding on some physical properties.

This chapter gives a brief review of the key results presented in this thesis.

5.1. DMF Solvates of Metal lodides as Educts for
Electrocrystallisation

Solvates of metal iodides with N,N-dimethyl formamide (DMF) as ligand have been
prepared as educts for subsequent preparative electrolysis. Their structures have been
elucidated with single crystal X-ray diffraction. With the concept of hierarchical vari-
ants, most of these structures can be rationalised as decorated variants of simple struc-
ture types, e.g. hcp, ccp, NiAs, or hexagonal primitive packing. Symmetry reductions
are the result of different spatial demands of iodide ions and DMF ligands, together
with the point group of the latter. Group-subgroup relations have been evaluated with
Béarnighausen trees for selected examples to illustrate the topological relations.

5.2. Electrolysis on Unary, Binary and Ternary Reactive Cathodes

Electrolyses with elemental Hg or Ga cathode materials have been performed and yielded
the Hg- and Ga-richest phases of the respective intermetallic systems. The amalgams
Lngg, KHgll; KHgG, CSgHggo, Callfog54+X, Eulng55 and Engg were Synthesised.
The gallides Li3Gayy and NaGa, were synthesised. The principal reaction mechanisms
have been evaluated and put into context with an alternative distillation method (yield-
ing Lajy, Hgys  and RE;;Hgys with RE = Sm, Nd) and classical solid state syntheses.
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Electrolysis on binary systems as cathode materials can yield a single ternary compound,
two binary compounds or one binary compound plus one element. The first case has
been observed for the electrolysis of Lil on a GaSn eutectic cathode (yielding LizGa;35n)
and Nal on a GaSn eutectic (yielding KgGagSngg). The latter case has been observed
for electrolysis of Csl on a Hg/In (1:1) cathode yielding the new binary main group
element compound CslIn;, whereas Hg served as inert solvent under the given conditions.
Formation of two binary compounds has not been observed on the systems employed,
but is likely to occur with other educt materials.

Electrolysis on a ternary cathode materials has been investigated with GallnStan and
yielded a mixture of LizGa;3Sn, LiGa, Liln and In. Principal reaction pathways have
been evaluated and a rational pathway for the subsequent formation of the products has
been assessed. In principle, formation of a single quaternary product is possible but not
in the Li-Ga—Sn—In system for thermodynamic reasons.

The distillation method is complementary to electrocrystallisation at low temperatures.
A mercury surplus is distilled off in vacuo after reaction in Hg flux. This method can be
performed in a temperature range of 100 — 300 °C and allows for good crystallisation of
the products as has been shown for Laj; Hgysx and RE;1Hgys (RE = Sm, Nd). The
horizontal pathway through the x,T-phase diagram is similar to electrocrystallisation,
but the mechanism is different: the former relies on stepwise increasing the amount of
the more electronegative element in the cathode material, whereas the latter relies on
decreasing the mercury surplus in the distillation residue.

5.3. Crystal Structures of Hg-rich Amalgams

Crystal structures of Hg-rich amalgams are complicated and often exhibit mixed and/or
underoccupied positions as shown for RFE;;.Hgss «, structures deriving from the
Gdy4Ags; aristotype and KHgg. Reoccurring motifs are Frank-Kasper polyhedra, clos-
est sphere packings and cation-centred polyhedra, the latter emphasising ionic binding
contributions.

Crystal structures with the common aristotype Gdi4Ags; as well as the aristotype itself
have been examined. The structures show different disorder phenomena, which have been
evaluated crystallographically and on the basis of complexity measures. We have shown
that the Gdj4Ags; structure type crystallises with space group P6/m by single crystal
and powder X-ray structure analysis combined with TEM investigations. Six symmetry
equivalent, half-occupied and mutually exclusive Ag positions cannot be resolved by
symmetry reduction and thus are intrinsic to this structure type.

This disorder is resolved in amalgam crystal structures (hettotypes of GdisAgs1) by
symmetry reduction to P6. However, additional disorder phenomena, mixed and un-
deroccupied positions, are introduced in most of them with the exception of Yby,Hgs,
crystallising in a fully ordered structure. Quantification of individual disorder phenom-
ena has become possible by employing the concept of complexity measures. Singular
mixed /underoccupied positions do not greatly increase complexity (e.g. YbiyHgs is
only little less complex than EujgHgss). A larger effect is observed when superstructures
with longer translation periods form.
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5.4. Evaluation of Polarity in Amalgams and Related Phases

Polar metals are characterised by an incomplete electron transfer from an electropositive
metal to an electronegative metal. This leads to strong local Coulomb fields from few
cations in an overall metallic lattice. Hg-rich amalgams serve as model systems as few
electrons from an electropositive element delocalise over a large Hg sublattice.

NMR Knight shift studies have been carried out on the three Li amalgams LisHg, LiHg
and LiHgs as both “Li and '"Hg are NMR-active nuclei. With increasing Hg content
the electron transfer increases. Thus LiHgs features the most positive partial charge
on [Li®*]. In this sense it is the most polar of the Li amalgams, followed by LiHg and
LizHg as the least polar. These investigations are corroborated by electric conductivity
measurements of the model compounds LigHg, LiHg, LiHg; and KHgg with respect to Hg
and Gdy4Ags; as metallic references. Polar metals show linear dependence of resistance
with temperature only at low temperatures (LiHg: <20 K, KHgg: <50 K). Further
increase of the polarity leads to complicated behaviour even at low temperatures and to
semiconducting characteristics at only slightly higher temperatures (LiHgs: T > 50 K).

DFT calculations have been performed to monitor the electron transfer ab initio. Bader
charges have proven as viable concept but are prone to intrinsic errors as Bader basins
are allocated arbitrarily and the computed charges are not absolute. Better results are
obtained by correlation of the partial density of states at Fermi level with observed NMR
Knight shift measurements. Knight shifts for both "Li and '*"Hg can be rationalised by
shifting the electronic bands in energy to assume energetically more favoured positions
and occupying them.
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6. Outlook

Electrocrystallisation has proven a promising synthetic method for intermetallic com-
pounds, especially polar metals and compounds with low peritectic decomposition tem-
peratures. Thus far, only few electrode materials have been tested: Hg, Ga, Ga/Sn and
Hg/In eutectics and GallnStan. Other viable systems are a great number of multinary
systems compiled in chapter 3.5.1. Depending on the electrolyte, different scenarios for
product formation can be expected as has been discussed above. For higher melting eu-
tectics with melting points close to or above the boiling point of DMF, the solvent would
have to be changed. One option consists of ionic liquids as they are thermally stable
up to very high temperatures, conduct electricity very well and are commercially avail-
able. Preliminary experiments were unsuccessful as many ionic compounds decompose
at higher terminal voltages. In addition, solubility of their iodides is low or the iodides
of the cations of the respective ionic liquid form stable/insoluble salts. An ionic liquid
with a redox-active organic anion instead of iodine has to be developed in combination
with large cations with low charge (e.g. Cs™) as their polarisability favours low melting
points.

An approach complimentary to the use of multinary cathode materials with an electrolyte
containing only one cation would be the use of a unary cathode material together with
a multinary mixture of electrolytes containing two or more different cations. According
to Nernst equation concentrations would have to be chosen so that the cations present
in this mixture exhibit the same electrochemical potential and hence dissolve simultane-
ously in the reactive cathode. Preliminary experiments with a solution of KI and Nal in
DMEF electrolysed on a Hg cathode show indications of a ternary Na-K amalgam crys-
tallising in a hettotype structure of the Gaj4Ags; structure type. However, due to the
extreme sensitivity of the systems with respect to reaction conditions and air /moisture in
combination with highly anisotropic crystal shape and very high absorption coefficients,
up to now no reliable crystal data could be acquired. Use of synchrotron radiation for
both single crystal and powder X-ray measurements are clearly indicated and should be
carried out in the future.

Furthermore, the electrolytic process could be used for preparation of metal-rich com-
pounds comprising larger, cluster-like ionic units in the metallic matrix. Examples have
already been given by tetramethyl ammonium amalgam and [Mg(NH3)g|Hgss. The re-
sulting amalgams share features of intercalation compounds and ordinary intermetallics,
and have highest polarity within all metallic compounds. Extension of this interesting
field seems possible in different ways: Cluster compounds like e.g. MoCly (MogClys)
are of interest as the four exo-chloride atoms can be exchanged to yield MogClgl,. This
DMF-soluble cluster compound might result in incorporation of [MogClg]** clusters in a
reactive cathode material. Also conceivable is the use of the isostructural Mols (Moglys),
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with a [Moglg]**-core. Experiments in this direction are currently being performed in
the group.

The presented apparatus for electrocrystallisation should be modified by adding a refer-
ence electrode. This enables direct measurement of electrode potentials in situ, in con-
trast to merely adjusting the terminal voltage. Electrochemical decomposition of DMF
and onset of electrocrystallisation can thus be determined reliably, and electrochemi-
cal quantification of product formation would be possible.. This is especially useful for
multi-component electrolytes as the respective potentials have to be equilibrated with
great precision.

Electrocrystallisation and distillation method for amalgam synthesis yield the mercury-
richest amalgams under the respective synthesis conditions. Those amalgams have been
shown to exhibit a plethora of structural features including mixed/ underoccupied posi-
tions and superstructures. Numerous amalgams of lanthanide metals with the approxi-
mate composition REHgg 5 are reported, mainly on the basis of thermoanalytical data.
The structures for RE = Eu and Yb could be determined, it is likely that other structures
can be elucidated by those means, too. Emphasis lies on synthesis at low temperatures
as the compounds are increasingly sensitive.

