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Abstract

On the use of supercritical carbon dioxide in Solid State Chemistry and basic structural

investigations with chalcogenide halides of the third main group.

One of the tasks of this work was the exploration of the ability of supercritical CO; as a solvent and
reaction environment in several reactions involving inorganic compounds of different natures. All
attempts in this field were not successful. The use of scCO, as an educt for the permanent fixation
of CO; (i.e. transformation of oxides or hydroxides in oxide carbonates or carbonates) seems to be a
promising field of research.

A second focal point of this work was the preparation, characterisation and the structure
determination of new solids in the ternary systems indium — chalcogen — halogen. The syntheses of
InsChsX (Ch =S, Se; X = Cl, Br) and of derivative compounds were performed using the concept
of building units. InsChsX represent four new mixed valence compounds crystallising in two
different structure types, namely the chloride type (InsChsCl, space group: P2;/m) and the bromide
type (InsChsBr, space group: Pmn2,). In all these compounds indium occurs in three different
oxidation states as In", covalent (In-In)*" dumbbells and In** suggesting the explicit formula
InsChsX = [In"] [(Inp)*] 2[In’"] 5[Ch*] [X]. Beside the similarities remarkable differences were
evident not only from the X-ray investigation but mainly from the real structure revealed from
HRTEM investigations. The bromide-type compounds revealed ordered crystals. In contrast to that,
the chloride-type compounds show several anomalies regarding the real structure, e.g. polylamellar
intergrowth of polymorphs, twinning and nanoscale intergrowth of structurally similar compounds
(InsSsCl/IneS7).

A further topic of interest was the high temperature X-ray investigations of powdered samples
KsInjSe;Tes, KolnjpSepg and InsChsX (Ch = S, Se; X = Cl, Br). The process of lattice expansion
revealed no phase transition for all these compounds within the studied temperature range. The

coefficients of thermal expansion for each compound were determined.

Key words: reactions, scCO,, indium chalcogenide halides, crystal structures, real structure,

HRTEM, crystal defects, X-ray diffraction, high temperature investigations, expansion coefficient



Kurz-Zusammenfassung

Uber die Verwendung des iiberkritischen Kohlendioxids in der Festkorperchemie und grundlegende

Strukturuntersuchung mit Chalkogenidhalogeniden der dritten Hauptgruppe.

Eines der Ziele dieser Arbeit war die Erforschung der Eigung von fiberkritischem CO, als
Losungsmittel und Reaktionsmedium bei Reaktionen anorganischer Stoffe unterschiedlicher
chemischer Natur. Alle Versuche auf diesem Gebiet waren nicht erfolgreich. Dagegen scheint die
Verwendung des scCO, (sc = supercritical) als Edukt fiir die dauerhafte Fixierung von CO, (z.B.
bei der Umwandlung von Oxyden oder Hydroxyden in Oxyde-Carbonate oder Carbonate) ein
versprechendes Forschungsgebiet zu sein.

Ein zweiter Schwerpunkt der Arbeit war die Priparation, Charakterisierung und
Strukturbestimmung neuer Feststoffe in den terndren Systemen Indium — Chalkogen — Halogen. Die
Synthese von InsChsX (Ch = S, Se; X = Cl, Br) und abgeleiteter Verbindungen erfolgte auf Basis
eines Baukastenprinzips. InsChsX repridsentieren vier neue gemischtvalente Verbindungen die in
zwei unterschiedlichen Strukturtypen kristallisieren, nidmlich im Chlorid-Typ (InsChsCl,
Raumgruppe: P2;/m) und im Bromid-Typ (InsChsBr, Raumgruppe: Pmn2;). In allen vier
Verbindungen tritt Indium in drei Oxidationstuffen auf; in Form von In", kovalent gebundenen (In-
In)*" Hanteln und als In*" entsprechend der ionischen Formulierung: InsChsX = [In'] [(Ino)*']
2[In*"] 5[Ch*] [X-]. Neben diesen Ahnlichkeiten, sind deutliche Unterschiede nicht nur auf basis
der Rontgenbeugungs Untersuchungen offensichtlich sondern hauptsédchlich in der Realstruktur die
durch HRTEM Untersuchungen aufgedeckt wurde. Die Bromid-Typ Verbindungen zeigen
geordnete Kristalle. In Gegensatz zum Bromid-Typ zeigen die Chlorid-Typ Verbindungen mehrere
Defekte in der Realstruktur, z.B. polylamellare Verwachsungen von Polymorphen, Verzwillingung
und nanoskaligen Verwachsungen von strukturell verwandten Verbindungen (InsChsCl/IneS7).

Ein weiteres interessante Thema waren die Hochtemperatur Rontgenuntersuchungen gepulverter
Proben von K;Ini;Se»Tes, KiIniSei9 und InsChsX (Ch = S, Se; X = Cl, Br). Der Verlauf der
Zelleausdehnung zeigte fiir alle untersuchten Verbindungen innerhalb des untersuchten
Temperaturbereiches keine Phaseniibergénge. Fiir jede der untersuchten Verbindungen wurden die
thermischen Ausdehnungskoeffizienten bestimmt.

Schlisselworter:  Reaktionen,  iiberkritisches = CO,,  Indium  Chalkogenidhalogenide,
Kristallstrukturen, Realstruktur, HRTEM, Kiristalldefekte, Hochtemperaturuntersuchungen,

Ausdehnungskoeffizient
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Introduction 1

1 Introduction

The increasing requirements of the markets for new articles with attracting properties, have
motivated chemists over centuries in their attempts to produce new materials which would benefit
not only them but the whole society. The successful growth of the chemical industry according to
the exigencies of the consumers led to the designation of new syntheses, which often involved the
necessity for new solvents with a continuously increasing capacity to dissolve a wide range of
compounds. To fulfil this purpose, different compounds with promising dissolving properties were
synthesised, sometimes with completely unknown long-term effects on the life of our planet. In this
sequential production race, a vast number of new syntheses directly influenced the human health.
Many of them were associated with the production of harmful wastes and emission of poisonous
gases. Others required increasing costs for treatment of the production wastes in compliance to the
strengthening regulation.

With the increase of global population and the rise of the standards of living, many of these
productive methods become unsustainable. In this context many chemist have perceived the need of
an innovation, consisting of the replacement of many organic fuel-based solvents, especially
halogenated organic solvents with harmless solvents that can be used as supercrtitical fluids SCFs
[1, 2]. This attempt to use non toxic compounds, producing as little waste as possible and therefore
causing a low environmental impact is called “Green Chemistry”.

The SCFs on the other hand offer great opportunities for different chemical processing beyond the
environmental benefits. These opportunities are related with the facility to manipulate their solvent
properties by manipulating pressure and temperature, which, sometimes lead to processes with less
steps and less energy consumption.

In recent years one of the most preferred supercrtitical fluids is carbon dioxide. Except its chemical
and physical properties (explained in details in chapter 3), its naturally occurrence and its abundant
presence as a by-product of streams, power plants and industrial plants make it an attractive
continuous phase for different applications. One of its first applications in industry as a substitute of
organic solvents is related to its extraction capacity of different natural products widely used in
food, pharmaceutical and biotechnological industry [3-9]. For the consumer, the products extracted
by supercritical CO, are more acceptable than if they were extracted by dichloromethane or other
organic solvents. Further studies and experiments on extraction using supercritical CO, presented
that not only scents and oils could be extracted by this solvent but different elements their oxides
and salts could be extracted too. Using supercritical CO, and organic ligands, metal ions of earth

alkali metals [10], transition metals [11,12], lanthanides and actinides [13-15] were successfully
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extracted. Nowadays this extraction method is seen as an alternative of purification of polluted soils
from nuclear wastes, especially from uranium wastes [16].

The dissolving property of supercritical CO, is widely used in organic and polymer industries.
Supercritical CO; is utilized as an alternative reaction medium for radical and ionic polymerisations

[17-19], homogeneous and heterogeneous catalytic reactions [20, 21] and enzymatic reactions [22-

24].

Simultaneously with the development of the new sustainable and promising synthesising methods,
classical methods of syntheses are not vanishing but are enlarging the diversity of products with
more attractive applications. One of these methods vastly applied and continuously improved is
Solid State Chemistry which nowadays is finding exaltation due to the huge demand for new
materials, especially from the electronic industry. Several solid materials classically synthesised,
possess a variety of properties, e.g. electric (semiconductors, superconductors), magnetic etc. Dozen
of researchers throughout the world, fascinated from these properties, found a close relation

between them and the proper structure of the material.

The gathered experience has shown than not every possible combination of the selected atoms or
atomic species would lead to a desired structure. The nature has arranged this process through
several rules, depending not only on the ratio (quantity) of the involving species and the
experimental conditions (i.e. pressure, temperature) but especially on their sizes, and coordination
ability. Knowing these characteristics, a lot of compounds have been synthesised. Worth to mention
here are the chalcogenides of the third main group elements, especially indium chalcogendies,
where small differences in the preparation and treating conditions revealed a large number of binary
compounds. Further researches including thalium and first group elements (K, Na, Rb, Cs) enlarged
this spectrum with many ternary compounds. Surprisingly, in this wide variety of compounds,
beside the normal valence compounds, a lot of mixed valence compounds could be obtained as
well, each representing a new structural aspect. These new structures consist of interesting building
units which constantly intrigue the creative “architects” to combine and manipulate them in new
structures with unpredictable properties.

Recent studies carried out by Paashaus [98] revealed that some structural elements found in mixed

valence compounds (of the third main group elements) are not typical only of the
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binary or ternary chacogenides, since halogenes in the presence of chalcogenes could reveal the

same.

1.1 Motivation

Inspired from the properties and the extended applications of scCO, in organic and polymer
chemistry, inorganic chemists have employed it mainly as an effective starting compound in
different syntheses. This work aims to test the dissolving abilities of scCO, by using it as a reaction
medium in a variety of inorganic reactions. Therefore, one of the main requirements of this work
deals with the projection and the construction of a serial of devices: a) for the measurement and
manipulation of definite amounts of CO,, b) for the reaction environment, ¢) for the protection and
measurement of the working conditions (i.e. pressure and temperature). This task is followed by the
most important purpose concerning the solubility and the reactions of several inorganic compounds
ranging from fairly non polar molecular compounds (e.g. Snls) up to polar or ionic crystalline
compounds (e.g. GeS, CsCOs). This investigation includes also reactions which for different
reasons failed in the normal solid reactions as well as searches for new modifications of

chalcogenides like Se, Te.

The investigation of the system indium-chalcogenide awoke the interest of many researchers due to
the versatile number of the found binary compounds. Among the normal valence compounds (e.g.
InCh, In,Ch; Ch = S, Se, Te) a variety of mixed valence compounds (e.g. InsChs, IngCh; Ch = S,
Se, Te) with fascinating structural aspects could be obtained as well.

The determination of the mixed valence character of indium and the secrets of the structure invoked
a great interest for a series of substitution of indium species mainly by alkaline metals (Na, K, Rb,
Cs), thalium and rarely with d-elements (e.g. Cr). These substitutions, together with the previous
substitution of indium in the normal valence compounds enlarged further the spectrum of ternary
compounds.

The structural elements (building units) of these compounds attracted more attention. The
possibility of their combination became and is still an investigative point. Further researches
including this concept enriched the diversity of the mixed valence compounds, with the compounds
MlinsSe (M =TI, K) [92, 95] and MIn;Chg (M = Rb, Cs; Ch =S, Se) [96, 97] which contain not only
structural units of the previous compounds but two new characteristic building units as well. In the

course of investigations on the mixed valence compounds, recent researches including other
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elements of the third group and halogens, brought into light another group of compounds with
interesting structure (M3;Te; X, M = Al, Ga, In; X = Cl, Br, I) carrying the above concept.

Based on the concept of combining existing building units, new structures are expected. Therefore,
the main tasks of this work relate to the investigations of the conditions for the syntheses of further
new mixed valence compounds in the system; third group elements - chalcogenes - halogenes,
emphasised especially on indium, determination of the structure(s) and necessary characterisations

using several methods.

In the course of the investigation for new compounds in the system alkali metal - indium —
chalcogenide, among others, Schlosser [122] synthesised the compound K;In;>Se 9 which presented
a complicated structure. The single X-ray crystal investigations performed by the author displayed
the presence of ring-shape diffuse intensities around the Bragg positions hkl with | = 2n +1. The
occurrence of the ring-shaped diffuse intensities was caused by the cell duplication which arises due
to the temperature dependent order-disorder transformation occurred by the dynamical disorder of
the indium (In2/In3, see the comments of Schlosser [122]). The investigations performed by
Schlosser displayed a continuous decrease of the intensities of the ring shaped diffuse reflections
with temperature increase. At 673 K they disappeared. Four sequential measurements at 273 K, 295
K, 473 K, 673 K showed an approximately s-shaped dependence of the unit cell volume from
temperature, followed by uncertainties about the behaviour of the lattice constants.

The substitution of seven selenium atoms by tellurim atoms brought into light the compound
KsInj;Se ,Te;. This compound in contrast to K;Inj»Sejg displays no ring-shaped diffuse intensities
and is considered an ordered variant of KyInj;Seo.

Another important task of this work is to investigate the thermal behaviour (searching for possible
physical anomalies and determination of the thermal expansion coefficients) of K,In;»Sej9 and
K;Inj;Se ;Tes by high temperature powder diffractometry and to compare the obtained results. The
In frame of this work, the use of high temperature powder diffractometry is considered for

investigations of other new compounds as well.
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2. Experimental

2.1 Preparation procedure

To carry out the syntheses in this work several elements and binary educts were used. The majority
of the employed educts was purchased while some others were synthesised and purified by solid
state methods (annealing of homogenised mixtures of suitable solid educts). The provenience,

consistence and the purity of the educts are listed in table 2.1.

Initially for the preparation of the ternary and quaternary compounds, elements and binary educts in
stoichiometric proportions were used. Aluminium, gallium and indium as well as the chalcogenides,
sulphur, selenium and tellurium were weighed under ambient conditions, while the elements as: Na,
K, Tl and the air sensitive binary compounds GaCls, GaBrs, InCl; InBr;, InCl and InBr were stored
and handled under inert atmosphere. The latter preparation of the ternary and quaternary
compounds succeeded only from binary educts like: GaS, InS, In,Ss, InSe, In,Ses, InCl, InBr, TICI,
TIBr which were weighed according to the stoichiometry, homogenised and pressed in pellets to

enhance the reciprocal diffusivity and consequently the reactions velocity.

Generally 1g of solid educts is transferred into preheated and evacuated quartz ampoules. Samples
containing Al, were treated differently. It is already known that aluminium reacts with the inner
walls of the quartz ampoule, reducing SiO; to elementary Si. Therefore, to avoid an eventual by-
reaction, aluminium oxide thimbles filled with the educts were encapsulated in preheated,
evacuated and sealed quartz ampoules. The sealed ampoules were annealed over variable time
periods at temperatures varying from 400°C to 600°C. When necessary the samples were heated up
to 1000°C and then quenched in cold water. Afterwards the ampoules were opened in an inert
atmosphere, the raw product was ground in an agate mortar and again annealed in preheated and
evacuated ampoules. Sometimes, to obtain big crystals of the expected compounds, different

temperature programs with variable heating and cooling rates were used.
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Table 2.1: The constitution, origin and purity of the used chemicals.

Element / Compound Consistence Producer Purity
Aluminium Pieces 2.5-3.9 mm Heraeus 99.999%
Cs,COs Powder Chempur 99.9%
Chromium Granules 0.7-3.5 mm Balzers 99.99%
Gallium Splatters Aldrich 99.99%
Indium Shot tear drop Chempur 99.999
InCls Powder Heraeus 99.999%
Iod Crystals Chempur 99.9
Potassium Cylinder-shaped Fluka >98%
K,CO; Powder Merck 99.9%
KCl Powder Riedel-de Haén >99%
Hg,Cl, Powder Merck >99.6%
Hg,Br, Powder Merck >99.6%
Hgyl Powder Merck >99.6%
HgO Powder Merck >99%
RbCl1 Powder Ventron 99,9%
Rb,CO; Powder Chempur 99.9%
Selenium Shot 1-3 mm Fluka 99.995%
SeO, Powder Merck >98%
Sodium Rods Fluka >99%
NaBr Powder Riedel-de Haén >99%
NaCl Powder Riedel-de Haén >99%
AgBr Powder Alfa 99.999
Ag>S Powder Heraeus >99%
Suflur Pieces < 7mm Chempur 99.999%
Tellurium Pieces Chempur 99.999%
TICI Powder Fluka 99,999%
TIBr Powder Merck >99%
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The processes of annealing and quenching the samples succeeded in self-made tube ovens, whose
temperature was measured and controlled by Pt/Pt-Rh thermocouples. The thermocouples were

externally controlled by programmable temperature controlling units.

2.2 Characterisation

2.2.1 Infrared spectroscopy measurements (MIR and FIR)

Infrared absorption spectra were recorded by a Bruker (Karlsruhe) Fourier Transform
Interferometer IFS 113V. The measured range was 400 — 4000 cm™ for the MIR (Middle infrared)
region, and under 400 cm™ for the FIR (Far Infrared) region with a resolution of + 2 cm™. To
perform MIR measurements, a very small amount of the fine powdered solid sample was mixed
with dehydrated KBr and then pressed in thin pellets under high pressure. For the FIR
measurements, the fine powdered sample was rubbed with Nujol yielding a viscose paste, which
was layered over a polyethylene disc.

In either case, the measurements were recorded at room temperature under reduced pressure (P =

10° Pa). The obtained spectra were manipulated using the software OPUS 2.2 [P17].

2.2.2 Raman spectroscopy measurements

The Raman spectra were recorded by a Bruker Raman-Fourier-Transform-Spectrometer RFS 100/S
with 180° adjustment. The measured range was 50 — 4000 cm™ with a resolution of + 2 cm™. The
exciting radiation occurred with the 1064 nm line of an Nd-YAG laser.

To perform the measurements, small amounts of fine powdered samples were transferred into glass
capillaries, which were sealed and measured at room- or at low temperature (liquid nitrogen,
approx. 120 K). The measurements at low temperature were performed using a low-temperature cell

(Bruker R 495).
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2.2.3 Thermal Analysis

The Differential Thermal Analysis (DTA) is suitable for qualitative investigations of phase
transitions and melting behaviours of solids. In this work, a measuring device “Linseis” (Type:
DTA L-62) was employed. The sample and the reference (Al,O3;) were enclosed in preheated
evacuated and sealed quartz ampoules of 5 mm outer diameter and 10-20 mm length. The ampoules
were placed into ceramic crucibles fixed on thermocouples. The samples were heated up to 700°C
and cooled down to 50°C using a heating and cooling rate of 5°C/min. The registered temperature
difference between the investigated compound and the reference is presented as a peak. With the
Linseis software package [P16] the onset temperatures of the obtained peaks were determined. The
calibration of the device was performed using the elements Sn, Zn and Ag in the region of 232 -

962°C.

2.2.4 X-Ray powder investigations

The X-Ray measurements for the characterisation of crystalline samples were performed with a
powder diffraction device D5000 delivered from “SIEMENS” company (Karlsruhe). The device
works with CuKau-radiation (A = 1.54051 A) in transmission mode. For the measurements 50-100
mg of fine powdered sample was spread on a Mylar-foil (covered with a thin layer of silicon grease)
and the foil was fixed on a flatbed holder.

The diffraction patterns were recorded by means of a “Braun” Position Sensitive Detector (PSD-
50M) with an angular increment of 0.015° and a measuring time varying from 0.5 - 10 hours. The
indexation of the reflections and their refinement was accomplished by the X-Ray data software
package VISUAL X"°V [P14] and WIN X"°¥ [P15] delivered from the “STOE” company.

The temperature dependent measurements of powder samples were performed on a “STOE”
transmission diffraction system type (STADI-P) with CuKa,,-radiation. The temperature calibration
was performed using an iridium standard (a = 3.8388 A). The determination of the reflection
positions for iridium sample was occurred through profile fitting of Lorentzian function by means
of the program delivered by Toby [P18]. The dependence from each-other of plotted parameters
was found by least square fitting using the software EXCEL from the software package OFFICE
2000.
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2.2.5 Scanning Electron Microscopy (SEM) and Electron Beam Microanalysis (EBMA)

The determination of the samples morphology was performed with a CS44 SEM (Scanning
Electron Microscope) delivered from the company CamScan (Cambridge) equipped with a
Robinson BSE (Back Scattering Electron) and SE (Secondary Electron) detector. Qualitative and
quantitative elementary analysis were carried out with the DS-710 144-10 EDX (Energy Dispersive
X-ray Spectroscopy) system delivered from EDAX (Cambridge) and the WDX-3PC (Wavelength
Dispersive X-ray Spectroscopy) system delivered from Microspec (Freemont). With the EDX-
system all wavelengths of the measuring range are collected simultaneously, while the WDX-
system detects the different wavelengths step by step. The main differences between these methods
are listed in the table 2.2. The measuring conditions for non conductive samples lead frequently to
charging effects, therefore non conductive samples were vaporised with carbon or sputtered with a

thin layer of gold.

Table 2.2: Comparison of the measuring characteristics of EDX and WDX.