Combining synthesis, NMR Knight shift measurements and ab initio calculations have
been proven useful for the quantification of polarity in amalgams and polar intermetallics
in general. This method has yet to be expanded over a lot more exemplary structures
and to be combined with other methods, such as e.g. determination of the molar heat.
However, solid state NMR on many metals is difficult due to usually high quadrupole
moments (nuclear spin I > 5/2). Further complication is expected for studies on rare
earth metal amalgams. NMR measurements are hampered by electronic and magnetic
effects. Those may be overcome by a dilution series of amalgams on an inert substrate
making magic angle spinning available even for metallic compounds, leading to narrow
line widths and an overall improved signal-to-noise ratio. The support by ab initio cal-
culations is also possible for all alkali and alkaline earth metal amalgams. Necessary
relativistic corrections for Hg in combination with large unit cells and low symmetry
make the calculations time and recource consuming. Calculations for rare earth metal
amalgams are even more complicated. Parallelisation on supercomputing clusters com-
bined with modified exchange correlation potentials and Hubbard U correction should
be used for accurate modelling of (magnetically active) f electrons. To corroborate band
structure calculations, a combination of XPS and XAFS is indicated to experimentally
confirm the calculations.
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A. Crystallographic Data

Crystallographic data for [Li(DMF)4]l and [Na(DMF);]l

Table A.1.: Coefficients Uj; (pm?) of the anisotropic atomic displacement parameters for [Li(DMF)4]I
and [Na(DMF)3]I. Uy is defined as exp{-27?|Uy;(ha*)?+...4+2U 2hka*b*|}. Standard deviations in
units of the last digit are given in parentheses.

[Li(DMF)]I
Atom Uy Uao Uss Uas Uis Uiz
T 0.0962(3) 0.0950(2) 0.0792(2) -0.0055(2) 0.00933(15) 0.0049(2)
01  0127(3) 0.101(2)  0.107(3)  0.014(2)  0.001(2)  0.032(2)
N1 0075(2) 0.080(2)  0.069(2)  -0.0002(2) 0.004(2)  0.006(2)
Cl  0.118(4) 0.110(4)  0.115(4)  0.018(3)  0.002(4)  0.023(3)
C2  0.111(4) 0.157(6)  0.081(3)  -0.015(3) 0.013(3)  0.023(4)
C3  0.008(3) 0.090(3)  0.074(3)  0.002(2)  0.013(3)  0.003(2)
03 0120(3) 0.096(2)  0.066(2) -0.007(2) 0.018(2)  0.012(2)
N3 0.082(2) 0.076(2)  0.066(2)  -0.007(2) 0.011(2)  0.004(2)
C7  0127(4) 0.081(3)  0.112(4)  -0.003(3) 0.019(3)  0.018(3)
C8  0.080(3) 0.075(2)  0.085(3)  -0.003(2) 0.014(2)  0.002(2)
CO  0.103(3) 0.114(4)  0.076(3)  -0.006(3) 0.016(3)  0.001(3)
05  0.094(2) 0.154(4)  0.141(3)  0.002(3)  0.054(3)  -0.002(2)
N5 0.081(2) 0.084(2)  0.080(2)  -0.003(2) 0.024(2)  0.001(2)
CI13  0.095(3) 0.093(3)  0.084(3)  0.008(2) 0.018(3)  -0.004(2)
Cl4  0.125(4) 0.122(4)  0.084(3)  0.006(3)  -0.007(3)  0.024(3)
C15  0.108(4) 0.164(6)  0.126(5)  -0.010(4) 0.059(4)  -0.002(4)
07  0.084(2) 0.135(3)  0.068(2)  -0.002(2) -0.008(2)  0.0006(2)
N7 0.074(2)  0.097(3)  0.065(2)  -0.008(2) -0.001(2)  -0.002(2)
€22 0.077(3) 0.085(3)  0.076(3)  -0.007(2) 0.008(3)  0.004(2)
€23 0.112(4) 0.116(4)  0.069(2)  -0.010(2) -0.001(3)  -0.001(3)
C24  0077(3) 0.191(6)  0.088(3)  -0.007(4) -0.001(3)  -0.006(3)
Lil  0071(4) 0.102(5)  0.058(3)  0.000(3) 0.0033)  0.010(3)

[Na(DMF);]1
N1 0.050(2) 0.0268(17) 0.056(2) 0 0 0.013(2)
C1 0.088(4) 0.034(2) 0.063(4) 0 0 0.026(2)
01 0.039(2) 0.0422(13) 0.073(2) 0 0 0.0250(12)
C2 0.048(3) 0.045(3) 0.107(5) 0 0 0.012(2)
C3 0.041(2) 0.051(2) 0.036(2) 0 0 0.025(2)
11 0.0615(2) Uy 0.0540(3) 0 0 0.03074(11)
Nal  0.0362(5) Up 0.0483(12) 0 0 0.0181(3)
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Table A.2.: Selected interatomic distances for [Li(DMF)4]I [A]. Standard deviations in units of the last
digit are given in parentheses.

Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A]
o1 C3 1.221(2) N3 03 2.232(2) Cl5 05 3.540(2)
Lil 1.908(2) N3 3.682(2) C2 3.64(2)
N1 2.259(2) cs 3.707(2) €24 3.96(2)
C2 2.773(2) 03 3.868(2) 07 022 1.217(2)
03 3.026(2) o7 3.878(2) Lil 1.916(2)
05 3.104(2) cr N3 1.439(2) N7 2.242(2)
o7 3.204(6) Cs 2.413(2) 024 2.769(2)
cs 3.211(2) C9 2.467(2) 05 3.085(2)
C1 3.557(2) 03 2.755(2) 03 3.152(2)
023 3.753(2) o7 3.458(2) 01 3.204(6)
N1 C3 1.302(2) cs 3.637(2) 023 3.548(2)
C2 1.422(2) C3 3.673(2) 9 3.552(2)
C1 1.440(2) N3 3.878(2) €23 3.691(2)
o1 2.259(2) 023 3.962(2) 023 3.830(2)
03 3.723(2) 03 3.990(2) N7 3.863(2)
Lil 3.937(2) Cs8 03 1.211(2) N7 3.864(2)
C1 3.971(2) N3 1.322(2) C13 3.960(2)
C1 N1 1.440(2) C9 2.404(2) N7 €22 1.313(2)
C3 2.398(2) c7 2.413(2) C23 1.439(2)
2 2.446(2) Lil 2.826(2) €24 1.452(2)
o1 3.557(2) 01 3.211(2) o7 2.242(2)
Cl4  3.646(2) o7 3.637(2) 022 3.707(2)
03 3.699(2) N3 3.707(2) C22 3.755(2)
Cs 3.733(2) C1 3.733(2) N7 3.834(2)
c1 3.74(2) C3 3.872(2) N7 3.834(2)
N1 3.971(2) C9 N3 1.443(2) 07 3.863(2)
C2 N1 1.422(2) Cs 2.404(2) o7 3.864(2)
C3 2.368(2) c7 2.467(2) €22 o7 1.217(2)
C1 2.446(2) 03 3.536(2) N7 1.313(2)
o1 2.773(2) o7 3.552(2) C23 2.406(2)
05 3.575(2) C24 3.663(2) 024 2.410(2)
C15 3.64(2) 03 3.755(2) Lil 2.878(2)
C13 3.848(2) 05 C13 1.205(2) 05 3.447(2)
€24 3.931(2) Lil 1.892(2) 024 3.67(2)
Lil 3.99(2) N5 2.237(2) N7 3.707(2)
C3 o1 1.221(2) C14 2.768(2) N7 3.755(2)
N1 1.302(2) 07 3.085(2) 024 3.88(2)
C2 2.368(2) 01 3.104(2) C23 N7 1.439(2)
C1 2.398(2) 03 3.197(2) €22 2.406(2)
Lil 3.065(2) 22 3.447(2) 024 2.465(2)
c7 3.673(2) C15 3.540(2) 03 3.541(2)
Cs 3.872(2) C2 3.575(2) o7 3.548(2)
05 3.916(2) C3 3.916(2) 07 3.691(2)
03 3.974(2) N5 C13 1.313(2) o1 3.753(2)
03 Cs 1.211(2) C14 1.421(2) o7 3.830(2)
Lil 1.948(2) C15 1.445(2) c7 3.962(2)
N3 2.232(2) 05 2.237(2) €24 N7 1.452(2)
cr 2.755(2) C13 05 1.205(2) €22 2.410(2)
01 3.026(2) N5 1.313(2) €23 2.465(2)
o7 3.152(2) C14 2.391(2) o7 2.769(2)
05 3.197(2) C15 2.40(2) 9 3.663(2)
C9 3.536(2) Lil 3.04(2) 022 3.67(2)
€23 3.541(2) C2 3.848(2) €22 3.88(2)
C1 3.699(2) 07 3.960(2) 2 3.931(2)
N1 3.723(2) Cl14 N5 1.421(2) C15 3.96(2)
C9 3.755(2) C13 2.391(2) Lil 05 1.892(2)
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N3 3.868(2) C15 2.44(2) 01 1.908(2)
C3 3.974(2) 05 2.768(2) o7 1.916(2)
c7 3.990(2) C1 3.646(2) 03 1.948(2)
N3 C8 1.322(2) C15 N5 1.445(2) C8 2.826(2)
cr7 1.439(2) C13 2.40(2) €22 2.878(2)
C9 1.443(2) C14 2.44(2) C13 3.04(2)

Table A.3.: Selected angles for [Li(DMF)4]I [°]. Standard deviations in units of the last digit are given
in parentheses.