Method EDX WDX
Detection limit [at %] 0.1-10% 0.001 - 0.1 %
Accuracy [at %] 2-10% 1-3%
Measuring time approx. 100 s approx. 30 min
Detectable elements™ Na-U C-U

* When using Be-window

2.2.6 Transmission Electron Microscopy (TEM)

The transmission electron microscope investigations were performed and evaluated in the Max
Planck Institute for solid state research (Stuttgart), in the department of Prof. Dr. Dr. h.c. A. Simon
by Dr. L. Kienle.

High Resolution Transmission Electron Microscope (HRTEM) and Selected Area Electron
Diffraction (SAED) images were performed with a Philips CM30ST device. The technical data are



Experimental 10

summarised in table 2.3. For the SAED patterns a diaphragm has been used to limit the diffraction
in a circular area with an approximate diameter of 1000 A.

To obtain the required crystal size for these measurements, the samples were crushed under n-
butanol in an agate mortar. The obtained suspension was dropped over copper grids in order to
achieve crystallites in random orientation.

For all investigations, the sample carriers were fixed on a side-entry, double-tilt holder with a
maximum tilt of £ 25° in two orthogonal directions. All images were recorded with a Multiscan

CCD Camera (Gatan, Software: Digital Micrograph 3.6.1, Gatan).

Table 2.3: Technical data of the electron microscope Philips CM30ST.

Cathode material LaBg
Acceleration voltage 300 kV
Spherical Aberration constant Ci=1.15mm
Spread of defocus A=70A
[llumination semiangle 1.2 mrad

The presence of amorphous layers on the surface of the investigated crystals, generate a small
amount of noise. The latter has been reduced using an appropriate mask which filters the Fourier
transforms. The simulation of HRTEM micrographs and SAED patterns was performed using the

EMS program package [P1].

2.2.7 X-ray single crystal analysis on STOE - IPDS single axis diffraction system

The measurements of the reflection intensities were performed by means of the Image Plate
Diffraction System (IPDS) delivered from the “STOE” company (Darmstadt). For the
measurements monochromatised (graphite monochromator) MoKa-radiation was used (A =
0.71073 A).

The respective crystal was fixed on the top of a glass capillary, which was fixed using modelling
clay in a metal cylinder and mounted on the goniometer head. This device possess a single rotation
axis (¢p-axis) which corresponds to the goniometer axis. A microscope or a CCD camera was used

for crystal centring. The image plate (BaBrF doped with Eu®") has a diameter of 350 mm and a
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resolution of 0.0225 mm®. The measuring parameters (the plate distance, @-increment and the
radiation time) were determined with respect to the cell dimensions and scattering intensity of the
crystal.

After data collection, the reflections were visualised as points in the reciprocal space using the
program RECIPE [P5]. This presentation allows the user to investigate several anomalies, e.g.
twinning, superstructure etc. For the indexation, lattice refinement and data integration the
programs INDEX [P3], CELL [P4] and INTEGRATE [P7] were used. The final refinement of the
lattice was done according to the position of 8000, randomly over the whole measuring range of the
distributed reflections using the least square method. For the data reduction and the numerical
absorption correction the program X-RED [P10] was used. The face indexation and the
optimisation for the numerical absorption correction based on symmetrical equivalent reflections
and adequate face description was done using the program X-SHAPE [P9]. The crystal structures
determination was performed according the Patterson method or by direct methods using the
program SHELXS [P11]. The completion and the refinement of the structure models was attained
through successive difference Fourier synthesis and the least square method for the whole matrix by
the program SHELXL [P12]. The elaboration and the structure depiction were carried out by means
of the program Diamond 2.1e [P13].
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3 Reactions of some inorganic compounds in supercritical carbon dioxide

3.1 Introduction

Parallel to the extended use in organic and polymer chemistry, supercritical CO, has exalted great
interests in inorganic chemistry too. Due to the tremendous versatility of supercritical carbon
dioxide, a variety of inorganic synthesis (i.e. controlled hyrolysis or decomposition) have been
carried out. Worth to mention here are the synthesis for the recovery of ZnS nanoparticles from
reverse micelles [25], the production of TiO, nanoparticles and MgO submicron powders from the
hydrolysis of titanium chelates [26, 27] and the decomposition of magnesium acetate in
supercritical COs,.

Beyond its dissolving properties, supercritical CO, can be regarded as a powerful reactant as well.
Recently different authors have discovered the reactivity of supercritical CO, toward alkali and
earth alkali metals. On the investigation of the reaction of metallic sodium and magnesium
carbonate at 500°C Lou et al [28] presented the synthesis of large diamond crystals from the
reduction of CO; released from the pyrolysis of magnesium carbonate. The CO, involved in the
reaction was in the supercritical state due to the autogenic pressure inside the reaction vessel. In a
latter study Lou et al [29] confirmed the formation of diamond microparticles and graphite as a
byproduct even at 440°C from a direct reduction of supercritical CO, from metallic sodium. In a
similar way Motiei et al [30] reported the synthesis of carbon nanotubes and nested fullerenes from
the reduction of supercritical CO, with magnesium. These authors presented in details the
advantages of this method toward the traditional less efficient methods.

The growth of world’s industry during the last 50 years is associated with increasing emissions of
CO; into the atmosphere which affects the “greenhouse effect”. Over years chemists are fronting
with this challenging problem and are developing different strategies to decrease the quantity of
CO; production. A wide range of methods have been employed e.g. electrochemical [31, 32],
photochemical [33, 34] etc. One of the largely experimented ways in this field consists on the
permanent absorption of carbon dioxide by different minerals and its deposition as carbonates.

Dahlin D. C et al [35] reported the conversion of CO; to carbonates by treating the aqueous solution
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of Olivine, Serpentine and other magnesium silicates with supercritical CO,, (efficiency up to

80%). Other researchers working in this field present also promising results [36, 37].

3.2 The definition of the supercritical fluid

The phase diagram of a single compound (Fig. 3.1) shows the state of matter dependent on pressure
and temperature. The regions are divided by curved lines indicating the equilibria conditions
between two phases: solid-liquid, solid-gas, liquid-gas. According to Gibbs’ phase rule (3.1) for one

component system,

P+F=1+2 3.1)

where: P is the number of phases, F is the degrees of freedom. Each equilibrium curve has only one

degree of freedom which might be the pressure or the temperature.
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Fig. 3.1: The supercritical fluid diagram. Tp (triple point), Cp (critical point). The hatched region
represents the supercritical state.
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A possible change of one of them causes the change of the other parameter. The intersection of
these three equilibria curves happens at one point, where all phases coexist. This is the triple point
(TP), where no degrees of freedom exist (see equation 3.1). Following the vaporisation curve (gas-
liquid equilibria), the further enhancements of pressure or temperature leads suddenly to another
point, which is the border of a new state of matter. This point is the critical point, defined from
critical pressure and critical temperature (see dashed lines in Fig. 3.1) and is characteristic for each
compound. The region contoured from the critical parameters is called the supercritical region.
Further enhancements of pressure and temperature within the supercritical region bring no
liquefaction or gas formation. The state of matter within the hatched region (Fig. 3.1), differs from
gases and liquids but shows properties of both. Therefore, the supercritical state of matter can be
regarded as a liquid or gas heated and pressurised above its critical parameters (see Fig. 3.1).
According to this statement, the features of supercritical fluid (Fig. 3.2) derive from those of gases
and liquids and change gradually until the critical point, although some of them may change

abruptly with increasing of pressure or temperature near the supercritical region.
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Fig. 3.2: Some features of supercritical fluids (SCF).
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For a single component system only one phase exists in the critical region, therefore according to
Gibbs’ phase rule (3.1), the system has two degrees of freedom represented from the variables P
and T. By changing these variables different values of densities and viscosities can be obtained,

leading therefore to enhanced solubility of different compounds.

One of the most frequently asked questions relates to the reason of using scCO; (sc = supercritical)
instead of other non hazardous inorganic or organic compounds which easily fulfil the purpose of
supercritical fluid. A closer inspection of the table 3.1 shows that the critical values of scHCI
(hydrochloric acid) change a little from scCO,, the same analogy can be drawn for scCH4 or

SCC2H6.

Table: 3.1 The most used supercritical fluids and their parameters.

Supercritical fluid Formula P. /bar T, /°C d. /kgm'3 References
Carbon dioxide CO, 73.8 31.1 466 [38]
Hydrogen chloride HCI 82.6 51.5 420 [39 ,40]

Hydrogen bromide HBr 85.5 90.0 - [39]
Hydrogen iodide HI 83.0 150.7 - [39]
Amonia NH; 113.2 132.4 235 [40,41]
Water H,O 220.6 374.0 322 (42, 43]
Methane CH4 46.0 -82.6 163 [44]
Ethane C,Hs 48.7 32.2 207 [45, 46]
Methanol CH.4O 80.8 239.5 273 [47]
Ethylenediamine C,HgN, 62.8 320 290 [48]

The use of supercritical carbon dioxide as a reaction medium is related not only to its critical values

but also to a number of important properties presented in table 3.2 and Fig 3.3.
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Table 3.2: Some thermodynamic and molecular properties of CO, [49].

Property CO,
Molar mass, M /kgmol™ 44.010x 10™
Critical pressure, Pc /bar 73.8
Critical temperature, Tc /K 304.1
Critical volume V¢ /m3mol” 93.9x 10°°
Critical density, pc /kgm™ 466
Dipole moment, z/Cm 0
Polarisability, ¢ /m’ 2.65x 107
Lennard-Jones Potential Parameter, by /Cm’mol™ 77.25

by =2nNaG3/3, o is the collision diameter (0.3941 nm)

Environmetally
unhazardous
Non flamable Inert to' most
materials
Supercritical
CO,
Relatively Non toxic
inexpensive Small amounts
of modifiers

expand its
disolving power

Fig. 3.3: Scheme of the main properties of supercritical carbon dioxide (scCO,).

Some of the properties of scCO; e.g. the density are related directly to pressure and temperature.
The density of scCO, at the critical point (d = 466 kgm™) is relatively high in comparison to the

densities of other solvents used as supercritical fluids (see table 3.1).
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The near-critical area of scCO; is characterised by a large compressibility. Because of the infinitely
high compressibility at the critical point, even small thermal fluctuations lead to enormous
fluctuations of density. Polyakoff & King [1] describe the rise of opalescence at the critical point
due to this phenomenon. Moriyoshi et al [49] report that the density near the critical point changes
abruptly with the pressure. At higher pressure and temperature (not far from the critical point) only
a gradual change is observed (Fig. 3.4). The near-critical point area is the area with the enhanced
density. A parallel shift of 50 K (303.15 K — 353.15 K) at the constant pressure P = 100 bar in the
diagram presented in fig. 3.4 is associated with a density decrease down to one third of its initial
value (from p=773.6 kgm™ at 303.15 K to p=221.2 kgm™ at 353.15 K).

At the critical point, due to the above mentioned properties, small fluctuations of temperature cause
the drop of the speed of sound to a minimum, therefore the acoustic measurement is an important

tool for its detection.
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Fig. 3.4: Pressure dependence of the density of scCO; at three different temperatures [49].
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Another property of scCO, which shows a relatively “strange” behaviour with pressure in the
region near the critical point is the permittivity (&) often expressed as relative permittivity (&), & =
¢/ g. At temperatures near the critical temperature it displays a sharp profile and changes gradually
with pressures at higher temperatures showing a parallelism to the density. Some typical values of

the dependence of relative permittivity from pressure and temperature are presented by the diagram

in fig. 3.5.

Regardless the drastic change of the relative permittivity near the critical point, scCO, preserves its
non-polar nature even at high pressures and temperatures.

The advantage of using scCO; is presented not only through its density and dielectric constant
behaviour but through its viscosity and diffusion coefficient (e.g. diffusion of CO; in solids) too.
The viscosity of scCO, at the critical point is closer to the viscosity of gases in contrast to its

diffusion coefficient which approaches the values of ordinary liquids (Table 3.3).
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Fig. 3.5: Pressure dependence of relative permittivity of scCO, at three different temperatures [49].
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Table 3.3: Comparison of the properties of supercritical CO; and those of ordinary gases and
liquids [50].

Fluids Density Viscosity Diffusion coefficient
(kg/m’) (g/m s) (m?/s)
Gases 1-20 (1-3)x107 (1-4)x10°
Supercritical CO, T, P. 466 3x107° 7x 107
Liquids 600 — 1600 (0.2-3)x 107 02-2)x10"

Due to the enhanced diffusivity of scCO, by one order of magnitude and the mitigation of the
viscosity by two orders of magnitude, supercritical CO, possess much more favourable mass

transfer properties in comparison to that of the liquid solvents.

3.3 The solubility in supercritical region

Regarding the supercritical CO, as a gas compressed and heated over its critical values, its
dissolving ability (so called “solvent power” according to Gidding & al. [51]) depends on two
effects; namely the “physical effect” and the “chemical effect”. The physical effect is defined by its
actual pressure and temperature. Apart from this, the “chemical effect” unique to each compound,
depends on its polarity, acid-base properties and the tendencies to build hydrogen bonding.
Therefore the solubility parameter () in relation to these effects can be expressed according to the

equation (3.2):

8, =1.25,/Pc —r (3-2)
Pr(liq)

Where: 0; is the solubility parameter of the supercritical fluid, Pc is the critical pressure of CO,
(73.8 bar), p 1s the reduced density of the supercritical fluid, priq) 1s the reduced density of CO, in
the liquid state.
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In the equation (3.2), the physical effect which reflects the distances between the molecules is
strongly dependent on the reduced density, and is expressed from the ratio of reduced densities
[p+/priiiq]- The reduced density itself (o) is the ratio between the actual density (p) and the critical
density (pc). The chemical effect may be merely attributed the factor 1.25 P

Based on this knowledge, the solubility parameter depends strongly on the critical pressure and the

reduced density of the fluid, in this case of scCO,. Regarding the reduced density of liquids, an

approximate value of 2.66 [51] is found.

A chemical reaction in supercritical carbon dioxide may take place when the educts have a good
solubility. The solubility of the educts depends on the solubility parameter 6, which can be
determined from the group contribution method [52, 53] if their structure is known. The method is
based on the contribution of the vaporisation energy for each individual group (e.g. -CH3, -NHa,

NO,, -CN etc) and is expressed by equation (3.3):

(3.3)

Where: 8, is the solubility of solute, (E,)i and V; is the vaporisation energy and molar volume of i
component of the structure (for organic compounds the structure is divided into several building
groups, and each group contributes the value of d,). Up to now detailed studies are accomplished

for the determination of the solubility parameters mainly for organic compounds.

Based on thermodynamics, the Gibbs-Helmholtz equation (3.4) states that the dissolution of the

solute in a solvent will take place when the free energy of mixing is negative (AG < 0).

AG = AH - TAS B4

The determinating factor in the equation (3.4) is the heat of the mixing AH because the dissolution

is a process associated with a large enhancement of entropy. Based on the dissolution power of the
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supercritical fluid and the solubility of the solute, Hildebrand [54] defines the heat of mixing
solvent-solute by the equation (3.5).

AH = ¢, (8; - 8,) (3.5)

In the equation (3.5) AH represents the heat of mixing between the solvent and solute, ¢; and ¢, are
the partial volumes of the solvent and solute.

In order to have a negative free energy a small value of AH is needed, therefore, the difference
between the solubility parameters of the solvent and solute should be relatively small. This means
that the solvent and the solute must be almost of the same nature, e.g. both of them be polar or non-
polar. In practice there exist different combinations of solvents and solutes. It might happen that the
solute has the same nature as the solvent but a different density, in this case to achieve a good
solubility the densities of the solvent and solute should approach. The supercritical fluids
possessing high compressibility can tune their density over a wide range approaching in this way
the density of the solute. Because of this ability they are often called solvents with adjustable
dissolving power. When the solvent has a different nature from the solute, e.g. a non-polar solvent
and a polar solute the use of co-solvents is required. Co-solvents may be small amounts of water,
ammonia, mineral acids, acetone etc. By varying the kind and the amount (concentration) of the co-

solvent the dissolution power of supercritical fluids can be adjusted.

It is also observed that the solubility of solid materials in supercritical fluids depends strongly on
their vapour pressure P(sat) [55]. Organic salts show a wide range of solubility in supercritical
fluids in contrast to the inorganic salts which show low solubility. Metal ions are almost insoluble,
but researches have shown good solubility of metal ions bonded to organic ligands, examples of

that are selective extractions of Sr, Cd, Pb and Hg [10-16].
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3.4 Overview of the method

To perform the reactions in scCO, some basic components and equipments are required. The first
component is the reaction medium CO, which will be transformed to scCO, by heating. It can be
used as a gas, directly from the CO, bottle, as a liquid, from deep tube bottles or in its solid form as
the dry ice. In the gas or liquid form CO, has been used successfully for several extractions and
reactions followed by extractions. This method is very comfortable, but requires additional systems,
sometimes complicated, to measure the quantity of CO, involved in the processes. For the purpose
of this work, CO, from the gas state was transformed into dry ice by means of a converting system
(Fig. 3.6). Solid CO, can be also obtained as trade product, but due to the purity requirements this
choice was excluded. In the solid form the calculations and the manipulation of the amounts of CO,
are more convenient for simple devices. A basic tool of the equipments necessary to carry out the

reactions in scCO; is the reaction vessel (the autoclave).

Fig. 3.6: The system for the production of defined amounts of dry ice.
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Batch reactors for periodical use are projected, knowing that the time of the synthesis may wary
from some hours up to one week or even more. The projection of autoclaves is accompanied by
some auxiliary tools which are responsible for the indication of the reaction parameters and for the
security of the system. A direct contact of the educts with the autoclave inner walls might lead to
undesired by-reactions, which not only deteriorate the intended synthesis but can also corrode the
autoclave (explained in details below). To overcome this trouble, a similar method based on the
methods described by Rabenau [56] in his investigations using hydrothermal synthesis is employed.
This method is based on using quartz ampoules as reaction vessels instead of autoclaves. First, the
educts are transferred in quartz ampoules, which are then filled with CO, and finally sealed. The
sealed quartz ampoules are placed inside the projected steel autoclave together with a counter-
pressure agent (dry ice) to compensate the pressure inside the quartz ampoule. Finally the double
system ampoule-autoclave is placed inside a drying oven to apply the necessary temperature for the

transformation of solid CO; to scCOs.

3.5 Devices for the production of dry ice

For the production of defined amounts of dry ice as reaction medium (inside the ampoule) or as
counter-pressure (outside the ampoule) a CO, system was constructed (see fig. 3.6). It consists of
four subsystems, namely the purifying subsystem, metering subsystem, ampoule and/or flask, and

the evacuating pump.

3.5.1 The purifying subsystem

The purity of the scCO; plays an important role in the synthesis. Small amounts of impurities might
have observable effects on the kinetics of the reactions. Therefore, for the purposes of this work,
CO, with a purity of 99.999% was used, supplied from the company “Messer Griesheim”. The
CO;-bottle was connected with the CO,-system (see Fig. 3.6) by means of a plastic tube. The
purifying subsystem served for the drying of CO, from traces of water coming mainly from the

connections. Before entering in the metering subsystem, carbon dioxide passes through three
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washing bottles, the middle washing bottle is filled with approx. 5 M sulphuric acid solution which

serves as drying agent. For an effective drying, CO, bubbles through a porous material.
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Fig. 3.7: A chromatogram section of CO, sample taken at the exit of the purifying system.

The purity of carbon dioxide after the purifying system was proved for traces of water and SO;
(sulphur triioxide) by means of GC-TCD (Gas chromatograph equipped with thermal conductivity
detector). To perform this, an air-bag equipped with a sealing valve was connected to the system.
After purging the whole system several times, it was filled with CO, and closed. With a syringe,
small amounts of samples were injected into the GC-TCD apparatus. The obtained result is
displayed in fig. 3.7. The obtained chromatogram displayed a small trace of water and no traces of
SO;. A relatively small peak of air was detected, indicating the small amount of air entering the

GC-FID apparatus during the injection process.

3.5.2 The metering subsystem

The metering system serves for the dosage of CO,. It consists of six valves, two pressure outlets and
a flask. The valves are used as restrictors and serve to keep the defined amount of CO, inside the
system. The pressure outlets have the duty to keep a pressure equal to atmospheric pressure inside

the system. The flask is an important part of the system’s volume.



Reactions of some inorganic compounds in scCO, — Operating procedure 25

Fig. 3.8: Photograph of the metering system. The blue contoured part has the volume of 0.603 1.

In the fig. 3.8, this part is contoured with a blue rectangle and has a defined inner volume of 0.603 1,
which corresponds to 1.095 g CO, at 20°C. This volume is determined by a simple analytical
method. The part of the system was weighed empty and filled with water at 20°C, the difference of

the weights revealed the mass of water inside the system and at the same time its volume.

3.5.3 The ampoule

The ampoule represents the third subsystem, the environment where the reaction takes place. For
this purpose quartz ampoules were used, regardless of the reaction temperatures, which were less
than 400°C. For such reaction temperatures, borosilicate glass ampoules could be used as well
instead of quartz ampoules, but quartz in comparison to the latter shows a lower coefficient of

expansion, which increases the stability during thermal changes.

The quartz glass ampoule employed for reactions in scCO; had a 12 mm outer diameter and a

narrowing at 11.5 cm from its bottom which facilitates the sealing process (Fig. 3.9).
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Fig. 3.9: The quartz ampoule used for high pressure CO, syntheses.

The ampoule is first filled with educts and subsequently with CO, (see the filling procedure), after
that, it was sealed at the narrowing position. The outer and inner volume of the sealed ampoule
depends from the accuracy of the sealing position along its narrowing.

For the determination of the inner volume, the ampoule was filled with distilled water at 20°C until
the middle of the narrowing, and its water content was measured. After several times repetition for
three prepared ampoules, a mean inner volume of 7.2 ml was obtained. Its outer volume is
determined in a different way. The empty ampoule was filled partially with sand and sealed in the
middle of the narrowing. The sealed ampoule was immersed in a cylinder filled with distilled water
at a certain volume. The volume difference caused by the immersed ampoule gives the outer

volume of the ampoule. This volume varied from 9.7 — 10.4 ml.

3.5.4 The autoclaves

The autoclaves are important parts of the high pressure system. They are regarded as a protector of
the reaction vessel. Two different steel autoclave constructions were used for this purpose. They
consist of stainless steel (Material 1.4571) vessels, O-rings and closing corks (see fig. 3.10). Each
of them was projected to be used in the working conditions 400 °C and 400 bar (for detailed
schematics of the autoclave used see figures 8.1-8.4 in appendix). The autoclave vessels consisted
of steel cylinders each equipped with screw threads at the top. Two models of them were projected.
The first one had the screw threads in the inner part of the body (Fig. 3.10a), the second one in the
outer part (Fig. 3.10b). Their volumes were determined by filling them with water at 20°C were
101.5 and 115 ml respectively. Each autoclave was equipped with an O-ring which seals up the

system.
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Fig. 3.10: Steel autoclaves used for the scCO, reactions.

The closure of the autoclaves was done by the respective screw corks which consisted of the same
material as the autoclaves. On the top of each cork connecting screws were mounted, making

possible the connection of the autoclave with the measuring and releasing system.

3.5.5 The measuring and releasing system

To get continuous information about the counter-pressure during the high pressure reaction, and to
release the counter-pressure gas after finishing the reaction another system was required. It
consisted of three elements joined together by steel capillaries and screws (Fig. 3.11). These three
elements of the system were the pressure gauge, the overpressure valve and the outlet valve. The
latter two elements and the interconnection capillaries were delivered from the company
“Swagelok”. Two systems like this were built. Each autoclave was further connected to the
respective measuring and releasing system by means of steel capillaries with 1/16” inner and 1/8”
outer diameters. The pressure gauge displays the change of pressure with temperature during the

heating and cooling process. Its maximal capacity was approx. 400 bar.
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Fig. 3.11: The measuring and releasing system.

The overpressure valve is important for the security of system. Due to its adjustability, it can be
adapted to the value of pressure considered as the maximum working pressure. The adjustment of
the overpressure valves for both systems was done with CO,. The maximum pressure for both
overpressure valves was set to 400 bar. The outlet valve is intended for counter-pressure releasing
after completing the reaction. To connect these three parts, steel tubes of 1/8” inner diameter were

used.

ScCOs; is a compressed gas and like each compressed gas it contains a high potential energy which
can be released with catastrophic consequences. Therefore some precautions were taken into
account while working with it. In order to prevent any possible explosion which might derive from
the steel used for the autoclave construction or from the auxiliary parts, the autoclaves and the
connected systems were pretested. For this test, an incompressible liquid (in our case water) was
filled in the system and different pressures have been applied (pressure was generated from a
hydraulic press). It was chosen water due to its lower potential energy in comparison to a
compressed gas. For this experiment, the overpressure valve was removed from the system (see Fig.

3.11). Their screwing served for the connection to the hydraulic press.
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The tests showed that both autoclaves could endure pressures about two times the maximum
operating pressure, almost 800 bar for 5 minutes at 22°C. At higher pressures leaking at the joint

parts were observed.

3.5.6 The filling and sealing of the ampoule

Firstly the weighted educts were transferred into a preheated and evacuated quartz ampoule. The
filled ampoule was connected with the CO,-filling equipment and the whole system was evacuated
(see the procedure in appendix). The system was refilled with CO,. During this time the connection
valves of the ampoule with the system were kept closed. The bottom part of the ampoule was
immersed in liquid nitrogen (Fig. 3.12a). When the pressure in the metering subsystem was
equilibrated through the pressure outlets, the valves were reopened and the quantity of 603 ml
contained in the metering system gradually solidified in the inner walls of the ampoule. According
to the calculations, one filling of the ampoule was not enough to reach the required pressure
(approx. 200 bar) inside, therefore, the filling procedure was applied two times, in order to obtain

the desired pressure (see calculations).

The connecting valves were closed and the ampoule was carefully disconnected from the system,
keeping its bottom part continuously immersed in liquid nitrogen. Several experiments performed to
seal the ampoule after detaching it from liquid nitrogen failed as a consequence of the pressure
inside it due to the sublimation of CO,. To overcome this problem, a small metallic cylindrical
vessel with a closed bottom and equipped at the top with three screws was used (Fig. 3.12b). The
cylindrical vessel was previously filled with liquid nitrogen, then the bottom part of the ampoule
was placed inside it and fixed by the screws. The presence of liquid nitrogen inhibits the
sublimation of the solidified CO, when the narrowing part of the ampoule comes in contact with the
flame. The sealed ampoule was carefully released from the fixing screws and placed in a dewar
filled with liquid nitrogen. In this way the sealed ampoule could be preserved from explosion until

the dry ice for counter-pressure was generated.
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Fig. 3.12: The ampoule filled with educts and partly immersed in liquid nitrogen (a). The ampoule

fixed in the cylindrical vessel (b).

Before placing the ampoule inside the autoclave (batch reactor) the counter-pressure agent should

be produced. As described above, dry ice was used as a counter-pressure agent, allthough in

principle it is possible to use water, argon or nitrogen. The latter substances are not used due to the

difference of their expansion coefficients compared to that of CO,. This difference could lead to an

explosion of the ampoule inside the autoclave caused by a pressure difference.

3.5.7 The production of dry ice for counter-pressure

The dry ice as a counter-pressure agent was produced in a similar way as the solid CO, inside the

ampoule. The same system as in fig. 3.6 with a small modification was used. Instead of the

ampoule, a 250 ml balloon was connected to the system. After evacuating and purging the system,
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CO, was transferred in the system. Again liquid nitrogen was used to solidify CO, inside the

balloon.

3.6 Operating procedure

The calculated (see calculations) amount of CO, was weighed fast (to avoid the condensation of
water) on a balance using a polystyrene vessel and then transferred into the autoclave, where the
filled and sealed ampoule was placed. The autoclave was closed and connected with the measuring
and releasing system. A drying oven was employed to heat the autoclave. The measuring and
releasing system was placed outside the oven due to the instabilities of its components at high
temperatures. As mentioned above a capillary with 1/16” inner diameter connected the autoclave
(inside the oven) with the measuring and releasing system (outside the oven). The purpose of
choosing a thin capillary was related to the minimisation of the gas current inside it. The drying
oven was equipped with a small aperture for an external thermometer. The enhancement of the
temperature inside the oven was associated with a temperature increasing inside the autoclave and
as a consequence of the ampoule inside it. Until the equilibria is reached, a temperature difference
between the counter-pressure gas (CO,) and the CO, inside the ampoule might occur. This
temperature difference is associated with a pressure difference, which could cause the implosion of
the ampoule if it would have surpassed 30 bar. The quartz ampoules used endure pressures up to 30
bar. The temperature was increased gradually until the desired value to avoid a huge difference of
pressure inside the system. The autoclave with the ampoule inside stayed one to two weeks under
the desired temperature (the supposed time for the completion of reaction). After this time the
temperature was decreased gradually until reaching the room temperature. The outlet valve was
opened only when the autoclave reached the room temperature, and the pressure inside it was

gradually released. The pressure releasing was associated with the explosion of the ampoule.

3.7 Calculations

In the following part, the calculation of the necessary amount of CO; inside and outside (counter-

pressure gas) the ampoule is described.



Reactions of some inorganic compounds in scCO, — Experimental procedure 32

The international thermodynamic tables for carbon dioxide [38] give precious information about the
dependence of pressure on temperature when the starting density of the CO, is known. Starting
from the found density of CO, inside the sealed ampoule (6.80 x 10~ mol ml™), it was possible to
find out the approximate dependence of pressure from the heating temperature. More detailed

informations are listed in appendix (table 8.1).

The above procedure considers only the ampoule and the CO; content in it. To calculate the
quantity of CO, which should be transferred into the autoclave for counter-pressure, the equation

(3.6) was used.

Pin = Pout 3.6)

Equation (3.6) states that the pressure inside the ampoule should be equal to the pressure outside it.

The equation (3.6) can be fulfilled when the densities inside and outside the ampoule are equal.

Pin = Pout = min/ Vin = mout/ Vout (3-7)

In the equation (3.7) the only unknown term is the mass of CO, which should be filled in the
autoclave. The volume outside the ampoule is represented from the contribution of three terms for
each system, respectively: the volume of the autoclave, the volume of the connecting capillary and

the volume of the measuring system.

Vout) = Vautq) T Veap.a) T Vins.(1) (3.8
Vout2) = Vaut.2) + Veap.2) T Vms.2) 3.9

The inner volumes of autoclaves were determined by means of their water content at 20°C (similar
to the procedure for determination of the inner volume of the ampoule). The volumes of the steel
capillaries were calculated by knowing their inner diameter and length. The substitution of these

values in the equations (3.8 and 3.9) revealed: V oy (1) = 109.7 ml, Vo) = 121 ml.
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In this way, if the quantity of CO, inside the ampoule is known (dependent from environment’s
temperature) one can easily calculate the quantity of CO, outside it. Detailed information about

these quantities for different temperatures is given in appendix (tables 8.2, 8.3).

The above described calculations are valid only for empty ampoules with inner and outer volume of
approx. 7.2 and 10 ml respectively. The presence of educts in the ampoule decreases the inner
volume. This volume decrease is associated with a density increase and as a consequence a higher
amount of dry ice is needed outside the ampoule to balance the pressures. For the synthesis in
scCO,, 0.5 g educts were used corresponding approx. to a volume of 0.1-0.2 ml. The above

calculations are repeated taking into account this volume (see table 8.3 in appendix).

3.8 Reactions in supercritical CO,

It is mentioned above that the ampoule filled with the educts and CO, (dry ice) is placed inside the
autoclave. To illustrate what happens with the dry ice inside the ampoule till it transforms into

supercritical fluid the following explanation is used.

The sealed ampoule and the autoclave with its system represent a closed system, therefore
according to thermodynamics they exchange with the surrounding only heat. At the beginning of
the reaction the temperature inside the ampoule and outside is lower than the surrounding’s
temperature, causing a heat flow from the surrounding into the system. Inside the autoclave the
process of sublimation will start (Fig. 3.13), in the ampoule, the same process happens, but
displaced in time. This displacement of transition is explained through the low thermal conductivity
of quartz. The process of transformation from dry ice into gas will continue as long as the
temperature and pressure inside the system will increase until the liquid phase is formed. The whole
transition is associated only by one degree of freedom (see the rule of phases), this means that the
change of temperature is associated with the change of pressure inside the system. After reaching
the triple point, further heating of the system generates an equilibrium between the liquid and gas
phase (Fig. 3.13 state 2). This equilibrium exists until the critical point is reached. Near the critical
point, the border between both phases (liquid-gas) fades (Fig. 3.13 state 3) and slowly one single

phase is observed (Fig. 3.13 state 4). The transition from the triple point to the critical region is



Reactions of some inorganic compounds in scCO, — Experimental procedure 34

associated with only one degree of freedom. This explanation takes into account the ideal case
when the ampoule is filled only with CO,. In practice, there might be several educts and the

reaction products beside CO; in the ampoule, building a complex system.

CO, (gas) CO, (gas) CO, (gas)

Supercritical

Co,

CO, (liquid) CO, (liquid)

State 1 State 2 State 3 State 4
P, T, < P,, T, < P3,T3 < P,, T,

Fig. 3.13: Transition of dry ice into supercritical fluid inside a closed vessel.

If there is a solubility of the educts in the supercritical phase, the critical parameters of the solution
will differ from the parameters of the pure solvent (CO,). Jie Ke et al [57] investigated in their
study concerning the change of the critical point during a chemical reaction in supercrititical CO,,
the process of the hydroformylation of propene using CO,, H, and CO to obtain n and
isobutyraldehyde. By experimenting different ratios of the starting compounds, they observed the
decreasing of the critical point at higher ratios of H, and CO due to their lower critical parameters

in comparison to CO,, while the opposite was observed as the amount of butyraldehyde increased.

For the reactions in scCO, involving mainly solid inorganic educts, to enhance the mass transfer
and the solubility, a large area of contact between the educts and scCO, should be created. Below

the critical region very low or no solubility of solid educts is expected firstly, due to the existence of
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different phases (gas — liquid - solid) and secondly due to the low ambient temperature. An
enhanced solubility of the solid educts is expected in the critical or near-critical region.

According to the dissolved substances a displacement of the critical point mainly to high
temperatures is expected. Therefore, a possible chemical reaction that might take place in the “new”
critical region might be associated with the formation of a product which could be soluble as the
participating educts or less soluble. In case of lower solubility of the product compared to the
solubility of the educts, a faster conversion rate of the educts into product is expected. If the product
will present similar solubility as the educts, only a certain rate of conversion might take place, until
a saturated solution of the mixture educts-products can be obtained. After that, further amount of
the educts will not be dissolved anymore in the fluid, and as a consequence no reaction will take
place. In such cases to recover the formed product together with the dissolved educts, the change of
the parameters of the fluid is required. The reactions in scCO, might be even more complex and in
some cases might lead to the formation of species which are stable only in the critical conditions.
The investigations of such products can be done only by in-situ measurements and are therefore

beyond the scope of this work.

3.8.1 Optimisation of the system using CO,

As the first step before starting the synthesis in supercritical fluid, the tightness and the security of
both systems were tested. The previous test performed with water and the hydraulic press (see
above) was followed by other tests using CO,. To perform such experiments, the autoclaves were
fully filled with dry ice and closed using O-rings made of special rubber. They were heated with
different heating rates in a drying oven. The rubber as sealing material unfortunately exhibited
limitations of the working conditions. At approx. 100°C the observed loss of pressure is obviously a
problem of the O-ring material. Also the use of Teflon O-rings, projected for temperatures up to
250°C was unsuitable. The lack of elasticity, resulting mainly from the low initial temperature of
the filled autoclave, led to loose autoclave. Attempts to use copper O-rings failed due to the
hardness of this material. As an appropriate material Viton O-rings (fluoroelastomer) were
successfully tested within a temperature range of RT -220°C. Temperatures higher than 250°C were

associated with the loss of pressure in the system. Therefore the use of Viton O-rings limited the
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upper temperature of the synthesis. The advantage of this material in comparison to the already
tested materials lies in its elasticity, which persist for dynamic and static applications even at —
23°C. Using Viton O-rings and fully filled autoclaves, pressures up to 400 bar could be achieved.

At this pressure the overpressure valves of both systems were calibrated.

3.8.2 Testing the filled ampoules with dry ice

The choice of the gasket material and the calibration of the maximum working pressure of the
system was followed by tests of the durability of the quartz ampoules at high pressures. The quartz
ampoules were filled with CO; according to the procedure described in the appendix (Fig. 8.5, and
steps of usage), sealed and placed inside the autoclave together with the calculated amount of CO,
for the counter-pressure. The system was closed and placed in the oven. A fast heating rate up to
150°C (in less than one hour) displayed at the pressure gauge a rapid pressure increase which was
followed by un abrupt decrease of pressure. After cooling down and releasing the pressure, a fine
quartz sand was found inside the autoclave. The explosion of the ampoule happened as a
consequence of the pressure difference outside and inside the ampoule. This pressure difference
occurred due to the quick heating of the autoclave (quartz has a low heat conductivity). The
observed decrease of pressure resulted from the cooling after the explosion of the ampoule.

To avoid this, a long stabilising time at ambient conditions (2-3 hours) and a slow heating rate
(20°C/h) was used. This method showed promising results, but sometimes when heating up to
200°C, small deviation between the calculated and the observed pressure were observed leading to
an explosion of the ampoule. The explosion of the ampoule can be assigned to two factors: a) the
sealing accuracy which influences directly the outer volume of the sealed ampoule, b) the amount
of CO; used for counter pressure.

The deviations between the observed and the calculated value of pressure derive mainly from the
sublimation of CO, during the weighting and filling process. Therefore to compensate the loss, 1-2
g over the calculated amount were used. According to my own experience and the reports of
Rabenau & Rau [58, 59] the counter-pressure can be even some hundred bar over the inner
pressure. These tests were repeated for the ampoules filled with 0.5 g substance and CO,. The

volume difference caused by the presence of the educts has been taken into account.
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3.9 Experimental procedure

The weighed educts (0.5 g) were transferred into a quartz ampoule. Air sensitive educts were
handeld under inert atmosphere. Afterwards the ampoule was evacuated, filled with CO, (see filling
procedure) and sealed. The sealed ampoule was placed inside the autoclave with the necessary
amount of dry ice for counter-pressure. The autoclave was closed and left at ambient temperature
for approx. 2 hours. Then, it was heated gradually (20°C / h) up to 200°C. The autoclaves remained
at this temperature generally for one week if no pressure diminution was observed. Finally the
system was cooled down to room temperature and gradually depressurised. Fast depressurisation
rates often led to an ampoule explosion. The obtained sample (separated from glass splitter if
necessary) was ground and then investigated by X-Ray diffraction, Raman and/or infra-red

spectroscopy.

3.9.1 The comparison method

In order to distinguish whether a reaction depends on the presence of scCO,, parallel synthesis was
performed without CO,. For such synthesis the same amount of educts was used. The quartz
ampoule filled with educts was evacuated, sealed and heated. For some syntheses running with the
autogenic release of CO, (e.g. decomposition of Rb,CO;) the sealed ampoule was not placed
directly in the oven, but rather in a steel autoclave (Fig. 3.14) equipped with a Teflon insert. This
autoclave served more as a protector in case of a possible explosion. No counter-pressure agent was
used in such cases. Due to the pressure generated inside, great attention should be paid while
removing the ampoule from the autoclave. By means of long tweezers and protecting gloves, the
ampoule is firstly transferred into a container filled with liquid nitrogen. The ampoule remained
immersed in liquid nitrogen for at least 10 minutes, then it was enwrapped with paper and quickly
broken at its top. After the evaporation of dry ice, its solid content was ground and investigated by

the methods described in the experimental procedure.
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Fig. 3.14: Protecting autoclave used mainly for reactions occurring with autogenic CO; release (this
kind of autoclave has been previously employed mainly for hydrothermal reactions).
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3.10 Discussion of the results
Table 3.4: Educts, expected products, conditions and the obtained products.
No. Educts expected product Conditions Products
1 Inl, Snl4, CsHsO Snln,lg 100°C, 140 bar, 3d Snl,, Inl;
2 Inl, Snly, In Snin;Is V| 200°C, 220 bar, 1w | SnyInls, Snl,
3 Inl, Snl4, In C4H;,O Snln;zls 200°C, 225 bar, 2d SnyInls, Inl,
4 Rb,COs, Snly, I, Rb.Snls Y | 200°C, 220 bar, 1w Rbls, am.p.
5 Cs,COs3, Snly, I, Cs,Snlg 200°C, 220 bar, 1w Csls, am.p.
6 K>COs3, Snly, I, KoSnle P | 200°C, 220 bar, 1w | KI, KIO3, am.p.
7 Rb,COs, I, RbI; M| 200°C, 225 bar, 1w RbI, RbIO;
8 Rb,COs, Se0, Rb,SeO; V| 200°C, 230 bar, 1w Rb,SeO;
9 AgyS, AgBr, GeS, S AgsGeS4Br; 200°C, 230bar, 1w Ags;SBr
10 NaBr, In,Ss, InS NalnsSsBr 240°C, 260 bar, 1w -
11 In, S, I, InsSsl 200°C, 220 bar, 1w In,S;, Inl,
12 In, S, I,, CH;0H InsS;sI 200°C, 225 bar, 1w | InyOs, In,Ss, Inl,
13 In, S, InCl; In5SsC1 200°C, 215 bar, 1w | InS, In,S;, InCl,
14 Se (trigonal) S;f‘)ﬁ%f;;gi‘s’v 200°C, 220 bar, 1w i
15 Te (trigonal) S;f‘)ﬁ%f;;gi‘s’v 200°C, 220 bar, 1w i
16 Hg,Cl,, Hg,Br, HgBr,ClL, Y | 200°C, 220 bar, Iw | Hg,Cl,*Hg,Br,
17 Hg,Cly, Heolo Hg,CLL, @ | 200°C, 220 bar, lw | Hg,CL*Hgl,
18 Hg,Br,, Hgl, HgsBrl, M 200°C, 220 bar, 1w Hg,Br,*Hgol,
19 Hg,Cl,, HgO Hg,0,Cl, " | 200°C, 220 bar, Iw | HgCO3*2HgO
20 HgO HgCO; 200°C, 220 bar, 1w | HgCOs*2HgO
21 | HgCl, HgO, H,0 @ 1 200°C, 220 bar, 1w Hg40,Cl,,

(1) reactions run parallel to reactions with the same educts in evacuated ampoules,
(2) reactions run parallel to reactions with the same educts under hydrothermal conditions
am. p. abbreviation for amorphous product
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3.10.1 Dissolving ability of CO,, attempts for the syntheses of ternary compounds using Snl4

In order to test the dissolving ability of scCO, and possible reactions which might take place in this
fluid, firstly, educts with molecular nature and low melting points like Snl, [60] were employed.
Additionally acetone was used as a co-solvent. The purpose of experiment 1 was to obtain the

ternary compound Snln,l¢ in scCO; according to the reaction (3.10).