Atom 1 atom 2 atom 3 angle[°] | Atom 1 atom 2 atom 3 angle [°]
o1 Li1l 03 38.790 05 o7 o1 62.341
Li1l 05 35.063 o7 03 60.196
Lil o7 33.187 o1 03 57.385
03 05 62.853 o7 Li1l 05 35.616
03 o7 60.711 Lil 03 35.699
05 o7 58.550 Lil o1 33.029
03 Lil o1 37.843 05 03 61.653
Li1 o7 35.021 05 o1 59.110
Lil O5 33.093 03 o1 56.860
o1 o7 62.429 Lil 05 o1 109.527
o1 05 59.763 05 o7 108.236
o7 05 58.151 05 03 112.688
05 Li1l o7 36.148 o1 o7 113.784
Li1 01 35.410 o1 03 103.368
Lil 03 34.219 o7 03 109.280

Table A.4.: Selected interatomic distances for [Na(DMF)3]T [A]. Standard deviations in units of the
last digit are given in parentheses.

Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A]
N1 C3 1.318(4) o1 o1 3.3650(3) | C3 Nal 3.415(4)
2 1.439(8) 01 3.3650(8) Nal  3.415(4)
c1 1.442(7) 2 3.499(6) o1 3.556(2)
o1 2.275(3) C3 3.556(2) o1 3.556(2)
C3 3.377(2) C3 3.556(2) C2 3.739(3)
C3 3.377(2) C1 3.574(7) C2 3.739(3)
N1 3.681(2) N1 3.798(2) c1 3.927(4)
N1 3.681(2) N1 3.798(2) c1 3.927(4)
o1 3.798(2) C2 3.871(2) Nal o1 2.432(2)
o1 3.798(2) C2 3.871(2) o1 2.432(2)
c1 3.963(4) 02 N1 1.439(8) o1 2.432(2)
c1 3.963(4) C3 2.400(6) o1 2.432(2)
C1 N1 1.442(7) c1 2.469(9) o1 2.432(2)
C3 2.404(5) o1 2.794(4) o1 2.432(2)
C2 2.469(9) o1 3.499(6) Nal 3.2631(4)
C2 3.573(8) c1 3.573(6) Nal 3.2631(4)
o1 3.574(5) C3 3.739(3) C3 3.415(4)
C1 3.702(3) C3 3.739(3) C3 3.415(3)
c1 3.702(3) o1 3.871(2) C3 3.415(4)
C3 3.927(3) o1 3.871(2) C3 3.415(3)
C3 3.927(3) Nal  3.983(4) o3 3.415(4)
N1 3.963(2) Nal 3.983(4) C3 3.415(4)
N1 3.963(2) 03 o1 1.236(6) 2 3.983(5)
01 o3 1.236(6) N1 1.318(6) 2 3.983(4)
N1 2.275(5) C2 2.400(6) C2 3.983(4)
Nal 2.432(2) c1 2.404(8) C2 3.983(6)
Nal  2.432(2) C3 3.313(2) C2 3.983(6)

Crystallographic Data 229



C2 2.794(7) C3 3.313(2) C2 3.983(5)
01 3.124(2) N1 3.377(2)
01 3.124(4) N1 3.377(2)

Table A.5.: Selected angles for [Na(DMF)3]I [°]. Standard deviations in units of the last digit are given
in parentheses.

Atom 1 atom 2 atom 3 angle [°] Atom 1 atom 2 atom 3 angle [°]

o1 Nal Nal 84.250(2) | Nal 01 o1 155.187(2)
Nal o1 50.035(3) o1 o1 119.025(2)
Nal 01 50.035(3) o1 o1 87.527(2)
Nal o1 127.533(1) o1 o1 79.929(3)
Nal o1 46.236(1) 01 Nal 47.875(1)
Nal o 50.035(3) 01 Nal 132.125(1)
Nal o1 50.035(3) o1 o1 79.929(3)
Nal o1 46.236(1) o1 o1 79.929(3)
Nal 01 127.533(1) 01 o1 87.527(2)
o1 01 60.000(8) o1 Nal 132.125(1)
o1 o1 80.386(3) o1 Nal 47.875(1)
01 01 80.386(3) o1 o1 79.929(3)
o1 01 94.056(6) 01 01 155.187(2)
o1 o1 94.056(6) o1 Nal 132.125(1)
01 01 151.736(1) 01 Nal 47.875(1)

Nal o1 o1 79.929(3) o1 o1 119.025(2)
o1 o1 119.025(2) o1 Nal 132.125(1)
o1 o1 87.527(2) o1 Nal 47.875(1)
o1 o1 155.187(2) o1 Nal  47.875(1)
o1 o1 79.929(3) o1 Nal 132.125(1)
01 Nal 47.875(1) Nal Nal 180.000
01 Nal 132.125(1)
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Crystallographic data for [La(DMF)¢]l3

Table A.6.: Selected interatomic distances for [La(DMF)g]I3 [A]. Standard deviations in units of the
last digit are given in parentheses.

Atom 1 atom 2 distance [A] [ Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A]

Lal 017 2.324(2) Lal 010 2.529(2) La2 026 2.481(2)
016 2.425(2) 015  2.540(2) 021 2.513(2)
O11  2.498(2) 018  2.550(2) 020  2.514(2)
012 2511(2) La2 025 2.412(2) 023 2.516(2)
013  2517(2) 022 2.424(2) 027 2.536(2)
014  2.520(2) 028  2.464(2) 024 2.617(2)

Table A.7.: Selected angles for [La(DMF)g]I5 [°].

given in parentheses.

Standard deviations in units of the last digit are

Atom 1 atom 2 atom 3 angle[°] | Atom 1 atom 2 atom 3 angle [°]

Lal 017 016 85.8(2) | La2 025 022 77.8(2)
017  Ol1  132.8(2) 025 028  138.3(2)
o7 012 141.9(2) 025 02  79.8(2)
017 013 136.9(2) 025 021 73.3(2)
o17 Ol 738(2) 025 020  140.7(2)
o17 019 71.1(2) 025 023 136.5(2)
o017 015  71.0(2) 025 027 84.8(2)
o7 018  73.7(2) 025 024  68.6(2)
016 O11 141.0(2) 022 028 70.0(2)
016 012  73.0(2) 022 02  75.2(2)
016 013  83.2(2) 022 021  136.1(2)
016 014 138.0(2) 022 029 139.1(2)
016 019 135.8(2) 022 023  87.3(2)
016 015  69.8(2) 022 027  137.6(2)
016 018  69.1(2) 022 02  69.5(2)
011 012  T7L9(2) 028 026  67.0(2)
011 013  70.5(2) 028 021  1132(2)
Ol11 Ol 70.3(2) 028 029  69.8(2)
011 019  69.0(2) 028 023  685(2)
011  O15  120.5(2) 028 027  136.8(2)
O11 018 112.5(2) 028 024 120.5(2)
012 013  724(2) 02 021 67.6(2)
012 Ol 141.3(2) 026 020  96.0(2)
012 019 102.6(2) 026 023 135.4(2)
012 015 126.3(2) 026 027  139.0(2)
012 018  69.3(2) 026 024  136.5(2)
013 014 87.1(2) 021 029 69.1(2)
013 019 138.6(2) 021 023 135.8(2)
013 015  66.0(2) 021 027  T1.6(2)
013 018 137.8(2) 021 024 126.1(2)
014 019  T7L3(2) 020 023 70.9(2)
014 015 68.9(2) 029 027 72.9(2)
014 018 134.5(2) 029 024 127.2(2)
019 015 130.9(2) 023 027  T79.2(2)
019 018 68.48(59) 023 024 67.9(2)
015 018  126.8(2) 0271 02 68.1(2)
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Crystallographic data for [RE(DMF)g]l; with RE = Sm, Gd, Er, Yb

Table A.8.: Coefficients Uj; / A2 of the anisotropic atomic displacement parameters for [Sm(DMF)g]T3,
[Gd(DMF)S]Ig, [EI‘(DMF)gHg and [Yb(DMF)gHg
2Uy2hka®*b*]}. Standard deviations in units of the last digit are given in parentheses.

Uy is defined as exp{—272[U;(ha*)2 + ... +

Atom Un Uz2 Uss Uas Uis Ui2

Sml_ 0.0503(6)  0.0490(4)  0.0475(5) 0 0.0123(4) 0

Gdl  0.02000(8)  0.03278(8)  0.02466(8) 0 0.00586(5) 0

Erl  0.02995(12) 0.02975(12) 0.02397(13) 0 0.00534(8) 0

Ybl 0.0378(3) 0.0316(3) 0.0244(2) 0 0.01093(16) 0

11 0.1037(9)  0.0882(7)  0.0835(8)  —0.0027(5)  0.0229(6)  —0.0115(6)
0.0707(2)  0.0754(2)  0.0586(2)  —0.00191(14) 0.01635(13) —0.01276(14)
0.0692(2)  0.0694(2)  0.0566(2)  —0.00179(14) 0.01532(14) —0.01141(14)
0.0781(5)  0.0704(5)  0.0565(4)  —0.0013(3)  0.0223(3)  —0.0110(3)

12 0.0937(11)  0.0819(9)  0.0648(9) 0 0.0142(7) 0
0.0672(2)  0.0641(2)  0.04405(17) 0 0.0103(2) 0
0.0661(2)  0.0596(2)  0.0423(2) 0 0.0092(2) 0
0.0732(6)  0.0631(6)  0.0416(4) 0 0.0153(4) 0

01 0.113(8) 0.070(5) 0.073(6) —0.028(5) 0.051(6) 0.002(5)
0.081(2) 0.0474(13)  0.059(2) ~0.0130(12)  0.0353(15)  0.0041(12)
0.072(2) 0.0419(13)  0.049(2) ~0.0095(12)  0.0281(14)  0.0034(12)
0.080(4) 0.041(3) 0.051(3) —0.011(3) 0.033(3) 0.000(3)

02 0.120(9) 0.065(5) 0.056(6) 0.013(4) 0.001(6) 0.018(5)
0.073(2) 0.0455(12)  0.0461(14)  0.0143(11)  0.0035(12)  0.0115(12)
0.069(2) 0.0422(13) 0.039(2) 0.0107(11) 0.0032(13) 0.0098(12)
0.081(4) 0.042(3) 0.034(3) 0.009(2) 0.010(3) 0.006(3)

Cl 0.056(3) 0.055(6) 0.078(10)  0.022(6) —0.001(7)  —0.004(6)
0.053(2) 0.041(2) 0.050(2) 0.0072(14)  0.001(2) ~0.0019(13)
0.049(2)  0.035(2)  0.049(3)  0.005(2) 0.001(2) —0.006(2)
0.056(5) 0.039(5) 0.046(5) 0.005(4) 0.007(4) —0.002(4)

C2  0.073(9) 0.050(6) 0.089(10)  —0.015(6) 0.026(8) 0.002(6)
0.052(2) 0.0394(14)  0.046(2) ~0.0084(13)  0.0160(14)  —0.0034(13)
0.048(2) 0.038(2) 0.043(2) ~0.006(2) 0.010(2) ~0.003(2)
0.053(5) 0.041(5) 0.041(4) ~0.008(3) 0.019(4) —0.002(4)

N1 0.076(7) 0.055(5) 0.054(6) —0.001(4) 0.014(6) 0.007(5)
0.057(2) 0.0414(13) 0.0364(13) —0.0037(11) 0.0125(12) 0.0053(11)
0.056(2) 0.038(2) 0.035(2) —0.0064(12)  0.0108(14)  0.0032(13)
0.068(4) 0.041(4) 0.035(3) ~0.003(3) 0.020(3) 0.006(3)

N2 0.094(9) 0.062(6) 0.060(7) 0.008(5) 0.011(6) 0.005(6)
0.064(2) 0.0490(15)  0.0433(15)  0.0134(13)  0.0044(13)  0.0102(13)
0.063(2) 0.047(2) 0.040(2) 0.0116(14)  0.007(2) 0.011(2)
0.071(5) 0.047(4) 0.038(3) 0.013(3) 0.011(3) 0.012(4)

03 0.071(7) 0.089(6) 0.091(8) 0.007(5) 0.037(6) 0.020(5)
0.0516(14)  0.068(2) 0.054(2) 0.004(2) 0.0266(12)  0.0140(12)
0.048(2) 0.060(2) 0.049(2) 0.0063(13)  0.0218(13)  0.0111(12)
0.051(3) 0.058(4) 0.045(3) 0.007(3) 0.028(3) 0.013(3)

C3  0.118(13)  0.059(7) 0.073(10)  —0.001(6) 0.021(9) 0.004(8)
0.075(3) 0.056(2) 0.053(2) 0.0050(18)  0.012(2) 0.011(2)
0.076(3) 0.047(2) 0.050(3) 0.0034(19)  0.012(2) 0.011(2)
0.084(7) 0.043(5) 0.050(5) 0.004(4) 0.017(5) 0.013(5)

04  0.088(8) 0.083(6) 0.080(7) 0.002(5) —0.006(6)  0.008(6)
0.053(2) 0.082(2) 0.051(2) —0.004(2) —0.0134(12)  0.0198(14)
0.051(2) 0.068(2) 0.047(2) ~0.0050(14)  —0.0098(13)  0.0166(14)
0.052(4) 0.064(4) 0.042(3) —0.005(3) —0.007(3)  0.013(3)

C4  0.076(10)  0.067(7) 0.075(9) —0.021(6) 0.050(8) ~0.012(7)
0.045(2)  0.048(2)  0.041(2) ~0.0072(13)  0.0168(13)  —0.0059(13)
0.048(2) 0.040(2) 0.038(2) ~0.007(2) 0.011(2) ~0.007(2)
0.057(5) 0.037(4) 0.038(4) —0.010(3) 0.019(4) —0.011(4)
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Ch

N3

N4

C6

C7

C8

C9

C10

Cl11

C12

0.013(6)
0.0089(13)
0.0010(2)
0.003(3)
0.002(5)
—0.0021(11)
—0.0017(13)
0.001(3)
0.019(5)
0.0096(12)
0.0073(13)
0.005(3)

0.031(10)
0.038(4)
0.034(3

0.017

0.018(8)
—0.0011(14)
—0.001(2)
0.010(4)
0.016(5)
0.0143(11)
0.0118(13)
0.018(3)
—0.002(6)
—0.0037(11)
—0.0023(14)
0.000(3)
0.010(8)
—0.001(2)

—0.005(6)
—0.0033(13)
—0.005(2)
—0.013(4)
0.001(5)
—0.0028(11)
0.0005(12)
—0.002(3)
0.000(5)
0.0003(11)
0.0010(13)
0.000(3)
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Crystallographic data for [Sc(DMF)g](l3)3

Table A.9.: Coefficients Uj; (AQ) of the anisotropic atomic displacement parameters for
[Sc(DMF)g)(I3)3. U is defined as exp{-272|U; (ha*)?+...+-2U 2hka*b*|}. Standard deviations in units
of the last digit are given in parentheses.

Atom Ui U2 Uss Uas Uis Uiz

Scl 0.071(2) 0.056(2) 0.077(2) 0.001(2) —0.010(2) 0.006(2)

I1 0.1389(13)  0.1190(12)  0.1004(10)  0.0007(9) 0.0209(9) 0.0051(10)
2 0.1117(11)  0.1021(11)  0.1372(13)  0.0010(10)  —0.0199(9) 0.0018(9)
13 0.1155(10)  0.0683(8) 0.0846(8) 0.0012(7) —0.0033(7) —0.0089(7)
14 0.1194(12)  0.1266(13)  0.1194(11)  0.0123(10)  0.0205(9) —0.0163(10)
15 0.159(2) 0.254(3) 0.272(3) 0.049(2) 0.072(2) 0.026(2)

16 0.0975(10)  0.0989(11)  0.190(2) 0.0336(11)  —0.0378(10)  —0.0157(8)
17 0.332(4) 0.201(2) 0.176(2) —0.022(2) 0.005(2) 0.048(2)

18 0.156(2) 0.1128(12)  0.1416(13)  0.0205(11)  0.0075(11) 0.0032(11)
19 0.1337(11)  0.0767(9) 0.0925(9) —0.0014(8)  —0.0208(8) 0.0076(8)
04 0.100(9) 0.071(8) 0.075(8) —0.009(7) —0.006(7) 0.009(6)
03 0.079(8) 0.093(8) 0.089(9) 0.000(7) 0.010(7) 0.032(7)
02 0.098(9) 0.073(8) 0.109(9) 0.002(8) 0.004(7) —0.014(7)
06 0.089(9) 0.128(11) 0.093(9) 0.020(8) 0.020(8) 0.010(8)
05 0.086(8) 0.083(8) 0.086(9) —0.005(7) —0.012(7) —0.015(6)
o1 0.103(9) 0.062(7) 0.081(8) —0.002(7) —0.019(6) 0.002(7)

Table A.10.: Selected interatomic distances for [Sc(DMFg](Is)s [A]. Standard deviations in units of
the last digit are given in parentheses.

Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A]
Scl 06 2.024(2) I8 19 2.902(2) 02 05 2.947(2)
03 2.048(2) 17 3.967(3) 06 Scl 2.024(2)
02 2.083(2) 19 18 2.902(2) 04 2.898(2)
04 2.086(2) 12 2.944(2) 02 2.939(2)
01 2.088(2) 04 Scl 2.086(2) o1 2.971(2)
05 2.096(2) 03 2.866(2) 05 2.994(2)
Il 13 2.948(2) 06 2.898(2) 05 Scl 2.096(2)
12 19 2.944(2) 02 2.925(2) 03 2.914(2)
13 14 2.916(2) 01 2.970(2) 02 2.947(2)
Il 2.948(2) 03 Scl 2.048(2) o1 2.968(2)
14 13 2.916(2) 02 2.853(2) 06 2.994(2)
15 3.912(3) 04 2.866(2) 01 Scl 2.088(2)
15 16 2.896(3) 01 2.894(2) 03 2.894(2)
14 3.912(3) 05 2.914(2) 05 2.968(2)
16 15 2.896(3) 02 Scl 2.083(2) 04 2.970(2)
17 2.926(3) 03 2.853(2) 06 2.971(2)
17 16 2.926(3) 04 2.925(2)
I8 3.967(3) 06 2.939(2)

Table A.11.: Selected angles for [Sc(DMFg](I3)s [°]. Standard deviations in units of the last digit are
given in parentheses.