Snl, + 2Inl — Snln,l¢ 3.10)

For this synthesis both solid educts were pulverised, weighed according to the stoichiometry and
transferred into the quartz ampoule in an inert atmosphere. Acetone was added and then the
ampoule was filled with CO; according to the described procedure.

The autoclave was opened under N, atmosphere (inside a glove bag). The depressurisation of the
system caused the explosion of the ampoule. A red-brownish product was obtained. The collected
sample was ground and measured on a X-ray diffraction system. Snl, and Inl; instead of Snln;ls

could be identified.

The second experiment in scCO; involved elemental indium in addition to the already used educts
Snly and Inl. Using these educts it was aimed to produce SnInsls [63] at 200°C and 220 bar

according to the reaction (3.11).

Snl; + Inl + 2In = Snlnsls 3.11)

At 200°C indium could serve as a reducing agent, reacting with Snl, to yield Snl, and Inl. The latter
products might further react in scCO, to yield the desired product. The preparation of the binary
educts was done in an inert atmosphere. Elemental indium was used in form of small pieces. This
reaction ran in parallel to another reaction involving the same educts, however, without CO,. The
XRD measurements of the product demonstrated the presence of SnyInls, Inl and Snl,. Therefore, it
is assumed that tin tetraiodide has reacted with elemental indium.

The reaction without CO; also results in the formation of the ternary compound Sn,Inls, indicating

that CO; has no influence. The synthesis of this ternary compound (SnyInls) has already been
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reported by Beck [64]. He obtained it by using Snl, equilibrated with Snls an excess of Sn and
indium monoiodide at 350°C in an evacuated ampoule. Anyway my results demonstrate that Sn,Inls

can be partially obtained from the reaction Snly, Inl and indium even at 200°C.

The above reaction was repeated again using 0.2 ml ethyl ether as co-solvent. The presence of this
cosolvent should enhance the dissolving power of scCO,. After annealing and pressurising the
sample was kept at 200°C and approx. 225 bar for two days, the obtained product was similar to the
previous one. The XRD measurement of the product again shows the presence of Sn,Inls and Inl,

(Fig. 3.15).

I
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Fig. 3.15: Comparison of the patterns (a) of the measured sample with (b) the calculated patterns of
Inl,, and SnyInls.

The above reactions displayed negligible activity of scCO, or the combination scCO,/co-solvent in
these reactions. All of them run also as solid state synthesis, where temperature and not the pressure

plays the decisive role.
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3.10.2 Syntheses involving alkali metal carbonates and polar compounds

In the next series of reactions in scCO; the educts have been alkali metal carbonates together with
tin tetraiodide and iodine. The involved carbonates are crystalline ionic compounds, while tin
tetraiodide and iodine are non polar molecular compounds. It is already known that iodine and Snl4
dissolve well in non polar solvents (organic solvents). Thus, a high solubility could be expected in

scCO, as well. The schematic of the intended reaction (3.12) was as follows:

M,COs; + Snly +I; & M;,Snlg + by-products (M = K, Rb, Cs) 3.12)

For these experiments (see table 3.4, reactions 4-6) the ampoules were annealed at 200°C, and
approx. 220 bar for one week. The obtained products from syntheses in scCO, were crystalline,
dark-brown in case of Rb,CO3 and Cs,COs and light-brown in case of K,CO;.

These experiments were accompanied by one simple high temperature reaction only (Rb,CO3;, Snly
and I). The ampoule of this reaction was placed in a protecting autoclave (Fig. 3.14) due to the
assumption that this reaction might produce CO,. The obtained product was similar to the dark-

brown products obtained by the synthesis in scCO,.

Surprisingly, the X-ray diffraction analysis of the samples obtained from the above reactions in
scCO, presented unexpected results. Instead of the expected ternary compounds, Rbl; (Fig. 3.16)
and Csl; could be identified for the reactions 4 and 5 (table 3.4). For the reaction 6 (K,CO3/Snl4/I,)
the disproportionation products KI and KIO; were obtained (Fig. 3.17).
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Fig. 3.16: Comparison of (a) the measured pattern of Rbl; obtained from the reaction of Rb,COs
with Snls and I, in scCO, with (b) the calculated pattern of Rbl;.
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Fig. 3.17: Measured pattern (a) of the product of the reaction of K,CO3 with Snls and I, in scCO,
(b) the calculated patterns of KI and KIO;.
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The X-Ray measurements of the above samples did not display any traces of crystalline tin
compounds, while the “solid state” reaction revealed again the same product (Rbl;), excluding

therefore the role of scCO; in the mechanism of these reactions.

To investigate whether tin tetraiodide plays any role in the mechanism of the formation of MI; (M =
Rb, Cs), two additional syntheses were projected, one in scCO; and the other as solid state reaction.
The educts were rubidium carbonate and iodine. The X-Ray measurements of the obtained products

show the presence of rubidium iodide and the presence of rubidium iodate (Fig. 3.18) and no Rblj;.

|
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Fig. 3.18: Comparison of the patterns of the sample collected from high pressure reaction (a),
solid state reaction (b), and the calculated ones Rbl and RbIOs (c).
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The reaction between rubidium carbonate and iodine can be either explained by a
disproportionation of iodine and a decomposition of COs> (3.13), or by the presence of water

according to equations 3.14 and 3.15.

31, + Rb,CO; —> SRbI + RbIO; + CO, (3.13)
I, + H,0 — HI+HIO (3.14)
3HIO — 2HI + HIO; (3.15)

It was already discussed above that the CO, didn’t contain water as impurity. To determine the
water content of the educts, IR- and DTA-TGA measurements of the carbonates were performed

(Fig. 3.19; 3.20).
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Fig. 3.19: IR-spectra recorded from a) K,CO3, b) Rb,COs3 and ¢) Cs,CO:s.
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Fig. 3.20: DTA-TGA measurements of (a) Rb,COs3, (b) Cs2COs3 and (¢) K,COs.

The IR-measurements demonstrate the presence of absorbed and crystal water in all carbonates
(broad voy. bands in the range 3100 — 3400 cm™ accompanied by & 20 around 1653 cm™). This was
confirmed by the thermal analysis. The DTA-TGA measurements display the presence of a
considerable quantity of water especially for Rb,COs and K,COs. In the case of Rb,COs the water

present is mainly crystal water (majority weight loss at temperatures over 150°C). In the case of
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Cs,COs and especially K,COs (Fig. 3.23b, c), the crystal water was accompanied by higher

amounts of absorbed water (weight loss at lower temperatures).

The previous experiments with the participation of Snly displayed two important arguments:

1) the formation of rubidium and cesium triiodide occurred only when tin tetraiodide was present,
independent of the presence of scCO,
2) the formation of the triiodides was observed in case of rubidium and cesium but not in case of

potassium

According to this mechanism, the reaction of tin tetraiodide with water might be possible (3.16):

Snl, + 4H,0 — Sn(OH), + 4HI (3.16)

The hydroiodic acid decomposes the carbonates, and the obtained iodides react with iodine to give
the triiodides. This fact is reported by Tebbe [65] and Runsink [66], who obtained Rbl; and Csls
using the respective iodides and an iodine rich ethanolic solution. In case of potassium this process
is not favored due to the instability of KI5 as solid.

In experiment 8, the reaction between Rb,CO3; and SeO, was investigated. Again the same product
(Rb2SeOs) was obtained for the solid state and the supercritical syntheses. For these reactions the
starting carbonate was dried (300°C for ten minutes in a dynamical vacuum) and the product has

been treated under inert gas atmosphere because of its sensitivity toward air.

3.10.3 Attempts for the synthesis of the quarternary compound AgsGeS4Br,

A further reaction was tested based on the work of Wagener [67] who synthesised the compound
AgeGeS4Br,, starting from the elements Ag, Ge, S and hydrobromic acid at a temperature of around
230°C and a pressure of approx. 5 bar. This compound belongs to the group of filled AlB, phases.

A trial to perform this reaction under the condition of scCO; starting from a powdered mixture of

sulphur and binary compounds Ag,S, AgBr, GeS (experiment 9) resulted in a dark grey product.
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The X-ray measurement of the product shows the presence of non reacted educts and the ternary

compound Ag;SBr (Fig. 3.21).

Further investigations on this ternary compound (Ag;SBr) revealed that it could be synthesised at
280°C in evacuated glass ampoules using an equimolar mixture of the binary compounds Ag,S and
AgBr (Reuter & Hardel [68]). Again the reaction in scCO; can be regarded simply as a solid state
reaction between Ag,S and AgBr.
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Fig. 3.21: Comparison (a) of the measured pattern obtained from the reaction between Ag,S, AgBr,
GeS and sulphur in scCO,, with (b) the calculated pattern of Ag;SBr.

3.10.4 Attempts for the substitution of In"-species in the mixed valence compound InsSsCl

One of the attempts to substitute In" in the mixed valence compound InsSsCl (see chapter 6) with

sodium, consisted in syntheses between InS [69], In,S; [70] and NaBr to produce NalnsSsBr in
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evacuated and sealed quartz ampoules at 500°C. This synthesis was thermodynamically unfeasible
due to the high formation enthalpy of sodium bromide. It supposed that, the involvement of scCO,
with its “special properties” might overcome this energetic barrier. At the same time this reaction

shows the behaviour of ionic compound like NaBr in scCO,.

To try this synthesis in scCO; (experiment 10), the binary educts InS, In,S; (powdered) and sodium

bromide (previously dried and stored under inert atmosphere) were employed (reaction 3.17).

NaBr + InZS3 +2InS — NaIn4SSBr (3.17)

The X-Ray measurement of the obtained product (brown coloured) displayed only the presence of
non reacted educts. Under the applied conditions (240°C, 260 bar) no reaction took place, excluding

therefore a possible solubility of any participating educts in scCO,.

3.10.5 Attempts for the synthesis of the compound InsSsI

The reaction between In, S and InX; (X = Cl, Br) in evacuated quartz ampoules at 500°C, yielded
two mixed valence compounds, namely InsSsCl and InsSsBr (see chapter 4). Based on this
observation, several attempts were carried out to synthesise InsSsI using the elements In, S and I, in
evacuated ampoules. All the solid state syntheses performed at different temperatures did not yield
this product. Two further attempts were carried out to obtain this product in scCO; (experiment 11;
12). The first reaction involved the elements and CO,, the second one included additionally 0.2 ml

methanol as cosolvent.

The reaction carried out without the presence of methanol (exp.11) yielded a brown product
accompanied by un-reacted sulphur and indium. The brown product was a mixture of indium (III)
sulphide and indium (II) idodide.

The reaction performed in the presence of methanol (exp.12) resulted in a grey product surrounding

un-reacted indium and sulphur. This reaction is probably associated with the synthesis of
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mercaptanes (methanthiol) due to the malodour of the product. The grey product consisted of

indium (III) oxide associated by indium (III) sulphide and indium (II) idodide.

Binary educts and non reacted educts were also obtained from the reaction of In, S, InCl; in scCO,

(experiment 13).

3.10.6 Search for possible new modifications of Se and Te [71-74]

The X-ray and Raman measurements of the products obtained from the respective reactions 14 and

15 performed at 200°C and 220 bar (one week), revealed only the trigonal starting modification for

Selenium and Tellurium and no evidence for others.

3.10.7 Mercury (I) compounds

Another group of interesting compounds with respect to their behaviour in scCO, experiments was

the mercury (I) halides (tab. 3.5; [75-79]).

Table 3.5: Some physical constants of the mercury (I) halides [75].

Property\ Compound Hg,Cl, Hg,Br; Hg.l,
Melting point /°C 525 407 290
Sublimation temp /°C 383 345 140
Density /kg m™ 7160 7307 7700
Solubility in water /gcm™ 4x10° 2x 10" Very slightly soluble

These experiments focused on the investigation of the behaviour of Hg,Cl,, Hg,Br, and Hgl, in

supercritical CO, at 200°C and 215-225 bar.
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These investigations revealed no reaction between the mercury (I) halides with the CO, and no

decomposition according to the equilibrium (3.18) at the maximum established conditions.

Hg,X, « Hg" + HgX, (X=Cl, Br, I) (3.18)

In accordance with the results for single mercury (I) halides just described, no reactions between
different mercury (I) halides (exp. 16-18) could be observed (Fig. 3.22 and 3.23). Instead the
reactions between Hg, X, and Hg,Y, (X #Y = Cl, Br, I) in the presence of scCO, can be considered

merely solid state reactions.
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Fig. 3.22: Comparison of the data obtained from the product of the reaction between Hg,Cl, and
Hg,Br; in supercritical CO, with the product obtained from solid state reaction a)
diffraction patterns, b) Raman spectra.
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Fig. 3.23: Comparison of the data obtained from the product of the reaction between Hg,Br; and
Hgyl, in supercritical CO, with the product obtained from solid state reaction a)
diffraction patterns, b) Raman spectra.

3.10.8 Hg,Cl, - HgO

Another binary system which has attracted the attention of many researchers is Hg,Cl,-HgO. In this
system, mercury is found in two oxidation states, namely Hg(I) represented by Hg,Cl, and Hg(II)
represented by HgO. Up to now only a small number of mixed valence mercury compounds exists,
mainly minerals [81]. Therefore, the investigation of this binary system in supercritical CO, was of

special interest.

To carry out the experiment, equimolar amounts of Hg,Cl, and HgO were used (experiment 19).
The reaction conditions were approx. 200°C, 220 bar and the reaction time was one week. Again
this synthesis was associated with a solid state reaction of the same educts.

The obtained products in both cases (scCO, and solid state synthesis) were pink coloured. The
measured X-Ray patterns (Fig. 3.24) and Raman spectra recorded from the products of scCO, and
solid state experiments displayed no reaction between the starting compounds. Anyway, a close

inspection of the powder pattern obtained from the product of the scCO, reaction displayed some
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reflections in addition to the starting compounds, (Fig. 3.25 arrow pointed) which do not appear in
the pattern recorded from the product of the solid state reaction. A detailed investigation of these

reflections evidenced the presence of mercury oxide-carbonate HgCO;*2HgO.

It was shown with previous reactions (16-18) that mercury (I) chloride did not exhibit any reactivity
with CO, Therefore the reaction for the formation of mercury oxide-carbonate has taken place
between mercury (II) oxide and CO,. The yield of this product under the present reaction conditions
was quite low and did not influence the pressure inside the ampoule significantly. If the whole
amount of HgO inside the ampoule would have reacted with CO,, it might have led to a pressure

decrease inside the ampoule of approx. 3 bars.
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Fig. 3.24: Comparison of the diffraction patterns obtained from the reaction between Hg,Cl, and
HgO in a) scCO,, b) solid state reaction with the starting compounds. (The marked peaks
belong to HgCO5*2HgO).
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The formation of carbonates of different species starting from their oxides or hydroxides in
pressurised or supercritical CO;, has been reported by several researchers. Erhardt et al [82] reported
the synthesis of carbonates of alkali metals and some transition metals from their solutions of
hydroxides or oxides by the reaction with supercritical CO; at pressures ranging from 600-4500
atmospheres and temperatures varying from 100-400°C. In their report they explained the role of
the pressure and temperature in the formation of carbonates. In a similar way Yanagihara et al [36,
37] reported the synthesis of the lanthanide carbonates from aqueous suspensions of the respective
oxides at moderate pressures (68 — 240 atm) and low temperatures (25 — 50°C). The formation of
carbonates from oxides is a phenomenon observed even at normal conditions, e.g. cadmium oxide

reacts with the CO; of air to form CdCOs; [83].

The evidence of a reaction between HgO and CO, (in supercritical state) awoke the interest for the
production of HgCO; instead of mercury oxide-carbonate (HgCO;*2HgO) obtained above. In
experiment 20 (table 3.4) the reaction between HgO and CO, under the same conditions as in the

experiment 19 was tested.
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Fig. 3.25: Comparison of the diffraction pattern obtained from the reaction between HgO and CO,
(above) with the calculated pattern of HgCO3*2HgO and HgO.
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This synthesis yielded a pink product, whose X-Ray diffraction and Raman measurements
displayed again the formation of mercury oxide-carbonate instead of the expected mercury (II)
carbonate (Fig. 3.25). The X-Ray diffraction pattern of the measured product displays also
unreacted mercury (II) oxide in addition to mercury oxide carbonate (Fig. 3.25). The obtained IR
spectra from the HgCO3*2HgO - HgO mixture compared to the HgO spectra (Fig. 3.26) display not
only the presence of the stretching vibrations (1375, 1299 cm™) belonging to the COs> group, but
also a shifting of the Hg-O stretching vibrations (618, 476 cm™ Fig. 3.27a) due to the incorporation

of the group CO;” in the structure.

The formation of HgCOs;*HgO in aqueous solution under CO, pressure of one bar has been
reported by Bilinski et al [84], while Schlyapnikov et al, in their investigation about the solubility of
HgO in aqueous solutions [85] reported its transformation to mercury oxide carbonate at higher

CO; pressures.
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Fig. 3.26: Comparison of the Infra-Red spectra obtained a) from the product of the reaction
between HgO and CO; in supercritical CO,, b) HgO.
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The experiment (19) between mercury (I) chloride and mercury (II) oxide occurred without the
presence of water. It is already known that this system in the presence of water yields a mineral
called terlinguaite (Hg4O,Cl,) [86-87]. In this experiment 21 it is assumed that the presence of the
CO; might have a possible impact on the equilibria that exist in this system, which could lead to a

new mixed valence mercury compound.

To perform such an experiment in addition to the educts (Hg,Cl,, HgO), 0.5 ml of water were
transferred in a quartz ampoule. The reaction conditions were 200°C, and approx. 220 bar for one
week. For the comparison of the data obtained of the above experiment, a reaction of the same
educts and water (the same amounts) running in parallel to the synthesis in scCO, was performed.
The products yielded from the supercritical CO, and hydrothermal-like reactions were brown-
yellow. The X-Ray diffractions and Raman measurements (Fig. 3.27) of both products obtained
consisted of terlinguaite (Hg4O,Cl,) and partially non reacted mercury (I) chloride.
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Fig. 3.27: Comparison of the Raman spectra obtained from the product of the reaction between
Hg,Cl,, HgO and H,O by a) supercritical CO; b) hydrothermal like synthesis.
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Regardless of the presence of water and CO; in the ampoule, this reaction did not exhibit the
formation of mercury oxide-carbonate. Therefore, this synthesis can be considered merely a

hydrothermal reaction.

3.11 Conclusions

Several reactions between inorganic compounds of different nature were investigated in scCO,.
Applying temperatures varying from 100 to 200°C and pressures between 140-260 bar, it was
aimed, to dissolve different species in scCO,. It is supposed that the solvation of the inorganic
species in scCO; and their subsequent reaction could lead to “new” compounds. The investigated
syntheses presented in general no reaction caused by the presence of scCO; or tuned scCO,. This
behaviour indicated low or no solubility of the employed species in scCO, within the applied
conditions. The role of the pressure in most of the synthesis was negligible; instead the temperature
had the decisive role.

One of the application fields, which over years has attracted many researchers, consists in the
permanent fixation of CO, from oxides or silicates to yield the respective carbonates. A similar
example is presented above, and comprises the conversion of HgO into HgCOs*2HgO in the
presence of scCO,. In these kinds of syntheses the pressure determines the rate of conversion of the
starting compound into product and CO, is considered merely as an educt. Therefore, in such
syntheses the application purpose of scCO; as solvent fades. Supercritical CO,, despite of the vast
applications as an authentic solvent in organic and polymer chemistry, due to its non polarity

remains an improper solvent for inorganic synthesis.
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4. New mixed valence chalcogenide halides of indium

4.1 Introduction

Some of the elements of the third main group, namely Al, Ga and in particular In appear in their
compounds not only in the highest valence state M>". It exists a group of compounds where these
elements are found simultaneously in different oxidation states. Focusing on indium as a
representative of this group one can bear in mind the binary compounds IngCh; (Ch =S, Se) [88-91]
as compounds where In possesses all its possible positive oxidation states, namely: In", formal In*"
and In*". The chalcogenides S and Se exhibit in these compounds their lowest oxidation state —2.
Thus, as explained from Walther [89, 91] the sum formula of these compounds can be explicitly
written in the following way: [In'] [(In2)*] 3[In**] 7[Ch*]. In the IneS; structure type In" is located
in three capped prismatic holes, the formal In*-ion forms with its neighbour In-In dumbbells,
where each indium atom is coordinated from three sulphur atoms building ethane analogues units.
In** occupies cis and trans edge-sharing octahedra. To get a further understanding in the structural
properties of In¢Ch7, several attempts have been done to substitute one of these individuals. The
substitution of In" brought into light a series of ternary compounds with the composition MInsS7 (M
= Na, K, TI) [93, 94]. As described from these authors, the In" position in these compounds is not
fully occupied by the replacing atom M. Especially for K" and T1" it is easy to understand because
these ions have nearly similar radii to In". Thus the formula of these solids has to be given in the
following form: [M", In'] [(Ino)*"] 3[In*"] 7[S™].

This structure type can be regarded as a series of repeating construction units. Considering a
structure projection along [010], one can see that this structure is built up by two repeating building
units (Fig. 4.1a). The first one (Fig. 4.1b) consists of cis and trans edge-sharing InSe octahedra
layers connected to trigonal prisms. Each of the prisms shares two corners and one edge with
octahedra of the octahedral layers. This building unit is further connected to the second repeating
unit (Fig 4.1c¢), which consists mainly of cis and trans edge-sharing octahedra strands bonded to
chains of ethane analogues In,S¢ fragments.