Atom 1 atom 2 atom3 angle|[’] | Atom1l atom2 atom3 angle[°]

Scl 06 03 177.1(4) | 03 01 05 61.4(3)
06 02 91.3(4) | 02 Scl 03 45.7(3)
06 04 89.6(4) Scl 04 45.4(3)
06 01 92.4(4) Scl 06 43.5(3)
06 05 93.1(4) Scl 05 45.3(3)
03 02 87.3(4) 03 04 59.4(3)
03 04 87.7(4) 03 06 89.2(4)
03 o1 88.7(4) 03 05 60.2(3)
03 05 89.3(4) 04 06 59.2(3)
02 04 89.0(4) 04 05 90.8(4)
02 o1 176.1(4) 06 05 61.1(4)
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Scl 02

13
14
)
16
I7
18
19
04

03

04
04
01
14

13

16

15

16

19

18

Scl
Scl
Scl
Scl
03
03
03
06
06
02
Scl
Scl
Scl
Scl
02
02
02
04
04

05
o1
05
05
I1

15

I4

I7

I8

I7

12

03
06
02
o1
06
02
o1
02
o1
o1
02
04
o1
05
04
o1
05
o1
05

89.6(4) | 06 Scl
90.7(4) Scl
176.9(4) Scl
90.3(4) Scl
178.19(6) 04
157.29(6) 04
130.72(8) 04
177.07(9) 02
153.52(9) 02
172.78(7) 01
178.57(7) | O5 Scl
45.5(3) Scl
44.3(3) Scl
45.4(3) Scl
44.66(2) 03
89.8(4) 03
59.0(3) 03
59.4(3) 02
60.6(3) 02
60.8(3) 01
90.0(4) | O1 Scl
46.8(3) Scl
46.6(3) Scl
46.1(3) Scl
45.9(3) 03
61.5(3) 03
93.0(4) 03
61.4(3) 05
62.0(3) 05
92.6(4) 04

04
02
o1
05
02
0O1
05
o1
05
05
03
02
o1
06
02
o1
06
o1
06
06
03
05
04
06
05
04
06
04
06
06

Crystallographic data for [Zn(DMF),l;]

Table A.12.: Coefficients Us; (A2) of the anisotropic atomic displacement parameters for [Zn(DMF)ly).
U is defined as exp{-2m2|Uy; (ha*)?*+...+2U2hka*b*|}. Standard deviations in units of the last digit
are given in parentheses.

Atom Up U2 Uss Uss Uiz Uiz

Znl  0.0656(3) 0.0539(4) 0.0647(3) —0.0030(3) 0.0331(3) —0.0005(3)
I 0.0780(3) 0.1044(4) 0.0764(3) —0.0162(2) 0.0116(2) 0.0034(2)
2 0.0897(3) 0.0589(2) 0.0882(3) —0.0075(2) 0.0312(2) —0.0100(2)
Cl  0.148(6) 0.107(6) 0.123(6) —0.015(5) 0.093(5) —0.014(5)
C2  0.289(14) 0.077(6) 0.31(2)  0.040(7)  0.241(14) 0.014(7)
€3 0.092(4) 0.075(4) 0.091(4) 0.015(3)  0.052(3) 0.012(3)
N1 0.110(4) 0.078(3) 0.108(4) 0.019(3)  0.076(3)  0.007(3)
Ol  0.104(3) 0.064(3) 0.102(3) 0.003(2)  0.067(2) —0.003(2)
C4  0.099(4) 0.078(4) 0.100(5) —0.032(4) 0.040(4) —0.021(4)
C5  0.058(3) 0.061(3) 0.072(3) —0.003(3) 0.028(2) —0.002(2)
C6  0.101(5) 0.117(6) 0.147(7) —0.051(5) 0.053(5) 0.024(4)
02 0.060(2) 0.058(2) 0.079(2) —0.012(2) 0.031(2) 0.005(2)
N2 0.068(2) 0.058(3) 0.062(2) —0.010(2) 0.030(2)  0.002(2)
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Table A.13.: Selected interatomic distances for [Zn(DMF),I,] [A]. Standard deviations in units of the
last digit are given in parentheses.

Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A] | Atom 1 atom 2 distance [A]
Znl o1 1.994(2) C3 N1 1.300(2) C5 02 1.238(2)
02 2.001(2) C1 2.37(2) N2 1.288(2)
12 2.5284(7) 2 2.43(2) C4 2.378(2)
Il 2.5383(9) Znl 2.875(2) c6 2.40(2)
C3 2.875(2) 02 3.302(2) Znl 2.882(2)
C5 2.882(2) N1 3.675(2) Il 3.765(2)
I Znl 2.5383(9) c1 3.869(2) C4 3.84(2)
02 3.687(2) C3 3.913(7) 12 3.892(2)
01 3.690(2) 2 3.92(2) c6 N2 1.473(2)
C5 3.765(2) 12 3.974(2) C5 2.40(2)
C2 3.796(2) N1 C3 1.300(2) C4 2.487(2)
C4 3.875(2) C1 1.41(2) 02 3.581(2)
12 Znl 2.5284(7) 2 1.47(2) 12 3.865(2)
o1 3.642(2) o1 2.224(2) 01 3.957(2)
02 3.700(2) C3 3.675(2) 02 Cs 1.238(2)
C6 3.865(2) N1 3.819(2) Znl 2.001(2)
C5 3.892(2) o1 C3 1.200(2) N2 2.246(2)
C3 3.974(2) Znl 1.994(2) C4 2.763(2)
C1 N1 1.41(2) N1 2.224(2) o1 3.070(2)
C3 2.37(2) c1 2.75(2) C3 3.302(2)
C2 2.46(2) 02 3.070(2) C6 3.581(2)
o1 2.75(2) 2 3.56(2) I 3.687(2)
01 3.808(2) 12 3.642(2) 12 3.700(2)
02 3.814(2) Il 3.690(2) Cl1 3.814(2)
C3 3.869(2) C1 3.808(2) N2 C5 1.288(2)
C2 N1 1.47(2) c6 3.957(2) C4 1.440(2)
C3 2.43(2) c4 N2 1.440(2) C6 1.473(2)
C1 2.46(2) C5 2.378(2) 02 2.246(2)
01 3.56(2) C6 2.487(2) C4 3.914(2)
Il 3.796(2) 02 2.763(2)
C2 3.86(2) C5 3.84(2)
C3 3.92(2) I 3.875(2)
C3 01 1.200(2) N2 3.914(2)

Table A.14.: Selected angles for [Zn(DMF),I5] [°]. Standard deviations in units of the last digit are
given in parentheses.

Atom 1 atom 2 atom3 angle[’] | Atom1l atom?2 atom3 angle[°]
Znl o1 02 100.3(2) | O1 Znl 02 39.8(2)
o1 12 106.6(2) Znl 12 41.67(2)
01 Il 108.4(2) Znl Il 40.73(2)
02 12 109.00(2) 02 12 66.26(2)
02 I1 108.07(2) 02 I1 65.3(2)
12 Il 122.10(2) 12 1l 74.39(2)
Il Znl 02 31.05(2) | 02 Znl 01 39.72(2)
Znl o1 30.84(2) Znl Il 40.87(2)
02 01 49.17(2) Znl 12 40.24(2)
12 Znl o1 31.63(2) o1 1l 65.4(2)
Znl 02 30.75(2) o1 12 64.31(2)
o1 02 49.42(2) Il 12 73.75(2)
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Crystallographic data for [Cdl;][Cd(DMF)g]

Table A.15.: Coefficients Uj; (A2) of the anisotropic atomic displacement parameters for
[CdL,][Cd(DMF)g]. Uy is defined as exp{-2w?|U;;(ha*)?+...+2U2hka*b*|}. Standard deviations in
units of the last digit are given in parentheses.

Atom U Uaz2 Uss Uas Uis U2

Il 0.01145(11) 0.01720(13) 0.01339(12) 0.00707(8) 0.00155(9)  —0.00226(7)
12 0.01656(13)  0.01462(13)  0.0272(2) 0.00301(9) 0.01366(11)  —0.00336(8)
C1 0.021(2) 0.023(2) 0.021(2) —0.003(2) 0.011(2) 0.001(2)

C2 0.022(2) 0.024(2) 0.048(3) 0.002(2) 0.025(2) 0.004(2)

N1 0.018(2) 0.027(2) 0.0148(14)  —0.0047(13)  0.0103(12)  —0.0042(13)
o1 0.0199(14)  0.0160(13)  0.0213(14)  —0.0028(11)  0.0084(12)  0.0054(11)
02 0.035(2) 0.022(2) 0.036(2) 0.0023(14) 0.025(2) 0.0008(14)
C3 0.019(2) 0.027(2) 0.019(2) —0.002(2) 0.011(2) 0.000(2)

c4 0.018(2) 0.019(2) 0.0135(15)  0.0017(12) 0.0088(13)  0.0059(13)
c5 0.021(2) 0.013(2) 0.025(2) —0.0025(14)  0.0107(17)  —0.0009(13)
C6 0.023(2) 0.025(2) 0.020(2) ~0.005(2) 0.011(2) ~0.004(2)
N2 0.0149(13)  0.0160(14)  0.0134(13)  —0.0014(10)  0.0084(11)  —0.0038(10)
03 0.0167(13) 0.0171(14) 0.0153(12) —0.0030(10) 0.0026(11) 0.0020(10)
cr7 0.014(2) 0.017() 0.017(2) ~0.0030(13)  0.0062(13)  —0.0038(12)
N3 0.0113(13)  0.021(2) 0.0139(13)  —0.0018(11)  0.0041(11)  —0.0028(11)
cs 0.020(2) 0.033(3) 0.023(2) ~0.010(2) 0.004(2) 0.006(2)

9 0.020(2) 0.020(2) 0.025(2) 0.011(2) 0.006(2) 0.002(2)
Ccdl 0.00792(13)  0.00797(14)  0.00977(14)  0.000 0.00380(11)  0.000

Cd2 0.0135(2) 0.0115(2) 0.0113(2) —0.00061(11) 0.00420(13) 0.00330(11)

Crystallographic data for Eu12CopH220060N2gl12 and
Nd12Co2H220060N2sl12

Table A.16.: Coefficients Uy / A2 of the anisotropic atomic displacement parameters for
[RElg(DMF)24(Mg-COOH)g(Mg-OH)lG]Ilg - 4DMF (RE = 1\IC17 Eu) Uij is defined as eXp{-
2712|U1q (ha*)?+...42U 2 hka*b*]}. Standard deviations in units of the last digit are given in paren-
theses.

Atom Uy, Uss Uss Uss Uis Uiz

Nd1l 0.03180 Uy 0.04250 0.00420 —0.00100 0.00100
Eul 0.0313(3) U 0.0455(7) 0.0011(6)  —0.0011(6) 0.0018(5)
Nd2 0.03260 0.04450 0.05660 —0.050 —0.01340  0.040

Eu2 0.0457(5) 0.0324(4) 0.0661(6) 0.0176(4)  —0.0022(6) —0.0013(4)
1 0.08240(4) Uy 0.04290(7) 0 0 0

I 0.08370(11) Uy 0.0427(2) 0 0 0

2 0.12520(3) 0.14420(2) 0.0974(2) 0 0 ~0.0350(12)
2 0.10910(13) U, 0.1030(2) —0.0150(13) 0.03240(13) —0.0324(2)
3 0.17900(3) Un, 0.100(2)  0.0450(11) 0 0

I3 0.12870(2) 0.1410(2) 0.09700(2) 0 0 —0.02200(3)
14 0.09050(4) Uy 0.0995(2) —0.00700(11) 0.02350(7) —0.02350(6)
4 0.16700(2) U 0.10400(3) 0.02000(5) 0 0
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Crystallographic data for Yb;;Hgs,

Table A.17.: Coefficients Uj; / A2 of the anisotropic atomic displacement parameters for Ybi1Hgs,.
Uy is defined as exp{—27%[U;1(ha*)2+...+2Uohka*b*]}. Standard deviations in units of the last digit
are given in parentheses.

Atom Uy Uag Uss Uiz Uis Uas

Hgl  0.0222(4) 0.0163(3) 0.0172(3) 0.0004(3) 0.0013(3)  0.0098(3)
Hg2  0.0179(4) 0.0221(4) 0.0374(5) 0.0023(3) 0.0013(3)  0.0095(3)
Hg3  0.0341(5) 0.0231(4) 0.0189(3) -0.0017(3) -0.0016(3) 0.0156(4)
Hed  0.0183(3) 0.0181(3) 0.0177(3)  0.0007(3)  0.0025(3)  0.0047(3)
Hes  0.0100(4) 0.0199(4) 0.0262(3)  -0.0048(3) -0.0019(3) 0.0113(3)
He6  0.0211(3) 0.0161(3) 0.0153(3) 0.0001(2) 0.0000(2)  0.0082(3)
Ybl  0.0138(5) 0.0151(5) 0.0151(4) 0 0 0.0068(4)
Yb2  0.0195(6) 0.0158(6) 0.0153(5) 0 0 0.0094(5)
He7  0.0170(5) 0.0212(5) 0.0180(4) 0 0 0.0017(4)
Yb3  0.0136(5) 0.0160(6) 0.0147(4) 0 0 0.0067(5)
He8  0.0270(6) 0.0273(6) 0.0313(6) 0 0 0.0168(5)
Hgd  0.0209(5) 0.0268(6) 0.0239(5) 0 0 0.0115(5)
Hglo  0.0182(5) 0.0207(5) 0.0218(4) 0 0 0.0079(4)
Ybd  0.0134(4) = Uy 0.0142(5) 0 0 0.0067(2)
Hgll 0.0205(4) = Uy 0.0274(7) 0 0 0.0103(2)
Hgl2 0.0206(4) = Uy 0.0288(7) 0 0 0.0103(2)
Hgl3  0.0136(5) — Uy 0.0249(8) 0 0 0.0068(2)
Hgld  0.0238(7) = Uy 0.0361(12) 0 0 0.0119(3)

Crystallographic data for Li3sGay4.,Sn, with x =~ 1

Table A.18.: Coefficients Uj; / A2 of the anisotropic atomic displacement parameters for LisGaq3_xSny.
Ujj is defined as exp{—2n%[Uy;(ha*)2+...+2U;2hka*b*]}. Standard deviations in units of the last digit
are given in parentheses.

Atom Un U Uss Uss Us Uro

Gal  0.0040(12) Un 0.0035(14) —0.0011(5) 0.0011(5) _ 0.0028(12)
Ga2  0.0041(14) Uy 0.0046(16) 0.0003(5)  —0.0003(5) 0.0025(12)
Ga3  0.0025(17) Un 0.027(3) 0. 0 0.0013(8)
Sn3  0.0025(17) U 0.027(3) 0 0 0.0013(8)

Lil  0.00(3) —0.03(3) 2.0(16) —0.2(2) ~0.11(10)  —0.017(14)
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Table A.19.: Selected interatomic distances for LizGaj3_,Sny [A] Standard deviations in units of the
last digit are given in parentheses.
Atom 1 atom 2  distance [A] | Atom 1 atom 2  distance [A] | Atom 1 atom 2  distance [A]

Gal  Gal 2.438(2) Ga 2 Ga2 2.667(2) Sn3|Ga3 Li2 3.2(2)
Ga2 2.597(2) Li2 2.78(7) Li2 Li2 2.5(2)
Ga2 2.597(2) Li2 2.78(7) Ga2 2.78(9)
Ga2 2.613(2) Li2 2.7(2) Ga2 2.78(9)
Gal 2.666(2) Li2 2.7(2) Ga2 2.79(9)
Gal 2.666(2) Li2 3.8(2) Ga2 2.79(9)
Li2 2.9(2) Sn3|Ga3 Ga2 2.586(2) Sn3|Ga3 2.9(2)
Li2 2.9(2) Ga2 2.586(2) Gal 2.9(2)
Li2 3.0(2) Ga2 2.587(2) Gal 2.9(2)
Li2 3.0(2) Sn3|Ga3 265(3) Gal 3.00(7)
Ga2  Sn3|Ga3 2.587(2) Li2 2.9(2) Gal 3.00(7)
Gal 2.597(2) Li2 292(8) Sn3|Ga3 3.2(2)
Gal 2.597(2) Li2 2. 92(8) Li2 3.4(2)
Gal 2.613(2) Li2 3.2(2) Li2 3.4(2)
Ga2 2.667(2) Li2 3.2(2) Ga2 3.8(2)

Table A.20.: Standardised fractional atomic coordinates and equivalent isotropic displacement param-
eters / pm? for LizGajz_,Sn, from powder X-ray diffraction data. Standard deviations in units of the
last digit are given in parentheses. Thermal displacement factors were contrained for the mixed occupied
position and not refined for the Li position.

Atom Wyckoff x v z Biso
number

Gal 18h 0.437(2) 0.552(2) 0.049(2) 2.13(2)

Ga2 18h 0.5027(2) 0.4973(2) 0.1968(2) 1.63(8)

Ga3 6c¢ 2/3 1/3 0.2534(4) 2.1(2)

Sn3  6¢ 2/3 1/3 0.2534(4) 2.1(2)

Lil 18h  0.2525(5) 0.4475(11) 0.02(4) 0.7
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B. Performed Experiments

Table B.1.: Experiments Frank Tambornino

No. Type of experiment Target compound Result

FT001 electrolysis Cal, - 6DMF phase pure product obtained

FT002 electrolysis Ca—amalgam no product obtained

FT003  electrolysis Scls - xDMF educt isolated

FT004  electrolysis Scls - xDMF educt isolated

FT005  electrolysis Scls - xDMF Sclz - DMF isolated

FT006 electrolysis Ca—amalgam no product obtained

FT007  electrolysis NdI;3 - SDMF phase pure product obtained

FT008 electrolysis Cal, - 6DMF phase pure product obtained

FT009  electrolysis KHgiq product obtained

FT010  electrolysis KHgy, product obtained

FT011 electrolysis KHgg mixture of KHgy; and KHgg

FT012 electrolysis Ca-amalgam no product obtained

FT013  electrolysis Fel, - 6DMF no product obtained

FT014  electrolysis Ca—amalgam no product obtained

FTO015 electrolysis KHgg mixture of KHgy; and KHgg

FT016  electrolysis Nd-amalagam electrolysis did not start, no prod-
uct obtained

FTO17  electrolysis KHgg mixture of KHgy; and KHgg

FTO018  electrolysis KHgg mixture of KHg;; and KHgg

FT019 electrolysis KHgy, phase pure product obtained

FT020 thermochemical KHgg phase pure product obtained

synthesis with
seeds from FT017

FT021 electrolysis Eul3 - SDMF phase pure product obtained

FT022 electrolysis Mg-amalgam no product obtained

FT023  electrolysis Mg-amalgam no product obtained

FT024 electrolysis Mgl, - 6DMF phase pure product obtained

FT025 electrolysis Nd-amalgam electrolysis did not start, no prod-
uct obtained

FT026  electrolysis Mg—amalgam no product obtained

FT027  electrolysis not performed

FT028  electrolysis Mg-amalgam no product obtained

FT029  electrolysis Mg-amalgam no product obtained

FT030  electrolysis Fe-amalgam deposition of Fe in Hg matrix, no
compound formation