Further investigations of mixed valence compounds in the system M — In — Ch (Ch = S, Se) lead to

two new structure types, respectively: MInsS¢ (M = T1, K) [92, 95] and MIn;Chy (M = Rb, Cs; Ch =
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S, Se,) [96, 197], each of them containing a characteristic and a common interlayer. In the case of
MlinsSe (Fig. 4.2) the characteristic interlayer consists of Si;In-InS4 units, comparable to the S;In-
InS; dumbbells, with the difference that one In atom of the dumbbell is coordinated by four sulphur

atoms instead of three.

®In3+
@®In2+
@M+ (In+, Na+, K+, Ti+) (c)

(a) @S

Fig. 4.1: (a) Crystal structure of MInsS; (M = In, Na, K, T1), (b) construction unit build up by cis
and trans edge-sharing InS¢ octahedra and trigonal prisms, (¢) construction unit build up
by cis and trans edge-sharing octahedra skeins bonded to chains of ethane analogues In,Se
fragments.

The S3In-InS, units are further connected to trigonal prisms (Fig 4.2b) occupied by M" (and a small
percentage of In"). This building unit is bonded to the already known common unit reproducing the
structure. The sum formula of the MInsSs structure type can be written in the following way: [M']

2[(Inx)*] [In**] 6[S™].
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Fig. 4.2: Crystal structure of MInsS¢ (M = K, TI). (b) Construction unit build up of S;In-InS4
dumbbells connected to trigonal prisms (¢) common construction unit build up by cis and
trans edge-sharing octahedra skeins bonded to chains of ethane analogues In,S¢ fragments.

The third representative structure type of mixed valence indium chalcogenides, MIn;Chy (M = Rb,
Cs; Ch = S, Se,), (Fig. 4.3) with its explicit sum formula [M'] 2[(In2)*] 3[In*] 9[Ch*] [96, 97]
again exhibits the above mentioned common unit. In this structure type the In’* ions are
simultaneously coordinated octahedrally and tetrahedrally, while the M ions, because of their size,
show a ninefold coordination (1 + 4 + 4). The characteristic interlayer contains InSy tetrahedra and
MChy polyhedra. The tetrahedra are centered by In** ions building InS, corner-sharing tetrahedra
chains along [010]. The tetrahedra of the chains share common corners and edges with the M"

polyhedra (Fig. 4.3b). Again the In>" ions are part of the common interlayer (Fig. 4.3¢) and have the

same coordination as in the MInsCh; structure type.
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®In3+
®In2+
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Fig. 4.3: (a) Crystal structure of MIn;Chg (M = Rb, Cs, Ch =S, Se), (b) construction unit build
up by InS4 corner-sharing tetrahedra chains which share corners and edges with MChy
polyhedra, (c) common construction kit build up of cis and trans edge-sharing octahedra
skeins bonded to chains of ethane analogues In,S¢ fragments.

In all the compounds mentioned above the common interlayer influences two lattice constants and
thus the values of these lattice constants are nearly equivalent. The third one is defined by the
characteristic interlayer of each structure type. This property is illustrated with three examples, each
compound taken into consideration represents one of the mentioned structure types (see table 4.1)

[93, 96].

Table 4.1: Lattice constants of three different compounds. Each one represents a structure type.

Lattice constants / A  KInsS, (P21/m) KlInsS¢ (P2;/m)  RbIn;Se (Pmmn)

a 9.0847(4) 8.791(1) 25.006(2)
b 3.8872(1) 3.9070(3) 3.9082(3)
c 17.3697(7) 17.504(2) 8.9184(6)
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Investigating the pseudobinary systems MTe — MTeX (M = Al, Ga, In, X = Cl, Br, I) Paashaus [98]
found intermediate ternary phases M3Te;X (M = Al, Ga, In, X = Cl, Br, I) (Fig. 4.4a) containing
one dimensional “macromolecules” (Fig. 4.4b) in which (Te3/3MHIX) trans corner-sharing tetrahedra
chains share edges with cis and trans edge-sharing (Te3/3M2HTe3/3)-diStOfted “octahedra” (M;-

dumbells occupy “the centers” of the octahedra) skeins (Fig. 4.4b).

® M3+ (AlI3+, Ga3+, In3+)
@ M2+ (Al2+, Ga2+, In2+)

@®Te
¢l

Fig. 4.4: (a) Crystal structure of the isotypic phases M;Te; X (M = Al, Ga, In, X = CI, Br, I),
projection along [010], (b) MTe, trans corner-sharing tetrahedra chains share edges with
cis and trans edge-sharing octahedral skeins.

Writing the explicit formula of these compounds [(M2)4+] [M>"] 3[Te*] [X], the possible existence

of other mixed valence ternary compounds is obvious. M>" is tetrahedrally coordinated and the

formal M*" ions again build up M-M dumbbells which occupy distorted octahedral holes. In this
structure type two structural elements of the previously discussed structure types can be observed,
namely: trans corner-sharing tetrahedra chains (observed in the MIn;Chg type) and cis and trans
edge-sharing (Teg/gGaZHTe3/3)-distorted octahedra strands (observed in the common units of the

above mentioned structures).
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In the course of our investigations in the system In-Ch-X four further representatives of mixed
valence indium chalcogenide halides have been obtained. These compounds show an equivalent
sum formula, namely InsChsX (Ch = S, Se, X = Cl, Br). At the first glance, based on a comparison
of lattice constants and the similar sum formulas one would assume the same structure for each of
them with slightly different atomic positions deriving from the presence of different atoms. Detailed
analysis revealed the existence of two significantly different independent structure types: the
chloride-type (InsChsCl) and the bromide-type InsChsBr (Ch = S, Se). Because of this structural
difference each structure type will be treated separately and at the end a comparison of the

structures will follow.

4.2 The compounds InsChsCl (Ch =S, Se)

4.2.1 Preparation and properties of the samples

The syntheses of InsChsCl was carried out by the reactions of a stoichiometric mixtures of the
elements In, Ch (S, Se) and the binary compound InCls. InCl; was synthesized according to a
procedure described by Templeton et al. [99]. The quartz ampoules were preheated and evacuated
to remove traces of water adsorbed on the surface of the quartz ampoules. The elements In and Ch
were transferred into the ampoules and the ampoules were repeatedly filled with argon and
evacuated. The binary compound InCl; was added in an inert gas atmosphere (glove box). The
ampoules were evacuated again. Before sealing the ampoules, their bottom part was immersed in
liquid nitrogen to cool down the contents in order to avoid an early reaction. The samples were

heated gradually up to 773 K and were held at this temperature for approximately one week.

Short ampoules (1 = 4 cm; @ = 1.2 cm) were preferred for these reactions, in order to avoid
sublimation or transport reactions caused by a temperature gradient along the ampoule. The
reactions in longer ampoules lead to a segregation of sulphur and InCl in the colder part of the

ampoule.
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In order to achieve bigger crystals, especially for single crystal measurements, a temperature
program with a heating rate of 2 K/h was assumed. The samples were annealed for two weeks at
773 K and then slowly cooled down with a rate of 5 K/h up to 323 K. Reddish and dark brownish

(for InsSesCl) needle-shaped crystals could be recognized even with naked eyes.

The preparation methods described above, often yielded inhomogeneous samples, especially in the
case of InsChsCl (Ch = S, Se). To avoid the presence of by-products, a third preparation procedure
was applied. Instead of elements only binary compounds InCh [100, 101], In,Chs [102, 103] and
InClI [98] were used as starting materials. The binary compounds were weighed in stoichiometric
quantities in an inert gas atmosphere, mixed in an agate mortar and finally the mixtures were cold
pressed. The obtained pellets were transferred into previously heated and evacuated quartz
ampoules of 12 mm outer diameter. The ampoules were evacuated and sealed. The temperature
program used to anneal them was the same as described above. The samples obtained in this way

were nearly homogenous and bigger crystals were formed.

4.2.2 Characterisation

Under the optical microscope the obtained products InsSsCl and InsSesCl consisted of fine red-
brownish (in case of InsSsCl) and dark-brownish (in case of InsSesCl) needle-shaped crystals with
lengths up to some mm but with low diameters (max. 30 um) (Fig. 4.5). The crystals of both
compounds splice and inter-grow widely. They are accompanied by the binary solids IngCh(Ch =
S, Se; black needle-shaped crystals) and in the case of InsSsCl additionally In,S; (red isometric
crystals). The presence of these byproducts was proved by X-ray powder diffraction and EDX

analysis.

The needle-shaped crystals of both compounds are investigated by SEM (scanning electron
microscope).
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(a) — 3 um (b) — 4pum

Fig. 4.5: SEM pictures of (a) InsSsCl, (b) InsSesCl needles.

The qualitative elemental analysis with the EDX system shows for the red-brownish needle-shaped
crystals the presence of indium, sulphur and chlorine while the darker needle-shaped crystals
(IneS7) grown nearby contain only indium and sulphur (Fig. 4.7). For InsSesCl only the spectrum of

the main product is shown (Fig. 4.6).

rel. In-La
Se-L
In-Lp,
CI-K
In-L
1
I I I . I

1 2 3 4 5

Energy /keV

Fig. 4.6: EDX spectra of dark brown needle-shaped crystals of InsSesCl.
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Fig. 4.7: EDX spectra of needle-shaped crystals (a) InsSsCl (red crystals), (b) InsS7 (black crystals
grown in the same ampoule).

A bulk of crystals from both samples was pulverized in an agate mortar and measured with the
D5000 powder diffraction system. The measured diffraction patterns show good agreements with

the calculated (single crystal data see below) diffraction patterns (Figures 4.8, 4.10).
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Fig. 4.8: Comparison of a measured powder diffraction pattern of InsSsCl (a) with the powder
pattern of InsSsCl calculated from single crystal data (b).
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Fig. 4.9: Comparison of sections of a measured powder pattern of InsSsClI (a) with the calculated
powder pattern of InsS7 (b). The reflections marked by arrows belong to IneS-.



New mixed valence chalcogenide halides of indium — InsChsCI (Ch =S, Se)

I

rel.

(001)
J (100)

/

I o
—c
O
T

(020)

(@)

(b)

M@MMWMMWMMQMWWWM
R A

20

40

60

pattern of InsSesCl calculated from single crystal data (b).

80

20 /°

Fig. 4.10: Comparison of a measured powder diffraction pattern of InsSesCl (a) with the powder
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Fig. 4.11: Comparison of sections of a measured powder pattern of InsSesCl (a) with the calculated
powder pattern of IngSe; (b). The reflections marked by arrows belong to IngSe-.
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The measured powder patterns of both compounds display some reflections deriving from
impurities observed in the EDX measurements too, e.g. IngS7 in case of InsSsCl and IngSe; in case

of InsSesCl (Fig. 4.9, 4.11).

Due to the needle shape of the crystals with a growth direction along [010] (Fig. 4.12) the powder
diffraction measurements were influenced by texture effects. The measurements with the flatbed
sample holder displayed increased intensities for the reflections with the indexes 0k0. In contrast to
that, the intensities of the reflections with the indexes h0OO and for 001 are decreased. This fact is
demonstrated especially by the reflections with the indexes 001 and 020 in the case of InsSsClI (Fig.
4.8) and by the reflection with the index 001 in the case of InsSesCl (Fig. 4.10).

a

Fig. 4.12: Sketch of a needle-shaped crystal.

The reflections of both compounds could be indexed with a monoclinic primitive cell. The refined
lattice parameters from the powder diffraction measurements for both analysed compounds are
listed in the table 4.2. The list with the refined cell parameters of InsSesCl and the indexed lines

with the respective intensities is given in appendix (table 8.4).

Table 4.2: Refined lattice constants from powder patterns for the compounds, InsSsCl and InsSesCl.

Compound a/A b /A c/A B vV /A

InsSsCl 8.9376(6) 3.9165(2) 14.984(1) 93.663(5) 523.42(4)

InsSesCl 9.2391(3) 4.0951(1) 15.2920(6) 92.743(3) 577.91(2)
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4.2.3 Thermal analyses of InsSsCl and InsSesCl

The results of the thermal analysis for the new solids are presented in Fig. 4.13.
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Fig. 4.13: Sections from DTA-measurement of the compounds a) InsSsCl and b) InsSesCl. The
heating curve shows an endothermic effect (a) at 612 °C for InsSsCl and (b) at 555 °C for
InsSesCl. The cooling curve shows two exothermic effects in case of InsSesCl.

InsSsCl and InsSesCl are relatively stable in air. The melting behaviour of both compounds, InsSsClI
and InsSesCl was investigated by means of differential thermal analysis (DTA). Sections of the
DTA measurements of these compounds are presented in fig. 4.13. The heating curve in case of
InsSsCl displays an endothermic effect at approx. 612°C (Fig. 4.13 a). Its cooling curve displays an
exothermic effect at 655°C which corresponds to an unusually high solidifying temperature. To
investigate this phenomenon, the X-ray powder diffraction of the post-DTA sample was performed.
It displayed mainly the presence of IneS; (m.p. 656°C [89]).

In the case of InsSesCl (Fig. 4.13 b), the heating curve displays two effects. One endothermic effect
at approximately 555 °C followed by a broad effect. The cooling curve presents two exothermal
effects at 510 and 502°C respectively. The powder pattern of the post-DTA sample confirmed only

the presence of InsSesCl.
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To endorse these investigations, high temperature powder diffractions of both compounds were
carried out. These investigations (see chapter 5) displayed a gradual decompositions to In,S; and
In,Se; for InsSsCl and InsSesCl respectively. Based on these analyses an incongruent melting

behaviour can be concluded for both compounds.

4.2.4 Single crystal investigation of InsChsCl (Ch =S, Se)

For the single crystal investigation of InsSsCl and InsSesCl, needle-shaped crystals from both
compounds were chosen under an optical microscope and fixed with the help of grease on the top of
a glass capillary. The capillary was fixed on a goniometer head and the measurement was carried

out on a STOE IPDS diffraction system.

4.2.5 Single crystal investigations of InsS;Cl

The obtained measured data from the IPDS system were further analysed by the STOE IPDS
Program package [P1]. After visualising the reflections with the program EXPOSE [P2], the
reflections were indexed (INDEX [P3] and CELL [P4]) in a monoclinic cell. A closer inspection of
the reciprocal space with the help of the program RECIPE [P5] showed that not all reflections could
be indexed in this monoclinic cell.

The remaining reflections were indexed again, showing the already found monoclinic lattice but
with a different orientation matrix in comparison to the first one. The program RECIPE [P5]
displays both lattices in the reciprocal space overlapping and interpenetrating to each other (Fig.

4.14). The investigated crystal InsSsCI consisted of two individuals with comparable intensities.
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Fig. 4.14. Projection of the reciprocal space along [010]* for a twinned crystal of InsSsCl. The
measured reflection positions are exhibited as blue points. The penetrating reciprocal
lattices corresponding to the twinning individuals are highlighted. The volume ratio
between the twin individuals was approximately 1:1.

Several crystals of InsSsCl were measured and the obtained reflections positions in the reciprocal
space were investigated for particularities. All of them presented similar systematic twinning.

Using the program SPACE [P6], reciprocal planes (hkl) were calculated from imaging plate data.
The obtained results revealed that the reflections (hOl) with h = 5n (n =0, 1, 2, ...) superimpose
(Fig. 4.15) while all further reflections (hOl, h # 5n) of both twinning individuals appear separately,

indicating that, the twinning can be described as a twinning by reticular pseudo-merohedry.
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h=>5n 10011y
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[100]*
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001]%

Fig. 4.15: Simulated precession of the plane (hOl) calculated from the obtained data by the program
SPACE [P6]. The reflections (yellow dots) (hkl) h=5n (n=0, 1, 2...) overlap.

The penetrating reciprocal lattices of the twin individuals based on the analysis of the reciprocal
space and on the information delivered from the calculated reciprocal planes about the coinciding

reflections (hOl) h = 5n are presented additionally in figure 4.16.
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Fig. 4.16: The penetrating reciprocal lattices of the twinning individuals of InsSsCI which can be
described as a twinning by reticular pseudo-merohedry. The reflections hkl, h = 5n don’t
coincide exactly (the magnified section within the red rectangle displays this fact), while
the reflections hkl, h # 5n are presented separately. (O: reflections belonging to the first
individual (hkl, h # 5n), x: reflections belonging to the second individual (hkl, h # 5n),
®: nearly overlapping reflections (hkl, h=5n,n=0, 1, 2, ...).
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The data were integrated using the program TWIN [P7] which suppressed the completely or partly
overlapping reflections of the twin domains leading to an incomplete data set. The obtained data
sets of both individuals were corrected for Lorenz and polarisation effects. The crystal-face
indexation was performed with a CCD-camera [P8] and optimised using the program X-SHAPE
[P9]. The numerical absorption correction based on an adequate number of symmetrically
equivalent reflections was done using the program X-RED [P10].

The row conditions for reflections (OkO) with k = 2n represent a screw axis parallel to [010] (2, ||
b). This condition for reflection leads to two different space groups, respectively: P2; (non
centrosymmetric) and P2;/m (centrosymetric). A structure solution performed by the program
SHELXS [P11] using direct methods is possible in both space groups, but the best figures of merit
are obtained after the refinement (SHELXL [P12]) in the space group P2,/m. The presentation of
the distribution of the normalized structure factors by means of E-statistic and N(Z)-test suggested
the centrosymetric space group P 2,/m.

After the structure refinement, the R-values (R; = 0.0982, wR, = 0.2348) and the Fourier residuals
(Pmax. = 3.406 e/A3, Pmin. = -4.401 e/A’ ) were relatively high. This probably arise from the obtained
incomplete data set (a huge number of the overlapping reflections of both twin individuals were
cancelled during the simultaneous integration) and from a variety of crystal defects discussed in

details below.

The measuring parameters and important results of the last refinement cycle are listed in table 4.3.
The final positional coordinates of the atoms together with their standard deviations, the isotropic

and anisotropic temperature factors are listed in tables 4.4 and 8.5 (in appendix).
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Table 4.3: Important parameters for the X-ray single crystal investigation of InsSsCI.

Sum formula

Formula weight /gmol™
Temperature /K
Wavelength /A

Space group

Crystal dimension /mm

Cell dimensions /A,
/O

Volume /A’

Formula units per unit cell
Density (calculated) /gem™
Absorption coefficient /mm™
F(000)

Diffractometer

Scan type

Measured frange /°

Index ranges

Measured reflections

Independent reflections

Completeness to € /%
Absorption correction
Structure solution
Structure refinement
Data/restraints/parameters
Goodness-of-Fit on F*

R values [ > 2o (1)]

R values (all data)

Final Fourier residuals / eA™

In;S5Cl1
M = 769.85
T=1293(2)
MoKa, y=0.71073
P2;/m (No. 11)
0.48 x 0.03 x0.01
a=28.927(1)
b =3.9062(5)
c=14.951(2)
£=93.48(2)

V =1520.4(1)
Z=2
p=4913
u=12.102
684

IPDS (Stoe), oriented graphite monochromator
4
345<60<31.68
-12<h<13 -5<k<5 21 <1<22

2056

1044 (Rin = 0.0725)
52.5

Numerical [P8, P10]

Direct methods [P11]
Full-matrix least-squares on F? [P12]
1044 /0/68
1.225

R; =0.0840, wR,=0.2288
R; =0.0982, wR,=0.2348
Pmax. = 3.406, Omin. = -4.401

76
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Table 4.4: Position, equivalent isotropic displacement parameter U.q and occupancy factors for
InsSsCl. The standard deviations are given in brackets.

Atom Position X y z Ueq /A* sof
Inl 2e  0.657503) % 0.4455(2) 0.0096(6) 1
In2 2e 0.1344(4) % 0.0638(2) 0.0136(7) 1
In3 2e -00423@4) Y% 035652) 0.0161(7) 1
Ind 2% 0.2360(3) v 0.2914(2) 0.0111(7) 1
In5 2 -038295) Y 0.1575(3) 0.030(1) 0.96(2)
Cl 2e 0.327(1) Y 0.0055(7) 0.014(2) 1
Sl 2e 0.467(1) Yo 0.3994(7) 0.008(2) |
S2 2e 0.834(1) Y 0.5024(7) 0.009(2) 1
S3 2e 0.318(1) % 0.2002(7) 0.008(2) I
S4 2e 20.033(1) Yo 0.1023(7) 0.010(2) 1
S5 2e 0.792(1) % 0.2983(7) 0.011(2) |

The occupancy of each atomic position was proved and resulted fully occupied within the threefold
calculated standard deviation. The above presented data were obtained from the last refinement
cycle where all the occupancy factors except In5 were set to full occupancy. In5 is also fully

occupied within the calculated standard deviation (see table 4.4).

4.2.6 Single crystal investigation of InsSesCl

Beside the structural investigations performed on the crystals of the compound InsSsCl, similar
investigations were carried out on the dark-brown crystals of InsSesCl. The comparison of the
lattice parameters obtained from the powder diffraction measurements (see table 4.2) leads to the
assumption that InsSesCl crystallises isotypic to InsSsCl.

For InsSesCl, similar to InsSsCl, several crystals were measured on the IPDS. The collected data
sets were analysed for anomalies by the program RECIPE [P5]. The measured crystals of InsSesCl

presented systematic reticular pseudo-merohedrical twinning similar to InsSsCL.
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For the data set obtained from the crystal of InsSesCl it was proceded in the same way as in the case
of InsSsCl. The data were integrated by using the program TWIN [P7]. The overlapping reflections
were detected automatically and cancelled from the data set. The measured crystal of InsSesCl
consisted of two twinned domains with an approximate volume ratio between the main domain and
the twinned domain of 3:1.The intensities of the main individual were corrected for Lorenz and
polarisation effects. The crystal-face indexation was performed with a CCD-camera [P8] and
optimised using the program X-SHAPE [P9]. The numerical absorption correction, based on an

adequate number of symmetrical equivalent reflections, was done using the program X-RED [P10].

The reflection conditions for reflections OkO with k = 2n represent a screw axis parallel to [010]
(24 || b). leading to the space groups P2; and P2;/m. The final refinement data presented also high
R-values (R; = 0.0860, WR; = 0.2346) and high Fourier residuals (Omax. = 3.980 e/A3, Pmin, = -4.532
e/A%) which can be attributed to the incomplete data set and to crystal defects. The measuring
parameters and the results of the last refinement cycle are listed in table 4.5. The final positional
coordinates of the atoms together with their standard deviations, the isotropic and anisotropic

temperature factors are listed in tables 4.6 and 8.6 (in appendix).
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Table 4.5: Important parameters for the X-ray single crystal investigation of InsSesClI.

Sum formula

Formula weight /gmol”
Temperature /K
Wavelength /A

Space group

Crystal dimension /mm

Cell dimensions /A,
/O

Volume /A’

Formula units per unit cell
Density (calculated) /gem™
Absorption coefficient /mm™
F(000)

Diffractometer

Scan type

Measured frange /°

Index ranges

Measured reflections
Independent reflections

Completeness to € /%
Absorption correction
Structure solution
Structure refinement
Data/restraints/parameters
Goodness-of-Fit on F*

R values [ > 2o (1)]

R values (all data)

Final Fourier residuals / eA™

InsSesCl
M = 1004.35
T=293(2)
MoKe, y=10.71073
P2,/m (No. 11)
0.46 x0.03 x0.02
a=19.23058(8)
b =4.0866(3)
c=15.294(2)
L£=92.47(1)

V =1576.36(9)
Z=2
p=5.787
1=25.809
864
IPDS (Stoe), oriented graphite monochromator
4
3.39<6<30.35
-12<h<11 -5<k<5 21 <121
5209
1515 (Rine=10.1383)
77.1
Numerical [P8, P10]

Direct methods [P11]
Full-matrix least-squares on F? [P12]
1515/0/68
1.101
R;=0.0790, wR,=0.2289
R; =0.0860, WR,=0.2346

pmax_ = 3.980, pmln = '4.532

79
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Table 4.6: Position, equivalent isotropic displacement parameter U.q and occupancy factors for
InsSesCl. The standard deviations are given in brackets.

Atom  Position X y z Ueq /A* sof
Inl 2e 0.65992) 0.4451(1) 0.0140(4) 1
In2 2e 0.13082) % 0.0633(1) 0.0209(5) I
In3 2 -0.0472Q) Vi 0.3484(1) 0.0173(5) I
Ind 2e 023122) Vi 0.2915(1) 0.0122(4) 1
Ins 2e -039473) Vi 0.1456(2) 0.0370(9) 0.94(1)
cl 2e 03267(6) % 0.0027(4) 0.023(1) I
Sel 2e 046712) Vi 0.3966(1) 0.0106(5) 1
Se2 2e 0.83742) Y% 0.5031(2) 0.0126(5) I
Se3 2e 032012) % 0.1964(2) 0.0112(5) I
Se4 2 -0.04142) Vi 0.1040(2) 0.0150(5) I
Se5 2e 0.78922) % 0.2902(2) 0.0130(5) 1

For the structure refinement of InsSesCl it was proceded in the same way as for InsSsCI. A slight
under occupancy of In5 (S.0.f. = 0.94) reveals the composition Ins 96SesCl (table 4.6). A similar case
is observed in the structure of IngS7 [92] where In5 corresponding to In" shows an occupancy of sof
= (.88 and therefore the composition InsgsS7. In this compound and in InsSsCl, (In2)4+-species have
a similar coordination as In" (see below), thus, it is supposed that a partial occupation of In5

position might be addressed to this species.

These particular (unusual) crystal structures of the mixed valence indium chalcogenide halides
InsChsCl (Ch = S, Se) possess a comparable monoclinic metric and are isotypic. They crystallise in
the space group P2;/m. All the atoms are located on a mirror plane, special position 2e with y = %4

and % respectively.

The observation of the isotropic parameters in both compounds, displays that In3 and especially In5
show significantly higher equivalent isotropic displacement parameter in comparison to the other
atoms. Similarly, enhanced displacement parameters for In3 and In5 corresponding respectively to
formal In,*" and In" are observed and discussed by Walther [92] in the course of investigation about

the compounds IngS7 and IngSe.
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4.2.6.1 The chlorine position in the structure of InsChsCl (Ch =S, Se)

The localisation of chlorine atoms in the structure of InsChsCl based on the X-ray single crystal
investigation is almost impossible due to the small difference in the numbers of electrons between S
and Cl. To solve this problem, the single crystal investigation of InsSesCl is considered where the
obvious difference in the number of electrons for Se and Cl allows the distiction. The distribution of
the chlorine atoms in the structure agrees with the explanation based on the concentration of the
local positive and negative charge (see the explanation about the coordination of Inl, In2) and is

considered to be the same for InsS;5Cl.

4.2.7 Structure description of InsChsCl (Ch =S, Se)

InsChsCl respectively: InsSsCl and InsSesCl crystallise monoclinic in the space group P2;/m (No.
11) with two formula units in the unit cell. Both of them are mixed valence compound, where,
indium occurs in three different oxidation states, In", formal In®" and In*" respectively together with

Ch* and CI". The explicit formula of these compounds can be written in the following way:

InsChsCl = [In'] [(Iny)*'] 2[In**] 5|Ch*] [CI]

The three different indium species exhibit characteristic local coordinations. For a better
understanding of the structure, the direction along [010] is considered (Fig. 4.17a). In" occupies
three capped trigonal prismatic holes. The trigonal prims share faces with each other, building
chains along b (Fig. 4.17b). The In*" builds with its neighbored In*" covalent bonded dumbbells
(In)*", where each indium atom is further coordinated by three chalcogenide atoms forming ethane
analogue units in eclipsed conformation (Fig. 4.17d). In’" is octahedrally coordinated. The
octahedra build cis and trans edge-sharing double octahedra chains along the b axis. In this structure

type, two kinds of edge-sharing octahedra double-chains are observed.
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Fig. 4.17: (a) Projection of the structure of InsChsCl (Ch =S, Se) along [010]
(b)-(d) Characteristic structure fragments of InsChsCl
(b) Face-sharing three capped trigonal prisms
(c) Cis and trans edge-sharing octahedral double chains (InChg)

(d) Ethane analogue chains built up by In,S¢-units
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In the first one the octahedra are built up by 6 chalcogenid atoms (InChg Fig. 4.17¢), in the second
one, the octahedra are built by four chalcogenid and two halogenid atoms (InCh4Cl, Fig. 4.18).

@In3+
@Ch=(S,Se)

@ In3+ .
@Ch=(S,Se)
dc C a

(@) (b)

»

Fig. 4.18: Cis and trans edge-sharing octahedra double-chains, made by (a) InCh4Cl,-octahedra, (b)
InChg-octahedra (Ch = S, Se).

The cis and trans edge-sharing InChs-octahedra double chains are bonded mainly to the ethane
analogues In,Cheg-fragments while the cis and trans edge-sharing InCh4Cl,-octahedra double chains

prefer to share edges and corners with the trigonal prismatic units centred by In".

Similar to the mixed valence binary and ternary indium chalcogenides mentioned above (Fig. 4.1-
4.4), this structure is built up by two different repeating building units regarded as two dimensional
motives. One motif is characteristic for this kind of structure and the other one is common for other
structures too (Fig. 4.19). The characteristic motif is built up from cis and trans edge-sharing
InCh4Cl,/InCh4Cl, octahedra double-chains which share edges and corners with the three capped
trigonal prismatic units occupied by In" species (Fig. 4.19b).

The common motif is similar to the mixed valence binary and ternary indium chalcogenides

mentioned above, thus, made of cis and trans edge-sharing octahedra double-chains bonded to
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chains of ethane analogues In,S¢ fragments (Fig. 4.19¢). Again the common motif influences two
lattice constants and, therefore, the values of these lattice constants are nearly equivalent. The third

one is determined by the characteristic interlayer (table 4.7).

Fig. 4.19: (a) Projection of the structure of InsChsCl (Ch = S, Se) along [010], (b) the characteristic
construction motif build up by cis and trans edge-sharing InCh4Cl, octahedra
double chains sharing edges and corners with trigonal prismatic units, (c) the common
motif build up of cis and trans edge-sharing octahedra skeins bonded to chains
of ethane analogues In,S¢ fragments.

Table 4.7: The lattice constants of different compounds. Each compound represents a different
structure type which contains the common motif. * data taken from Walther [92] and
Reiner [96].

Latti
consi‘an‘f: & IS KInsS;*  KInsS¢*  RbIn,So*  InsSsCl InsSesCl
a 9.0902)  9.0847(4)  8.791(1)  25.006(2)  8.927(1)  9.23058(8)
b 3.8894(5) 3.8872(1) 3.9070(3) 3.9082(3)  3.9062(5)  4.0866(3)
¢ 17.166(3)  17.3697(7) 17.504(2) 8.9184(6)  14.951(2)  15.294(2)
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A detailed observation of the (Iny)*"coordination spheres shows, that its first and second sphere

together are in good agreement with the first coordination sphere of In" (Fig. 4.20).

(b)

Fig. 4.20: First and second coordination sphere of (a) In" and (b) (In)*" in the structure of
Il’lsChsCl.

Visualising the (In,)*"-species in trigonal prismsmatic coordination, the projection of the structure
of InsChsCl along [010] presented in fig. 4.17 transforms into a mosaic, where every double
octahedra (edge-sharing octahedral double chains = double octahedra according to their appearance
in the selected projection, fig. 4.21) is surrounded by six triangles (trigonal prisms = triangle due to
the appearance in the selected projections, fig. 4.21). A detailed view of the structure reveals two
different kinds of triangle environments around the double octahedra. On the one hand the double
InCh4Cly-octahedra are surrounded from four triangles centred by In" species and two other
triangles centred by (In-In)*" dumbbells, thus briefly: (4:2 = 4xIn", 2x(Inp)** fig. 4.22a). On the
other hand the double InChg-octahedra are surrounded from two triangles centred by In" species and
four other triangles centred by (In-In)*" dumbbells, (2:4 = 2xIn", 4x(Iny)*" fig. 4.22b) thus an

inversed coordination in comparison to the double InCh4Cl, octahedra.



New mixed valence chalcogenide halides of indium — InsChsCI (Ch =S, Se)

@ Ch=(S,Se)

Jdcl

Fig. 4.21: Projection of the InsChsCl structure along [010]. Every double InCh4Cl,/ InChg double
octahedra is surrounded by six triangles.

2:4

@ In3+
@In2+

@n+

@ Ch=(S, Se)

JcCl

Fig. 4.22: (a) Double InCh4Cl, octahedra surrounded by four triangles centred by In" species and
two other triangles centred by (In-In)*" dumbbells. (b) double InChg octahedra
surrounded by two triangles centred by In" species and four other triangles centred by

(In-In)** dumbbells.
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Based on this evidence the structure of InsChsCl can be topologically described by means of two

consequent repeating layers perpendicular to [1 0 10], where

1.- The first layer consists of double octahedra with 4:2-arrangement (Fig. 4.23a)

2.- The second layer consists of double octahedra with 2:4-arrangement (Fig. 4.23b)

(b)

@ In3+
@In2+

@n+
@Ch=(S, Se)
@Cl

Fig. 4.23: Projection of the topologically regarded layers of InsChsCl structure. a) layer 1 built up
of octahedra with 4:2 arrangement, b) layer 2 built up of octahedra with 2:4 arrangement.

Topologically regarded in this case, means that parts of one layer belong at the same time to the

adjacent layer, in other words, the layers share common parts.
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4.2.8 Discussion of inter-atomic distances

Interatomic distances up to 4.1 A and their standard deviations obtained from the last refinement are

listed in table 4.8. The interatomic angles are listed in table 8.9 in appendix.

Table 4.8: Inter-atomic distances in the isotypic compounds InsSsCl and InsSesCl. * In3 and In4
have a formal charge of +2.

Atom anion InsSsCl1/A InsSesCl /A

Inl (In*) - /Se5 2.57(1) 2.798(3)
- S/Se2 (2x) 2.620(7) 2.743(2)

- S/Sel 2.63(1) 2.734(3)

- S/Sel (2x) 2.653(7) 2.789(2)

2 (In*) - S/Se3 2.54(1) 2.625(3)
- S/Sed (2x) 2.544(7) 2.678(2)

- S/Sed (2%) 2.59(1) 2.654(3)

- C1(2%) 2.776(7) 2.907(5)

In3* (In)** - S/Se2 2.50(1) 2.636(3)
- S/Se5 (2x) 2.571(7) 2.671(2)

- Ind 2.723(4) 2.748(2)

Ind* (In)>* - S/Se3 (2x) 2.517(7) 2.658(2)
- S/Sel 2.54(1) 2.651(3)

In5(nY)  -CI(2%) 3.187(9) 3.136(6)
- S/Se5 (2x) 3.206(9) 3.410(3)

- S/Sed 3.28(1) 3.350(4)

-l 3.34(1) 3.303(7)

- S/Se3 (2x) 3.398(9) 3.447(3)

- S/Sel 3.93(1) 4.098(4)
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In InsChsCl, the coordination polyhedra around In" are similar to the polyhedra of In" in MInsS; (M
= In, Na, K, T1) [93, 94], but the three caped trigonal prisms are built up by chalcogenid and
chloride ions. The prism itself is built up by four chalcogenid atoms and two chloride ions (Fig.

4.24).

#s1
8

™}
3

S3

S5

S5

Fig. 4.24: Coordination spheres of In* species in (a) InsSsCl and (b) InsSesCl. The presented
ellipsoids are shown with a probability of 90%.

The inspection of the inter-atomic distances listed in table 4.10 reveals that the longest ones are
those between In5 and Ch/Cl dps.ci = 3.34 A (InsSsCl), 3.30 A (InsSesCl) and dp.cni = 3.93 A
(InsSsCl), 4.10 A (InsSesCl). The latter two distances dms.cn1 are significantly larger than others

(almost 4 A), suggesting therefore a coordination of 8 +1 for In5.

In3 and In4 are coordinated by three chalcogenide atoms building an ethane analogue In,Chg unit
(Fig. 4.25). These units are typical building units for the compounds InS [100], InSe [101], and are
found in a vast number of mixed valence compounds, some of which such as MlInsSs, MInsChy,

MIn;Chg [93-95] are discussed above.
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Fig. 4.25: Coordination spheres of the (Iny)*" dumbbells (a) InsSsCl and (b) InsSesCl. The presented

ellipsoids are shown with a probability of 90%.

A comparison of the distances between the covalent bonded In3 and In4 in these solids and In-In

distances in other ternary compounds which contains these units shows a good agreement (table

4.9). Anyway, these distances are somehow shorter compared to the distances between In-In atoms

in InCh (Ch =S, Se).

Table 4.9: Interatomic distances between In-In and In-Ch (S, Se) in some solids which contain
In,Chg dumbbells in their structures.

Compound O1noin Jinca)-ch din)-ch References
InS 2.7684(9) 2.549 2.549 [100]
IngS; 2.742 (9) 2.554 2.559 [88]
KlInsSe 2.7221(9) 2.545 2.549 [93]
RbIn;Ss 2.731(1) 2.532 2.532 [96]
InsSsCl 2.723(4) 2.554 2.524
InSe 2.771(1) 2.634 2.633 [104]
IneSe; 2.760(2) 2.674 2.685 [90]
InsSesCl 2.748(2) 2.659 2.656

Concerning the average distances between indium and chalcogenide atoms (dp.cn) in InyChe

dumbbells, they are also in a good agreement with the analogue distances of similar units found in

some other solids (see table 4.9).
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Inl and In2 are octahedrally coordinated. Inl is coordinated by six chalcogenides (Fig. 4.26) while
In2 is coordinated by four chalcogenides and two chloride atoms (Fig. 4.26). In this structure type
the octahedra centered by Inl are pared between them (share a common edge), the same is observed
for octahedra centred by In2. Concerning the distances between indium and the anions in the
considered octahedra (table 4.8), In2-Cl exhibits the longest distance (2.776 A, InsSsCl and 2.907 A
InsSesCl) while In2-Ch3 the shortest indium-chalcogenide distances 2.54 A (InsSsCl) and 2.625 A
(InsSesCl). The average distances between In and Ch in the InChyCl, octahedra (2.562 A for
InsSsCl, 2.658 A for InsSesCl) are shorter than the average distances in the InChg octahedra (2.624
A and, 2.766 A). This difference in the distances can be explained based on the coordination of In1
and In2 respectively. The sum of the negative charges of the first coordination sphere of the InChg
octahedra [6 x (-2)] is higher compared to the corresponding sum of the InCh4Cl, octahedra [4 x (-
2) + 2 x (-1)], therefore, the lower negative charge around In2 atom is associated with a higher
attraction force of indium toward the chalcogenid atoms, shortening the bonding distance between

them.

(@) (b)

Fig. 4.26: Coordination spheres of In*" in (a) InsSsCl and (b) InsSesCl. The presented ellipsoids are
shown with a probability of 90%.
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The average In-Ch (Ch = S, Se) distances in the InChg-octahedra are comparable with analogues

distances in other solids which contain octahedrally coordinated species (see table 4.10).

Table 4.10: Average In-Ch distances in some solids which contain InChg-octahedra.

IIleg, In6S7 KIn586 RbIn789 IIl5$5Cl NaInSez In6Se7 IIl5$€5Cl

2.628 2.643 2.624 2.627 2.624 2.758 2.767 2.766

4.2.9 The distribution of In" and (In,)*" species around the edge-sharing double
octahedra

The distribution of the triangles centred by In" and/or (Iny)** around InCh4Cl,/InChs double
ocahedra can be explained based on the local charge compensation. Because of the lower local
negative charge around the InCh4Cl, double octahedra, they favour less positive charged triangles as
neighbours (4x centred by In" and two 2x centred by (Iny)*, fig. 4.20a while the higher negative
charged InChs double octahedra favour more positive charge triangles (2x centred by In" and 4x
centred by (Iny)*", fig. 4.20b). In other words, the difference in negative charge around InCh4Cl, or
InChg double octahedra influences the surrounding ratio of the triangles (trigonal prisms) centred by

In" and (Iny)*" species.

The above description brings to light only the “average” structure of InsChsCl obtained from the X-
ray measurement. Further structural anomalies investigated by HRTEM accompanied by SAED and

other techniques are presented together with the bromide-structure investigations in the chapter 4.5.
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4.3 The compounds InsChsBr (Ch =S, Se)

4.3.1 Preparation and properties of the samples

The synthesis of InsChsBr (Ch = S, Se) was performed similarly to the synthesis of InsChsCl, based
on the reaction of a stoichiometric mixture of the elements In, Ch (S, Se) and the binary compound
InBr;. The binary compound InBr; was synthesised according to the procedure described by
Paashaus [98]. The quartz ampoules were treated previously as described for InsChsCl. InBr; was
added in an inert atmosphere (glove box). The samples were heated gradually up to 773 K and were
held in this temperature for approximately one week.

Bigger crystals, especially for single crystal measurements were achieved by using a temperature
program with a relatively small temperature increment (2 K/h). The samples were annealed for two
weeks at 773 K and then slowly cooled down with a temperature decreasing rate of 5 K/h until 323
K.

Again the presence of byproducts could be minimised using the binary compounds InCh [100-101],
InyChs [102-103] and InBr [98] as starting materials. The binary compounds were weighed in
stoichiometric amounts in an inert gas atmosphere, mixed in an agate mortar and finally the
mixtures were pressed in pellets. The obtained pellets (<12 mm diameter) were transferred into
previously heated and evacuated quartz ampoules. The ampoules were evacuated, sealed and heated

using the same temperature program.

4.3.2 Characterisation

The obtained products InsSsBr and InsSesBr consisted of fine red-brownish (in case of InsSsBr) and
dark-brownish (in case of InsSesBr) needle-shaped crystals with lengths of a few milimeters and

small diameters (max. 30 pum).
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Crystals of each compound were investigated using an electron microscope and the recorded SEM

images are presented in fig. 4.27.

) (b)

Fig. 4.27: SEM pictures of (a) InsSsBr, (b) of InsSesBr needle-shaped crystals.