FT031 electrolysis Eul; - SDMF phase pure product obtained

Performed Experiments

241



FT032  electrolysis Mg-amalgam no product obtained

FT033  electrolysis CaHgs unidentified product isolated

FT034  electrolysis Erl; - SDMF phase pure product isolated

FT035  electrolysis not performed

FT036  electrolysis EuyoHgss product obtained, high Hgqq
content

FT037  HP synthesis WC and Hg educt isolated

FT038 electrolysis EuioHgss product obtained, high Hg,)
content

FT039 electrolysis Fu,gHgss product obtained, high Hg,q)
content

FT040  electrolysis Er-amalgam product isolated, not identifiable

FT041 electrolysis EuyoHgss product obtained, high Hgq)
content

FT042 electrolysis Cay;_,Hgsqy s phase pure product isolated

FT043  solvate Dyl; - xDMF

FT044  electrolysis Cay1_.Hgsqi s phase pure product isolated

FT045 solvate Lals - 9DMF phase pure product obtained

FT046 solvate Smlz - xDMF no product isolated

FT047  electrolysis not performed

FT048  solvate Scls - xDMF Sc(I3)s - 6DMF obtained

FT101 DFT test Al successful convergence

FT102  thermo. ErHg Hg distilled off

FT103  thermo. ThHg elemental Tb in bulk with liquid
Hg

FT104  tempering Er,Hg, microcrystalline powder, un-
known

FT105  electrolysis La amalgam no product obtained

FT106  electrolysis La amalgam no product obtained

FT107  thermo. La amalgam La; Hgys and LaHg

FT108 electrolysis LiHgs phase pure product

FT109 electrolysis KHg, phase pure product

FT110 thermo. LaHg phase pure LaHgs, microcrys-
talline

FT111 solvate Eul; - SDMF phase pure product

FT112  tempering KHgg phase pure product

FT113  thermo. LaHg La obtained

FT114 distillation La; Hgys phase pure product

FT115 thermo. KHgg KHg;1 and minor amounts of
KHgG

FT116 electrolysis La amalgam "LaHgg", microcrystalline

FT117  thermo. ErHg no product obtained

FT118 distillationi ErHgs phase pure ErHgs, microcrys-
talline powder

FT119 thermo. LiHg phase pure product obtained
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FT120 electrolysis Na/K amalgam microcrystalline powder, un-
known
FT121 single crystal anal- Na/K amalgam no single crystal isolated
ysis from FT120
FT122 solvate MoCly in var. sol- soluble in DMF, hot acids
vents
FT123 DFT CsgAlOy calculation successful
FT124  electrolysis Dy amalgam no product obtained
FT125 electrolysis Dy amalgam no product obtained
FT126 solvate Tily in DMF decomposition of DMF
FT127  solvate Znl, - xDMF single crystals obtained
FT128  electrolysis Mg amalgam no product obtained
FT129  solvate Mgl, - 6DMF porduct obtained
FT130  electrolysis KHg;1 from NMP insufficient solution of KI in NMP
solution
FT131 solvate Tily in DMF decomposition of DMF
FT132 solvate Tily in DMF decomposition of DMF
FT133  electrolysis Cd amalgam solid solution of Cd in Hg
FT134  electrolysis Ag amalgam Ag;NOq; single crystals
FT135 distillation ErHgs phase pure product
FT136 DFT CsoHgor successful convergence, Bader
charges calc.
FT137  electrolysis Agy03 no product obtained
FT138  distillation La amalgam La;1Hgys phase pure
FT139 DTA no data collected
FT140 DFT Cs10AlOs5 no convergence, problem too large
FT141 DFT Li amalgams successful  convergence, band
structures obtained
FT142 distillation Ce amalgam ampoule burst, no product ob-
tained
FT143  tempering "LaHgg" from elec- decomposition into LaHgs and Hg
trolysis
FT144  distillation Laj1Hgys phase pure product
FT145  tempering "LaHgg" from elec- decomposition into LaHgs and Hg
trolysis
FT146  tempering "LaHgg" from elec- decomposition into LaHgs and Hg
trolysis
FT147  tempering "LaHgg" from elec- decomposition into LaHgs and Hg
trolysis
FT148 thermo. LiggHg 1 no product obtained
FT149  thermo. LiggHg 2 phase pure product
FT150  thermo. LigoHg 1 phase pure product
FT151 thermo. Li; 1Hggo phase pure product
FT152 thermo. Li; oHgo s phase pure product
FT153  electrolysis Sm amalgam "SmHgg", microcrystalline pow-

der, unknown
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FT154 thermo. Ligg5Hgy 15 phase pure product
FT155 thermo. Lig.g5Hg1 05 phase pure product
FT156 thermo. Liy o5Hgo o5 phase pure product
FT157  electrolysis Er amalgam no product obtained
FT158 electrolysis KHg, phase pure product
FT159 solvate Te iodide in DMF  no product obtained
FT160  — InHg metallic InHg solution obtained
FT161  electrolysis K on InHg in glass KHg;;_In, obtained
spoon
FT162  electrolysis Sm amalgam no product obtained
FT163  electrolysis K on InHg in cop- KHgy; In, obtained
per spoon
FT164 electrolysis Ce amalgam passivation, no product obtained
FT165 solvate Ybl; - xDMF solution obtained, no crystalline
product
FT166  electrolysis Yb amalgam passivation, no product obtained
FT167  electrolysis Yb amalgam passivation, no product obtained
FT168 electrolysis KHg, phase pure product
FT169 NMR Li amalgams NMR data obtained
FT17 0  thermo. YbHg Yby4Hgs1, poor quality
FT171 solvate Ybl, - xDMF solution obtained, no crystalline
product
FT172 thermo. Hg phosphide no product obtained
FT173 distillation YHgs phase pure product
FT174 electrolysis Yb amalgam passivation, no product obtained
FT175  electrolysis Agy03 very little product obtained.
FT176  thermo. YbHg, phase pure product, high amount
of Hg remnant
FT177  DFT CsoHgor with Au successful convergence, DOS-
plots
FT178 thermo. LigHg LizHg obtained, phase pure
FT179 thermo. Hg phosphide no product obtained
FT180  thermo. LiHgg 75Ga0.25 product crystallises in CsCl type,
poor quality
FT181 thermo. LiHgg.755¢0.25 product crystallises in CsCl type,
poor quality
FT182 thermo. LiHgg 75Au0.25 no product obtained
FT183 thermo. LiHgg 75Au0.25 no product obtained
FT184  electrolysis Csl on Hgln elec- Cslnys
trode
FT185 solvate Dy iodide in DMF  oxidation of iodide through air
contact
FT186 electrolysis Na/K amalgam microcrystalline powder, un-
known
FT187 electrolysis LizGayy phase pure product
244 Performed Experiments



FT188  thermo. CeHg no product obtained

FT189 — FT200 not performed
FT201 distillation YbHgs phase pure product
FT202 electrolysis Gd amalgam no product obtained
FT207  electrolysis Na/K amalgam low quality sample
FT208  electrolysis Cs on InHg Cslnyo
FT209 DFT LisGaqy successful convergence
FT210 tempering Na/K amalgam mno improvement in quality

from FT207
FT211  electrolysis Cd on InHg mixture of Cd/In and Cd,In,Hg,
FT212  electrolysis Cs on InHg Cslnyso
FT213 electrolysis Rb on InHg RbHgq1_Iny
FT214  distillation TmHg;s phase pure product
FT215 DFT LisGai3Sn; successful convergence
FT217  electrolysis Yb amalgam Ybi4Hgs1, poor quality
FT218 distillation DyHgs phase pure product
FT219  distillation HoHg; phase pure product
FT220  electrolysis Cs on InHg Cslnys
F'T222  electrolysis Cs on InHg Cslnyo
Table B.2.: Experiments Jonathan Sappl

No. Target compound  Result

FTJS01 Cd510314 Cd

FTJS02 (CdsCayy product obtained

FTJS03 CdsgSris Cd and CdO

FTJS04 AgsThl4 Ags;Th14

FTJS05 Ags1Gdl4 Ags1Gd14

FTJS06 (CdsgSrl3 no product obtained

FTJS07  Agsi Y1 Ags1 Yy

FTJS08 Ags1Ceqy Ags1Cey

FTJS09 CdsgSris product obtained

FTJS10 CdsCayy CaO and CaCdg

FTJS11  AgsiEuyy product obtained

FTJS12  AgsiScyy product obtained

FTJS13 Ags;Ybl4 product obtained

FTJS14 Cds Euys product obtained

FTJS15 (Cds;Caqy product obtained
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Table B.3.: Experiments Trung Minh Cong