The qualitative elemental analysis based on EDX measurements for the red-brownish needle-shaped
crystals displayed the presence of indium, sulphur and bromine (Fig. 4.28). The dark-brownish
needle-shaped crystals of InsSesBr displayed the respective elements too. Because of the small
difference in the number of electrons between Se and Br, an overlapping of the Br-L line and the
Se-L line occurs (Fig. 4.29). The presence of both elements could be confirmed by their Ko lines in
the EDX spectrum and/or WDX analysis. The recorded EDX spectra are presented in figures 4.28,
4.29.
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Fig. 4.28: EDX spectrum of needle-shaped red-brownish crystals of InsSsBr.
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Fig. 4.29: EDX spectrum of the dark-brown needle-shaped crystals of InsSesBr, for a better

visualisation the section from 11.5-14 keV is magnified. The Br-L line overlaps with the

Se-L line, the presence of bromine is confirmed by the Br-Ka line.
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Crystals of both samples were ground and measured on a D5000 powder diffraction system. The
measured diffraction patterns are in a good agreement (except the intensities of the reflections) with

the calculated diffraction patterns from single crystal data (Fig. 4.30 and 4.31).
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Fig. 4.30: Comparison of a measured powder diffraction pattern of InsSsBr (a) with the powder
pattern of InsSsBr calculated from single crystal data (b).

The intensity differences between the measured and calculated powder patterns of both compounds
are caused by the morphology of the crystals (needle shape crystals) similarly as in case of
InsChsCl. Based on the growth direction (a-axis), increased intensities for the reflections with the
indexes h0O0 are observed (based on the cell choice). In opposite to that, the intensities of the
reflections with the indexes 0kO and 001 are decreased. This fact is demonstrated especially by the
reflections with the indexes 200, 020 and 002 in the case of InsSsBr (Fig. 4.30) and the reflection
with the index 200 in the case of InsSesBr (Fig. 4.31).
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Fig. 4.31: Comparison of a measured powder diffraction pattern of InsSesBr (a) with the powder
pattern of InsSesBr calculated from single crystal data (b).

The reflections of both compounds can be indexed in a orthorhombic primitive cell with the lattice

constants listed in table 4.11.

Table 4.11: Refined lattice constants from powder patterns for the compounds InsSsBr and

Il’l5SC5BI'.
Compound a/A b /A c/A V /A
InsSsBr 3.935(1) 9.088(1) 14852(1)  531.06(1)

InsSesBr 4.096(1) 9.339(1) 15.254(1) 583.56(3)
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4.3.3 Thermal analyses of InsS;Br and InsSesBr

Thermal investigations of both compounds InsSsBr and InsSesBr were performed by DTA and by
high temperature powder diffraction measurements. The results obtained from the DTA are
presented in figure 4.32, while the high temperature powder diffraction investigations are explained

in chapter 5.

30 24
22
254
20
2. 20- 5
= 218
o =
D 15 g 532°C
0 U 2 164
g <
& <
10 0 44
Heating curve 124 Heating curve
5 Cooling curve Cooling curve
268°C
T T T T T T T T N ) ) j T j T
200 300 400 500 600 400 450 500 550 600
Temperature /°C Temperature /°C
(a) (b)

Fig. 4.32: Sections of the DTA-curves of InsSsBr and InsSesBr. The heating curve shows an
endothermic effect (a) at 545 °C for InsSsBr and (b) at 532 °C for InsSesBr (the cooling
curve shows two exothermic effects in case of InsSsBr and only one exothermic effect in
case of InsSesBr).

Similar to InsChsCl both compounds are relatively stable in air. The thermal behaviour of InsSsBr

investigated by DTA presents an endothermic effect at 545 °C in the heating curve and two

exothermic effects in the cooling curve. The compound melts incongruently. According to the
applied heating regime (5°C/min) the decomposition products are IngS; (m.p. 603 °C, Fig. 4.32a)
and InBr (m.p. 268°C, Fig. 4.32a). The decomposition of this compound into In,S;, InS and InBr is
confirmed by the high temperatures powder diffraction analysis. In case of InsSesBr (Fig. 4.32b)
only one endothermic effect is observed in the heating curve (532 °C) and one exothermic effect in
the cooling curve. Regardless this behaviour, the compound melts incongruently similarly to the

other already discussed compounds.
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4.3.4 Single crystal investigation of InsChsBr (Ch =S, Se)

For the single crystal investigation needle-shaped crystals of both compounds were chosen under an
optical microscope and fixed with the help of grease on top of a glass capillary. The capillary was

fixed on a goniometer head and measured on a STOE IPDS diffraction system.

4.3.5 Single crystal investigations of InsSsBr

The obtained data for InsSsBr were further analysed by the STOE IPDS Program package [P1].
After visualizing the reflections by the program EXPOSE [P2], the reflections were indexed
(INDEX [P3] and CELL [P4]) in an orthorhombic cell. A close inspection of the reciprocal space

(RECIPE [P5]) showed no anomalies like twinning, superstructure etc.

The data were integrated using the program INTEGRATE [P7]. The obtained data set has been
corrected for Lorenz and polarisation effects. The crystal-face indexation was performed with a
CCD-camera [P8] and optimised using the program X-SHAPE [P9]. The numerical absorption
correction based on an adequate number of symmetrically equivalent reflections using the program
X-RED [P10].

The zonal reflection condition (hOl) h + | = 2n is represented by the symmetry element nLb, the row
condition for reflections h00 h = 2n and 00l | = 2n respectively by 2; 11 a and 2; 11 ¢. These
reflection conditions lead to the space groups, Pmmn (centrosymmetric) and Pmn2; (non
centrosymmetric). Structure solution and the refinement were carried out in both space groups, but
satisfactory results were obtained only from the latter one. The E-statistic and N(Z)-test, support the
presence of a non centrosymmetric structure. The structure was refined as an inversion twin with
fractional contribution of 0.38(2).

Compared to the chloride-type compounds, the structure refinement revealed quite satisfactory R-
values (R; = 0.0312, wR, = 0.0553) and lower Fourier residuals (omax. = 2.030 e/A3, Pmin. = -1.459
e/A’). The measuring parameters and the results of the last refinement cycle are listed in table 4.12.
The positions and the equivalent isotropic displacement parameters as well as the anisotropic

displacement parameters are listed in tables 4.13 and 8.7 (in appendix).
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Table 4.12: Important parameters for the X-ray single crystal investigation of InsSsBr.

Sum formula

Formula weight / gmol™
Temperature / K
Wavelength / A

Crystal System

Space group

Crystal dimension / mm

Cell dimensions / A

Volume / A®

Formula units per unit cell
Density (calculated) / gem™
Absorption coefficient / mm’
F(000)

Diffractometer

Scan type

Measured frange / ©
Index ranges

Measured reflections
Independent reflections
Completeness to 8 / %
Absorption correction
Structure solution
Structure refinement
Data/restraints/parameters
Goodness-of-Fit on F*

R values [| > 26 (1)]

R values (all data)

Final Fourier residuals / eA™

InsSsBr
M=2814.31
T=293(2)

MoKe, y=10.71073
orthorhombic
Pmn2; (No. 31)
0.10 x 0.02 x 0.01

a=3.9201(3)
b=19.0562(8)
c=14.812(1)

V =525.83(8)
Z=2
p=15.143
u=15.522
720
IPDS (Stoe), oriented graphite monochromator
»
3.55< 0<31.65
5<h<5 -12<k<13 21 <121
5062
1954 (Rine = 0.0288)
99.4
Numerical [P8, P10]

Direct methods [P11]
Full-matrix least-squares on F? [P12]
1954/1/69
1.012
R; =0.0248, wR, =0.0534
R;=0.0312, wR; =0.0553
Pmax. = 2.030, Pmin. = -1.459
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Table 4.13: Atomic coordinates, isotropic displacement parameters Ueq and occupancy factors for

InsSsBr.

Atom  Wyck. X y z Ueq /A° sof
Inl 2a 0 0.88739(6) 0.402193) _ 0.0110(1) 1
In2 2a v, 0.60634(6) 0.52634(3)  0.0114(1) I
In3 2a v 0.18662(6) 0.30168(4)  0.0148(1) 1
Ind 2a v, 0.47837(6) 0.25593(3)  0.0104(1) I
In5 2a v, -0.14118(09) 0.11158(5)  0.0280(3) 0.946(4)
Br 2a 0 0.40267(9) 0.45688(5)  0.0127(2) 1
S1 2a v, 0.7016(2)  0.3608(1) 0.0080(3) I
S2 2a v 0.4343(2)  0.6621(1) 0.0092(3) I
S3 2a 0 0.7715(22)  0.5652(1) 0.0088(3) I
sS4 2a v 1.0612(2)  0.4541(1) 0.0088(3) I
S5 2a 0 1.0296(2)  0.2501(1) 0.0105(3) I

The occupancy of each individual position was proved and resulted fully occupied within the three
fold standard deviation, except of In5 which is slightly under occupied (table 4.13). This slight
under occupancy (S.0.f. = 0.946) reveals the composition Inggs4SsBr. A similar case to this is

observed in the structures of InsSesCl (see above).

Comparable to InsChsCl (Ch = S, Se), the (In,)*"-species have a similar coordination to In". Hence,
it is supposed that a partial occupation of the In5 position by (Iny)*" could lead to the reduced

occupancy of that position.
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4.3.6 Single crystal investigation of InsSesBr

The single crystal data of InsSesBr were analysed similarly to InsSsBr. The reflections could be
indexed orthorhombically. The investigation of the reciprocal space using the program RECIPE

[P5] presented no anomalies.

The data were integrated using the program INTEGRATE [P7] and corrected for Lorenz and
polarisation effects. The crystal-face indexation was performed with a CCD-camera [P8] and
optimised using the program X-SHAPE [P9]. The numerical absorption correction based on an

adequate number of symmetrical equivalent reflections was done using the program X-RED [P10].

The condition for reflections similarly as in the case of InsSsBr, are consistent with two space
groups: Pmmn and Pmn2;. A structure solution performed by the program SHELXS [P11] using
direct methods is possible in both space groups, but the best R-factors are obtained again from the
solution and the refinement (SHELXL [P12]) in the space group Pmn2;. The distribution of the
normalized structure factors obtained by means of E-statistic and N(Z)-test suggested the non
centrosymetric space group Pmn2;. The structure of was refined as an inversion twin with a
fractional contribution of 0.49(2). The structure refinement revealed quite satisfactory R-values (R;
= 0.0357, wR, = 0.0800) and Fourier residuals (Omax. = 2.010 e/A3, Pmin. = -1.861 e/A3) similar to
InsSsBr. The measuring parameters and the results of the last refinement cycle are listed in table
4.14. The positions and the equivalent isotropic displacement parameters as well as the anisotropic

displacement parameters are listed in tables 4.15 and 8.8 (in appendix).
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Table 4.14: Important parameters for the X-ray single crystal investigation of InsSesBr.

Sum formula

Formula weight / gmol™
Temperature / K
Wavelength / A

Crystal System

Space group

Crystal dimension / mm

Cell dimensions / A

Volume / A°

Formula units per unit cell
Density (calculated) / gem™
Absorption coefficient / mm’
F(000)

Diffractometer

Scan type

Measured frange / °

Index ranges

Measured reflections
Independent reflections
Completeness to € / %
Absorption correction
Structure solution

Structure refinement
Data/restraints/parameters
Goodness-of-Fit on F*

R values [| > 26 (1)]

R values (all data)

Final Fourier residuals / eA”

1

Ins;SesBr
M =1048.81
T=293(2)
MoKe, y=0.71073
orthorhombic
Pmn2; (No. 31)
0.20 x 0.03 x 0.01

a=4.0932(3)
b=9.3331(7)
c=15.251(2)

V = 582.60(8)
Z=2
p=5.979
Lu=28.733
900

IPDS (Stoe), oriented graphite monochromator

@
3.45< 6<30.30
5<h<5 -13<k<13 21<1<21
6605
1951 (Rint = 0.0468)
99.2
Numerical [P8, P10]

Direct methods [P11]
Full-matrix least-squares on F? [P12]
1951/1/69
1.207
R;=0.0323, wR,=0.0790
R;=0.0357, wR, = 0.0800
Pmax. = 2.010, pmin. = -1.861
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Table 4.15: Atomic coordinates, isotropic displacement parameter Ueq and occupancy factors for

InsSesBr.

Atom  Wyck. X y z Ueq /A* sof
Inl 2a 0 0.8945(1) 0.40437(6)  0.0158(2) 1
In2 2a v 0.6060(1)  0.52379(6)  0.0171(2) |
In3 2a v 0.1943(1)  0.30369(7)  0.0194(2) |
Tnd 2a v 0.4765(1)  0.25430(6)  0.0152(2) 1
In5 2a v 20.1462(2)  0.11299(9)  0.0324(4) 0.968(6)
Br 2a 0 0.4073(2)  0.4552(1) 0.0175(3) I
Sel 2a v, 0.7059(1)  0.35849(8)  0.0113(3) |
Se2 2a v 0.4284(1)  0.65933(8)  0.0116(3) 1
Se3 2a 0 0.7750(2)  0.56870(8)  0.0125(3) I
Sed 2a v 1.07112)  0.45941(9)  0.0136(3) I
Ses 2a 0 1.0342(2)  0.24864(9)  0.0138(3) |

Similar to the compounds treated above, the occupancy of each individual position was proved and
resulted fully occupied within the calculated standard deviation. In this compound even In5 position
can be considered fully occupied (S.0.f. = 0.968(6) table 4.15) within the threefold standard

deviation.

In analogy to the above discussed compounds, in this compound the isotropic displacement

parameter of In5 is significantly higher in comparison to the other atoms.

4.3.6.1 The bromine position in the structure of InsChsBr (Ch =S, Se)

The localisation of bromine atoms in the structure of InsChsBr is based on the X-ray single crystal
investigation of InsSsBr. In case of InsSesBr the determination is almost impossible due to the small

difference in the number of electrons between selenium and bromine atoms. The distribution of the
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bromine atoms in the structure agrees with the explanation based on the concentration of the local

positive and negative charge and is considered to be the same for InsSesBr.

4.3.7 Structure description of InsChsBr (Ch =S, Se)

Both compounds InsSsBr and InsSesBr crystallize in the orthorhombic crystal system in the space
group Pmn2; (No. 31) with two formula units in the unit cell. Based on the nomenclature proposed
by Robin [105], these compounds can be classified in the first group of mixed valence compounds
similar to InsChsCl, where, indium occurs in three different oxidation states: In", formal In*" and
In*". The chalcogen atoms and bromine possess their lowest oxidation numbers [Ch*] and [Br]. In
analogy to the chloride-type compounds, the explicit formula of these compounds can be written in

the following way:

InsChsBr = [In'] [(In2)*'] 2[In**] 5[Ch*] [Br]

For a better comparison with InsChsCl, the structure is projected along [100] (Fig. 4.33a).
Concerning the description of each indium species in InsChsBr, there is a close analogy to the
chloride structure. In" is located in three capped trigonal prismatic holes, the trigonal prisms
themselves share common faces with each other building units along [100] (Fig. 4.33b). Each In**
builds with its neighbored In*" covalent bonded dumbbells (In,)*", where each indium atom is
further coordinated by three chalcogenides. The resulting ethane analogue units (eclipsed
conformation) form chains along [100] (Fig. 4.33d). In*" is octahedrally coordinated, similar to the
chloride-type compounds. The octahedra build cis and trans edge-sharing double octahedra chains
along the short a axis (Fig. 4.33c). In contranst to the chloride-type, this structure type shows only
one kind of edge-sharing octahedra double-chain, namely InChs-InChyBr, (Fig. 4.33c). Different
from InsChsCl, in this structure there is one building unit playing the role of the common and

characteristic motif.
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(a)
C .
‘ @ In3+
' @ n2+
‘In+
@ Ch=(S,Se)
b JBr
a

Fig. 4.33: (a) Projection of the structure of InsChsBr (Ch =S, Se) along [100]
(b)-(d) Characteristic structure fragments of InsChsBr
(b) Face-sharing three capped trigonal prisms
(c) Cis and trans edge-sharing octahedra double chains (InChg and InCh4Br)
(d) Ethane analogue chains built up by In,Se-units
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This building unit consists of trans edge-sharing octahedra double-chains InChg-InChyBr,, bonded
to chains of ethane analogue In,S¢ fragments and at the same time sharing edges and corners with

the trigonal prismatic units occupied by In" species (Fig. 4.34b.c).

@ In3+

@ In2+

@
@ Ch=(S,Se)
JBr

(@)

Fig. 4.34: (a) Projection of the structure of InsChsBr (Ch = S, Se) along [100], (b) and (c)
building units build up by cis and trans edge-sharing octahedral double chains InChgs and
InCh4Br; sharing edges and corners with trigonal prismatic units and with chains of
ethane analogue In,S¢ fragments.

This construction unit can be regarded as an intermediate of the construction units observed in the
structure of InsChsCl (Fig. 4.19b,c), where, a row of (In-In)*" dumbbells bonded to edge-sharing
octahedra double-chains is substituted by a row of trigonal prisms. This characteristic explains the

similarity between the lattice constants of the four species (see table 4.16).
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Table 4.16: The space groups and lattice parameters of the four new compounds InsChsX (Ch =S,
Se; X = Cl, Br; taken from X-ray single crystal measurements).

Compound Space group a/A b/A c/A B /° \N
InsSsCl P2,/m 8927 (1)  3.9062(5) 14951 (2) 9348(2) 5204 (1)
InsSsBr Pmn2, 3.9201(3)  9.0562(8)  14.812(1) 90 525.83(8)
InsSesCl P2,/m 9.2306(1) 4.0866(3) 15.294(2)  92.47(1)  576.36(9)
InsSesBr Pmn2, 409323)  93331(7)  15.251(2) 90 582.60(3)

For a comparison of the lattice constants it should be taken into account that the lattice constant a of

the chloride-type is comparable with the lattice constant b of the bromide-type and vice versa.

Similarly as in the chloride-type structure, the first and second coordination sphere of In" are in

good agreement with the coordination sphere of (In)*" (Fig. 4.35).

(b)

Fig. 4.35: First and second coordination sphere of (a) In" and (b) (In,)*" species in the structure of

Il’l5Ch5BI‘.

In a projection along [100] the bromide-type structure (InsChsBr) can be regarded as a mosaic

where every edge sharing octahedra double-chain InChg-InCh4Br; (in the projections presented as

double octahedra) is surrounded by six trigonal prisms (presented as triangles in the selected

projection, figure 4.36).



New mixed valence chalcogenide halides of indium — InsChsBr (Ch = S, Se) 109

@ Ch=(S,Se)
U Br

Fig. 4.36: Projection of the InsChsBr structure along [100]. Each double octahedra is surrounded by
six triangles.

In contrary to the chloride-type structure where two different kinds of triangle environments around
the double octahedra are found (4:2 and 2:4 respectively), this structure, surprisingly displays only

one kind of triangle environment, namely 3:3.

@ In3+
@In2+

@n+

@ Ch=(S, Se)
9Br

Fig. 4.37: (a) Double octahedra surrounded by three triangles centred by In" and three other
triangles centred by (In-In)*" dumbbells.
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Three of the trigonal prisms surrounding double octahedra are centred by In" and three by (Iny)*"

dumbbells (Fig. 4.37).

In analogy to the chloride-type structure, the bromide type structure can be described by topological
layers perpendicular to [001]. In contrast to the chloride type where the whole structure can be

represented by two different layers, the bromide type shows only one kind of layer (Fig. 4.38).

@ In3+
@In2+

@n+
@ Ch=(S, Se)

JBr

Fig. 4.38: Projection of the topological layer of the InsChsBr structure type.

4.3.8 Discussion of the inter-atomic distances

Interatomic distances up to 4 A and their standard deviations for both compounds InsSsBr and
InsSesBr obtained from the last refinement are listed in table 4.17. The interatomic angles are listed

in the table 8.10 in appendix.
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Table 4.17: Inter-atomic distances in the isotypic compounds InsSsBr and InsSesBr. * In3 and In4
have a formal charge of +2.

Atom anion InsSsBr /A InsSesBr /A
Inl (In%)  _g/Se5 2.595(2) 2.7102)
- S/Se4 (2x) 2.628(1) 2.758(1)
- $/Se3 2.631(2) 2.742(2)
- S/Sel (2%) 2.655(1) 2.789(1)
2 (In*) - S/Se3 (2%) 2.532(1) 2.673(1)
- S/Se2 2.544(2) 2.649(2)
- S/Sel 2.600(2) 2.689(2)
- Br (2¥) 2.8815(7) 2.953(1)
In3* (In)** - S/Se4 2.527(2) 2.639(2)
- S/Se5 (2%) 2.540(1) 2.670(1)
- Ind 2.728(1) 2.739(2)
Ind* (In)>* - S/Se2 (2%) 2.530(1) 2.660(1)
- S/Sel 2.549(2) 2.667(2)
In5(n) - S/Sed (2x) 3.133(2) 3.189(2)
- $/Se5 (2x) 3.231(2) 3.362(2)
-Br 3.295(1) 3.425(2)
- S/Se2 (2%) 3.384(2) 3.410(2)
- S/Se3 3.418(2) 3.529(2)
- S/Sel 3.955(2) 3.990(2)

Again, the coordination polyhedra around In" (In5) in InsChsBr are similar to the polyhedra of In"in

MInsS; (M = In, Na, K, TI) [93, 94] and in InsChsCl. In this structure-type In' is three caped

trigonal prismatic coordinated from chalcogenid and bromide atoms (Fig. 4.39). The prism itself is

built up only by chalcogenid atoms: 2x Ch2, 2x Ch5 and 2x Ch4 (Fig. 4.39). The interatomic

distances In5- chalcogenid/bromide are listed in table 4.17.
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Fig. 4.39: Coordination spheres of In* species in (a) InsSsBr and (b) InsSesBr. The presented
ellipsoids are shown with a probability of 90%.