No. Cathode material / elec- Target com- Result
trolyte / temperature [°C| pound
FTTCO01 Hg / Lil / r.t. LiHgs phase pure LiHgs
FTTC02 Ga / KI /50 KGay product not identifiable
FTTC03 Galinstan / Lil / r.t. explorative LiGa, Li3Gaqy, Liln, In
FTTC04 Ga / Lil / 55 LisGaqy LizGayy, side phases (n.i.)
FTTC05 Ga / KI /55 KGay no product isolated
FTTCO06 Galinstan / CsI / r.t. explorative no product isolated
FTTCO7 Ga / Fely / 55 FeGa, passivation of electrode
FTTC08 Ga / Lil / 75 LigG&M LigGa14
FTTC09 Galinstan / Csl / r.t. explorative CsOH - HyO, side phases (n.i.)
FTTC10 Galinstan / Csl / 1.t. explorative CsOH - HyO, side phases (n.i.)
FTTCI11 Ga /KI /55 KGay no product isolated
FTTC12 Galinstan / Csl / r.t. explorative passivation of electrode
Table B.4.: Experiments Felix Pultar
No. Type of experiment Target compound  Result
FXPO01 Ga—Sn alloy product obtained
FXP02  electrolysis dry KI product obtained
FXP03  electrolysis GagSngSnsg no product obtained
FXP04  electrolysis IM KI solution in product obtained and used
DMF
FXP05  electrolysis GagSngSnsg no product obtained
FXP06  electrolysis 1M Csl product obtained
FXP0O7  electrolysis Ga—Sn alloy product obtained
FXP08  electrolysis dry DMF product obtained and used
FXP09  electrolysis CsgGa : 8Snsg no product obtained
FXP10  electrolysis dy DMF product obtained and used
FXP11  electrolysis Ga—Sn alloy product obtained
FXP12  electrolysis KGay no product obtained
FXP13  electrolysis Nal - 3DMF product obtained
FXP14  electrolysis NaGay no product obtained
FXP15  electrolysis dry KI product obtained
FXP16  electrolysis NaGay product obtained
FXP17  electrolysis NaGay product obtained
FXP18  electrolysis NaGay electrolysis discontinued
FXP19  electrolysis dry DMF product obtained
FXP20  electrolysis KsGagSnag product obtained, not identifiable
FXP21  electrolysis Bal, - SDMF product obtained
FXP22  electrolysis dry KI product obtained
FXP23  electrolysis BagGaiSnsg no product obtained
FXP24  electrolysis BaGay no product obtained
FXP25  electrolysis Ga—Sn alloy product obtained
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FXP26  electrolysis Ba—Ga—Sn—In alloy mno product obtained
FXP27  electrolysis dry Csl no product obtained
FXP28  electrolysis Na,Csg_,Sngly CsgSnysy obtained
FXP29  electrolysis KgGagSnsg product obtained
FXP30  electrolysis dry KI product isolated
FXP31  electrolysis - not performed
FXP32  electrolysis KgGagSnsg product obtained
FXP33  electrolysis dry KI product obtained
FXP34  electrolysis KI-3DMF phase pure KI obtained
FXP35  electrolysis dry Csl product obtained
FXP36  electrolysis dry DMF product obtained
Table B.5.: Experiments Philipp Bielec
No. Type of experiment Target compound Result
FTPBO1 electrolysis Euls - SDMF product obtained
FTPBO02- electrolysis Eul; - xAcetonitrile educt isolated
A
FTPBO02- electrolysis Buls educt isolated
B xCyclohexanone
FTPBO02- electrolysis Eul; - xAcetonitrile no product obtained
C
FTPBO3 electrolysis solvation study of mno solvation
Nd19Cg2H220060N2s112

FTPBO04 electrolysis Eul; - xDiGlyMe educt isolated
FTPBO05 electrolysis Euls - xAcetone no product obtained
FTPBO6 electrolysis Eulz - SDMF product isolated
FTPBO7 electrolysis Euls - xDiGlyMe no product obtained
FTPBO08 electrolysis Eu13 : [18]C1"OWH[6] EU12092H220060N28112
FTPB09 HP synthesis Euls blow out, no product
FTPB10 electrolysis EuCl; EuCl; - 6H,O
FTPBI11 electrolysis Eu15Cg2Hg200g0Nogliono product isolated
FTPB12 electrolysis Euls blow out, no product
FTPB13 electrolysis Eul; - xAcetone I5 elusion
FTPB14 electrolysis Euls no product
FTPBI15 electrolysis Eul; - xAcetone Na(C3HgO)sl, and

Eu(H20)4(C3HgO) 413
FTPB16 electrolysis Euls - SDMF product obtained
FTPB17 electrolysis Buls Eul,
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Table B.6.: Experiments Kuno Schwérzer

No. Target compound  Result

FTKS01 CeHg unknown product

FTKS02 CelnHg Celng/CeHgs mixture

FTKS03 CeHgs Ce11Hgys/CeHgs mixture

FTKS04 GdHgs oxygen contamination, discarded
FTKS05 LuHgs product isolated

FTKS06 CeHg unknown product

FTKS07 YHgs product isolated

FTKS08 CelnHg Celngz /unknown side phase

FTKS09 Yngg YbHHg54 isolated

FTKS10 GdHgs product isolated

FTKS11 TbHgs experiment discarded

FTKS12 CeHg product /minor amounts CeHgy isolated
FTKS13 FEuHg; EuyoHgss isolated

FTKS14 SmHg3 SIIlHHg44‘5 isolated

FTKS15 NdHgs oxygen contamination, mixed Nd-oxide
FTKS16 TbHgs unknown product

FTKS17 CeHg product /minor amounts CeHgy isolated
FTKS18 CeRuHg Ru/Cey03/CeRus isolated

FTKS19 CeMoHg Mo/Cey 03 isolated

FTKS20 CeNiHg Ni/CeyO3/Cei1Hgys isolated

FTKS21 CelrHg educt isolated

FTKS22 Nngg Ndlng44_5 isolated

FTKS23 CeCoHg CeHg/CeCos isolated

FTKS24 CeHg product /minor amounts CeHgs isolated
FTKS25 CeFeHg educt isolated

FTKS26 CePdHg experiment discarded

FTKS27 CdHgs unknown product

FTKS28 CePtHg PtyCe/Ceq1Hgys isolated

FTKS29 CeRuHg CeRuy/CeHgy /CeHgs /Cey O3 isolated
FTKS30 NdHgs Nd;1Hgyy 5 isolated

FTKS31 Yngg Yb14Hg51 isolated

FTKS32 CeHgs Cey1Hgys/CeHgs /unknown phase isolated
FTKS33 TbHgs TbHg, isolated

FTKS34 FEuHg; Fu,gHgss isolated

FTKS35 SmHgs SmHg, isolated
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Table B.7.: Experiments Arthur Haffner

No. Target compound Result

AHO1 [Gd(DMF)g]Is product isolated
AHO2 Nd(DMF)s]I; product isolated
AHO03 Nd(DMF)s]13 product isolated
AH04 Yb(DMF)g]I3 product isolated
AHO5 Nd12C92H220060N28112 Nd(COOH)g isolated
AH06 NdlgcggHggooﬁoNggllg Nd(COOH)g isolated
AHO7 [PLi(DMF)4JT product isolated
AHO8 Nd12C92H220060N28112 no pI'OdUCt isolated
AHO09 — not performed
AHOlO NdlgngHggooﬁoNggllg Nd(COOH)g isolated
AHO11  Gd(COOH)3 product isolated
AHO012 Nd12C92H220060N28112 [Nd(DMF)g]Ig isolated
AHO013  Nd(COOH); product isolated
AHO14 Nd12092H220060N28112 no pI‘OdUCt isolated
AH015 NdlgcggHggooﬁoNggllg Nd(COOH)g isolated
AHO16 NdlgcggHggooﬁoNgglu no pI‘OdUCt isolated
AHO17  NdI3 - xTHF no product isolated
AHO18  GdI; - xXTHF no product isolated
AHO19  Srl; - xXTHF no product isolated

Table B.8.: Experiments Sabine Hiibner

No. Type of experiment Target compound Result

FTSHO1 electrolysis KHg, KHg,

FTSHO2 electrolysis CsoHgor CsoHgor

FTSHO3 electrolysis CsoHgor Au, no product isolated
FTSHO4 electrolysis CsoHgor_,Au, CsoHgor

FTSHO5 electrolysis CsoHgor_ ,Au, no product isolated
FTSHO6 electrolysis CsoHgor_,Au, Cs3zHgog

FTSHO7 electrolysis CsoHgor_,Au, YYY

FTSHO8 electrolysis CsoHgor_,Au, YYY

FTSHO09 electrolysis In-amalgam product isolated
FTSH10 electrolysis CsoHgor ,Au, no product isolated
FTSH11 electrolysis In-amalgam Cslngs

FTSH12 electrolysis CsoHgor_,Au, Cs3zHgoo
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Table B.9.: Experiments Tobias Giftthaler

No. Cathode material Electrolyte Result

FTSTGO01 GallnStan Nal product isolated
FTSTGO02 Ga;;Sns Lil liquid product isolated
FTSTGO03 GallnStan Nal no product isolated
FTSTG04 Gaq1Sns Lil product isolated
FTSTGO5 GallnStan RbI no product isolated
FTSTGO06 GallnStan RbI liquid product isolated
FTSTGO07 GallnStan Cal, no product isolated
FTSTGO08 Ga NdlIs no product isolated
FTSTG09 Ga Ndls no product isolated
FTSTG10 Ga;;Sns Lil product isolated
FTSTG11 GallnStan Nal liquid product isolated
FTSTG12 Gaq1Sns Lil no product isolated
FTSTG13 Gaq1Sns Lil product isolated
FTSTG14 Ga;;Sny Lil product isolated
FTSTG15 GasSn Lil product isolated
FTSTG16 GallnStan Nal liquid product isolated
FTSTG17 Gay3Sn Lil product isolated
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