The longest observed distances are those between In5 and Chl. These distances are almost equal to

4 A, and thus the coordination number of In5 (In") can be described as 8+1.
In3 and In4 build with each other and six chalcogen atoms ethane analogue dumbbells In,Chg, (Fig.

4.40). A comparison of the interatomic distances of these species in both structure types shows a

good agreement between them (table 4.18).

S4 ST Sed Sel
In3 In4 In3 In4
S5 S2 Ses Se2
S5 S2 Se5 Se2
(a) (b)

Fig. 4.40: Coordination spheres of the (In,)*" dumbbells in (a) InsSsBr and (b) InsSesBr. The
presented ellipsoids are shown with a probability of 90%.
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Table 4.18: Comparison of the interatomic distances of the In,Chg units in the new solids: InsSsCl,
Il’l5S5BI‘, Il’l5S€5C1, Il’l5SCsBI‘.

Compound aln-m (A) a Ina)-ch (A) a Inb)-ch (A)
InsSsCl 2.723(4) 2.554 2.524
InsSsBr 2.728(1) 2.536 2.536
TnsSesCl 2.748(2) 2.659 2.656
TnsSesBr 2.739(2) 2.660 2.662

In analogy to the InsChsCl structure, Inl and In2 are octahedrally coordinated. Inl is coordinated by
six chalcogen atoms, while In2 has four chalcogen and two bromine neighbours (Fig. 4.41). Unlike
the chloride-type structure, in the bromide-type structure the octahedra centred by Inl are pared
(share a common edge) with octahedra centred by In2. Therefore instead of two kinds of double
octahedra InChg-InChe and InyChsX5-InyChyX, observed in the chloride-type (Fig. 4.26), in the
bromide-type a “hybrid” of these pairs is observed, namely InChg-In,ChyX,.

Similar to the chloride-type compounds, the average distances between indium and chalcogenides
in bromine containing octahedra are significantly shorter compared to the octahedra without
bromine atoms (dip.ch = 2.552 A (InsSsBr) and 2.671 A (InsSesBr) compared to dij.ch = 2.632 A
(InsSsBr) and 2.757 A (InsSesBr)).

Fig. 4.41: Coordination spheres of In*"in (a) InsSsBr and (b) InsSesBr. The presented ellipsoids are
shown with a probability of 90%.
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4.3.9 The distribution of In* and (In,)*" species around the edge-sharing
double octahedral

In the bromide-type structure the distribution of the triangles centred by In" and/or (Iny)*" around
InChg-InCh4Cl, double octahedra is 3:3. As explained above, in the bromide-type structure only one
kind of double octahedra exists, observed as a “hybrid” of the double octahedra existing in the
chloride-type structure. Based on this explanation, the negative charge surrounding the double
octahedra of the bromide-type structure is the average of the negative charge in both kinds of
double octahedra of the chloride-type structure, therefore the environment of triangles centred by
In" and (Iny)*" around these double octahedra is the average of the triangle environments observed

in the chloride-type structure, schematically presented in figure. 4.42.

3:3

Fig. 4.42: Structural fragments of the chloride-type structure (4:2, 2:4 arrangements) and the
bromide-type structure (3:3 arrangements). Focused on the distribution of the triangles
centred by In" and (Iny)*", the structural fragment 3:3 of the bromide-type can be
regarded as an “hybrid” (average) of the structural fragment of the chloride-type.
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4.4 A brief comparison of the structures

A comparison of the results of the X-ray experiments of the InsChsCl and InsChsBr structure-types

(Fig. 4.43) shows great differences (table 4.19) derived especially from the anomalies of the

chloride-type compounds. Regardless of the X-ray anomalies, the structures themselves present

very close features. For a better comprehension of these differences and similarities, detailed

HRTEM (High Resolution Raster Electron Microscope) investigations were carried out.

o @ In3+
@ n2+
.In+

@cCh=(S,Se)

dci

(@)

Na @ In3+
@ n2+

.In+

@ Ch=(S,Se)

JBr

(b)

Fig. 4.43: Projection of the structures of (a) InsChsCI along [010], and (b) InsChsBr along [100].

Table 4.19: Comparison of selected single crystal data obtained from the compounds InsChsCl,

InsChsBr (Ch =S, Se).

InsChsCl (chloride-type)

InsChsBr (bromide-type)

Monoclinic (P2;/m)
Reticular pseudomerohedrical twinning
High R-values
InsSsCL: R; = 0.0982, wR;=0.2348
InsSesCl: R; = 0.0860, WR,=0.2346
High Fourier residuals

InsSsClL: pax. = 3.406 e/A°, pmin. = -4.401 e/A’
-4.532 ¢/A°

InsSesClL: pax. = 3.980 ¢/A°, pin. =

Orthorhombic (Pmn2;)
Inversion twinning

Satisfactory R-values
InsSsBr: R; =0.0312, wR, =0.0553
InsSesBr: R; = 0.0357, wR, =0.0800

Low Fourier residuals
-1.459 e/A°
-1.861 e/A’

InsSsBr: prax. = 2.030 ¢/A°, puin. =
InsSesBr: poa. = 2.010 /A%, pin. =
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4.5 HRTEM investigations on InsS;Cl and InsS;sBr and MAPLE

calculations

4.5.1 The course of a HRTEM-investigation

At the initial stage of HRTEM (High Resolution Transmission Electron Microscopy) observations,
the orientation of thin crystallites must be determined by electron diffraction. The exact alignment
of the investigated area with respect to the electron beam can be applied by means of electron
diffraction through the employment of a SAED (Selected Area Electron Diffraction) aperture.
Based on the adjusted orientation, high resolution micrographs along the defined zone axes can be
obtained. Other zone axes can be adjusted by tilting the samples systematically. Due to the

geometry of the objective lens, the tilts are limited to a maximum angle of about 30°.

4.5.2 The evaluation of the HRTEM-images

The interpretation of HRTEM images is not straightforward in any case, due to the influence of the
CTF (Contrast Transfer Function) on HRTEM micrographs. The latter is particularly determined by
lens aberrations, thickness of the sample and the focussing conditions. Changing the defocus value
causes defined modifications of the CTF. It is therefore necessary to record images from each
orientation with several defocus values (i. e. defocus series). One important step of HRTEM
observations consists in the reproduction (image matching) of a complete defocus series based on
the simulated images (e.g. multiple-slice procedure). However, even micrographs recorded under
special conditions are important. Images which are recorded in the so called Scherzer defocus are
not affected by gaps in the CTF. Therefore a direct correlation between HRTEM micrographs and
structure projection can be achieved.

Using the theory of weak phase object approximation (WPOA), which states that the intensity of an
object is proportional to its transparency, one can conclude that the black spots in those images

relate to columns of atoms and white spots, to hollow spaces between the atoms. Based on this
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theory the interpretation of the images can be facilitated when compared with the projections of the

real structure.

The HRTEM measurements for the purpose of this work were performed in cooperation with the
research group of Prof. Dr. Dr. h. ¢. mult. Simon (MPI Stuttgart) by Priv. -Doz. Dr. L. Kienle. More
detailed information about the HRTEM measurements of these compounds (except what is

mentioned here) is presented in the habilitation thesis of Mr. Kienle.

4.5.3 A general description of the SAED and HRTEM investigations in both

structure-types

The HRTEM measurements were associated with the SAED and EDX measurements. The latter
two, are auxiliary investigation methods and can be applied to supply the evidence of the lamellar
real structures as well as to determine the composition in selected areas of the chosen crystal. For
the HRTEM investigations one representative of each structure-type was considered, namely
InsSsCl for the chloride-type and InsSsBr for the bromide-type. Regardless of the similarities of the
average structures described in details above, InsChsCl and InsChsBr display noticeable differences
in their real structures. These differences are listed as follows:

The SAED patterns of InsSsBr displayed only sharp reflections accompanied by a perfectly ordered
real structure. All the patterns could be indexed based on the lattice parameters obtained from the
X-ray investigation. The experimental and the simulated SAED patterns show a good agreement.
The EDX measurements recorded in different areas within the investigated crystal exhibited no
significant fluctuation of stoichiometry. The occurrence of the perfectly ordered real structure is
confirmed by the HRTEM investigations. In accordance to the determined structure by X-ray
measurements, the recorded HRTEM micrographs displayed the presence of layers with 3:3
arrangements in all the investigated crystals of InsSsBr. These arrangements are depicted as bright
oval contrast in the micrographs.

In contrast to InsSsBr, the real structure of InsSsCl presented a variety of anomalies which are
derived from the two-dimensional order of the real structure. Beside the existence of the 4:2 and 2:4

arrangements (observed from the average structure) the HRTEM images and the SAED patterns
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evidenced the existence of layers with 3:3 arrangements within the structure (this is not observed in
the average structure determined by X-ray measurement). In addition, the presence of polymorphic
intergrowth of layers with different arrangements, the polysynthetic twinning and the intergrowth of
large separated domains containing InsS; was observed. The latter observation was also supported
by the EDX measurements (significant fluctuations of stoichiometry within the investigated

crystal). These anomalies are described in details below.

4.5.4 Polymorph intergrowth of InsSsCl

The average structure of InsSsCl determined by the X-ray investigations displays only the presence
of the alternating layers with 4:2 and 2:4 arrangements. HRTEM confirmed the existence of the
layers with such arrangements only in small domains of the structure. In the simulated micrograph
of figure 4.44a the existence of these arrangements is presented by regular and deformed S-shaped

contrasts.

(2)

Fig. 4.44: (a) simulated micrograph of InsSsCl along [010] (Af = -55nm, t = 2 nm), the grey S-
shaped contrasts explain the respective arrangement 4:2 and 2:4. For a better
visualisation some of these S-shaped contrasts are marked in red, (b) projection of the
structure of InsSsCl along [010].

The regular S-shaped contrast belongs to the 4:2 arrangement while the deformed S-shaped

contrasts correspond to the 2:4 arrangements.
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In the real structure of InsSsCl the periodic repetition of the layers with 4:2 and 2:4 arrangements is
not continuous but interrupted by thin layers (lamellas) with 3:3 arrangements. The existence of
these layers is presented by oval contrasts (see micrograph in fig. 4.45a). Only in rare cases the

crystals display larger domains of one polymorph (see fig. 4.45).

(a) (b)

Fig. 4.45: (a) simulated micrograph of InsSsCl along [-100] (Af = -55nm, t = 2 nm), the grey oval-
shaped contrasts explain the 3:3 arrangements. For a better visualisation two of these
oval-shaped contrasts are marked in red. (b) fragment of the real structure of InsChsCl.

At first glance the presence of 3:3 arrangements in the InsSsCl-structure can be supposed to be
derived from Br-impurities but EDX analysis displayed no traces of bromine.

As mentioned above, the SAED patterns recorded from separated or multiple domains proved the
presence of the 3:3 arrangements. The diffraction patterns of [010]men show characteristic splittings
of the reflections deriving from the superposition of the orthorhombic and monoclinic domains. The

latter was proved by the reproduction of the simulated patterns based on their superposition.

The simultaneous presence of layers with 3.3 arrangements beside the alternating layers with 4:2
and 2:4 arrangements could be realised by two different kinds of boundaries between the layers.

These are:

a) boundaries between layers containing 3:3 and 2:4 arrangements (Fig. 4.46a)

b) boundaries between layers containing 3:3 and 4:2 arrangements (Fig. 4.46b)
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Fig. 4.46: Fragments of the structure showing two possible intergrowth of the polymorphs (left) the
respective simulated HRTEM micrographs (right). a) Intergrowth with the boundary
between layers with 3:3 and 2:4 arrangements, b) Intergrowth with the boundary
between layers with 3:3 and 4:2 arrangements.
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The simulated HRTEM micrographs (right) show deformed and regular S-shaped contrasts (at
boundary) corresponding to 2:4 (Fig. 4.46a) and 4:2 (Fig. 4.46b) arrangements, both fitting well

with the bright oval contrasts (3:3 arrangements).

The compatibility of the layers at the boundaries is excellent. This compatibility originates not only
from the close similarity between the arrangements, but also from the close similarity of the lattice
constants of the monoclinic and orthorhombic polymorphs (the lattice constants of the
orthorhombic polymorph of InsSsCl have been determined by SAED patterns recorded on separated
domains of differently oriented crystals: oo ~3.91 A, bortho ~ 8.93 A, Cortno ~14.92 A).

The occurrence of the lamellar intergrowth is displayed by the distinctive stripes observed in the
bright field image (Fig. 4.47a). Further diffraction measurements of the selected area show the

presence of the diffuse streaks generated from the nanoscale intergrowth (Fig. 4.47b).
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Fig. 4.47: (a) Bright-field image of InsSsCl showing the lamellar intergrowth, (b) SAED pattern of

The latter is confirmed by the HRTEM investigation of this region, which displayed mostly the
presence of 3:3 arrangements (oval contrasts), intersected by layers of 2:4 and 4:2 arrangements (s-
shape contrasts) (Fig. 4.48). Again, the simulated (left) and experimental (right) micrographs

correlate well.
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Fig. 4.48: Intergrowth of polymorphs containing orthorhombic and monoclinic layers,
[100]orthorhombic- Experimental (right) and simulated (left, Af = -60 nm, t =2 nm) HRTEM
micrograph.

4.5.5 Polysynthetic twinning

The single crystal X-ray investigation of InsSsCl shows the occurrence of twinning in all the
investigated crystals. As mentioned in chapter 2, this twinning can be described by reticular
pseudomerohedry, because the reflections hOl with h = 5n coincide. Regardless of the precious
information about the twinning obtained from the X-ray investigations, several detailed
uncertainties persist regarding the atomic structure of the twin boundary. To perform such
investigations different techniques are considered.

Firstly, a dark field image of the small area of the investigated crystallite using strong diffractions
contrast displays the presence of layers (bright or dark stripes fig. 4.49). These lamellas are aligned
perpendicular to [1 0 10]monociinic @and their thickness ranges from 2 to 500 nm.
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50 nm

Fig. 4.49: Dark field image of a small area of the investigated crystallite displaying the presence of
polysynthetic twinning, zone axis [010]monociinic- The yellow arrows point the boundary of
the stacked lamellas.

The lamellas are separated and the sequentially recorded SAED patterns of the neighbouring
lamellas display different orientations (Fig. 4.50).

[100]* [100]*,

LR .

- @es * " 8 0 s+ 8 8" s -

Fig. 4.50: SAED patterns of two neighbouring lamellas with different orientations in the zone axis
[0 1 O]monoclinic-
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Secondly, the HRTEM investigation of two twinned domains orientated along [001] (Fig. 4.51)
displays mainly the presence of the characteristic S-shaped contrasts. The S-shaped contrasts above
and below the twin boundary represent the layers with 4:2 arrangements and 2:4 arrangements (Fig.

4.51 left). Surprisingly the twin boundary itself contains neither S-shaped nor deformed S-shaped

contrast but oval contrasts resulting from 3:3 arrangements (Fig. 4.51).

Fig. 4.51: Twinning of InsSsCl. The 3:3 layer represents the twin boundary between 4:2 layer
(above) and the 2:4 layer(below). The two monoclinic cells are shifted toward each other.
At the simulated micrograph (middle, Af = -60nm, t = 2nm) the domain shifting is
emphasised by the yellow arrows.
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The position of the neighbouring twinned lamellas, exhibits a shift of approximately 0.448m0n
depicted by black and yellow arrows in the projection of the real structure (left) and in the simulated
HRTEM micrograph (right), respectively. A detailed investigation revealed that this single layer
exactly at the twin boundary causes the shift of the domains. The shift is necessary to realise a

perfect match of both domains.

The experimental HRTEM images of the twinned domains recorded at different defocus values
show a good agreement with the respective simulated micrographs (Fig. 4.52). A better
visualisation is presented by the experimental and simulated micrograph in the figure 4.52c
(defocus value Af = -45). The layer with 3:3 arrangements (oval contrasts pointed by arrow)
between the layers with 4:2 (above) and 2:4 (below) arrangements represents the twin boundary.

The occurrence of the layer with 3:3 arrangements between the layers with 4:2 and 2:4
arrangements is observed above at the polymorphic intergrowth and at the same time at the
polysynthetic twinning. This fact confirms once more the good compatibility between layers with

different arrangements.
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Fig. 4.52: Series of HRTEM images with different defocus value Af (left) and their simulated
micrographs (right). The presence of the layer with 3:3 arrangements at the twin

boundary is displayed magnified in figure c.
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4.5.6 Intergrowth of different compounds

The synthesis of InsSsCl revealed an inhomogeneous product accompanied by IngS;. Both
compounds, InsSsCl and IngS; have similar morphologies (needle-shaped), crystallographic
parameters (see table 4.20) and crystallise in a common space group (P2,;/m). Another similarity
between these compounds is related to the ability of twin formation. Hogg & Duffin [88] report this

phenomenon in nearly all the investigated crystals of IneS.

Table 4.20: The space group and the lattice parameters of the compounds InsSsCI and IngS,.

Compound S. Group a/A b /A c/A B /o Vv /A?

InsSsCl P2/m  8.949(1) 3916905  149853)  93.66(1)  24.2009)

IngS; P2/m  9.090(5)  3.887(1)  17.705(4)  108.20(5)  577-64(8)

Beyond these similarities, a close inspection of the structure of IngS; (projection along [010] Fig.
4.53) shows an additional similarity to the structure of InsSsCl concerning the building layers. Both
structures contain layers with 2:4 arrangements. The existence of this common feature in both
structures and the similar characteristics mentioned above could facilitate an intergrowth of both

compounds.

To prove the existence of the intergrowth of both compounds, the composition of several crystals of
InsSsCl was analysed by EDX measurements performed with a Philips CM30ST (scanning mode).

In figure 4.54a a dark field image of an analysed crystal is presented. The CI-K mapping of this
crystal exhibits the existence of two regions (Fig. 4.54b), one containing chlorine (dark contrast),

and the other not (light contrast).
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Fig. 4.53: Projection of the structures of (a) InsSsCl, (b) IneS7 along [010].

300 nm

(@)

Fig. 4.54: (a) Dark field image of an InsSsCl crystal, (b) Cl-Ka mapping (EDX) of the investigated
crystal showing a chlorine rich area (dark contrast).

As evidenced by the quantification of point analysis the chlorine rich region (Fig. 4.54b) belongs to

the compound InsSsCl, while the other region represents IngS;. In order to obtain further
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information about these regions (marked by yellow circles and centred with numbers 1 and 2),

SAED patterns of both were recorded.

The SAED pattern of the region 1 displays no anomalies but only sharp reflections (Fig. 4.55(1))
while the region 2 exhibits the presence of the twinning (Fig. 4.55(2)).
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Fig. 4.55: Dark field image of an investigated crystal. SAED patterns of: (1) region containing a
domain of InsSsCl, (2) region containing twinned domains of IneS5.

The HRTEM image recorded from a small area between the regions 1 and 2 shows mainly
monoclinic layers of IngS; grown together with orthorhombic layers of InsSsCl (Fig. 4.56). The
orthorhombic layers of InsSsCl are perturbed by two monoclinic layers of the same compound. The
presence of a large domain of orthorhombic InsSsCl between the monoclinic domains of IngS;

(twinned) and InsSsCl leads to an almost perfect SAED pattern of the region where this domain is
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located (Fig. 4.55 (1)). The occurrence of the boundary between the layers with 3:3 arrangements of
the InsSsCl and the layers with 2:4 arrangements of IneS; confirms the good compatibility.
Therefore, it can be concluded that a good compatibility exists not only between layers with
different arrangements of one compound, but also between similar layers found in other compounds

too.
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Fig. 4.56: Experimental micrograph of the investigated crystal of InsSsCl, (Af = -60 nm, thickness 5
nm).
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4.5.7 Calculations of MAPLE values

The MAPLE (Madelung Part of Lattice Energy) [106-108] calculation represents a tool to check
the validity of the structure. The correctness of the found structure can be judged by comparing the
MAPLE value of the synthesised compound (ternary or polynary) with the sum of the MAPLE
values of binary compounds. If the polynary compound has a similar nature to the binary
compounds (e. g. ionic) and if the environments of the ions in these compounds are similar, a
difference between the MAPLE values not higher than 1 % can be expected.

In the following, the calculated MAPLE values (MAPLE 4 [P19]) of the compounds InsSsCl,
InsSesCl, InsSsBr and InsSesBr are compared with the MAPLE values of the corresponding binary

compounds according to equation (4.1).

MAPLE(InsChsX) = MAPLE(In;Ch;) + 2 x MAPLE(InCh) + MAPLE(InX) 4.1)

Ch =S, Se, and X =Cl, Br

The results from these comparisons are listed in the table 4.21 and tables 8.11-8.13 in appendix.
Deviations of 1% and 0.72 % were observed in the case of InsSsCl and InsSesBr. The comparison of
InsSesCl and InsSsBr with the sum of binary compounds displayed deviations higher than 2% (see
appendix). The observed discrepancy of approx. 2% can be dedicated firstly to the structural
differences of the considered species (differences in the coordination spheres) and secondly to the
bonding situation of indium in the ternary and in the binary compounds (two indium atoms of each
considered ternary compound are covalently bonded like in InCh (Ch = S, Se) and InX (X= Cl, Br).
Haas & Jansen [109] report deviations up to 4.7 % for the comparison of the compounds with
different structural properties and bonding nature. The obtained MAPLE values are quite

satisfactory confirming the correctness of the considered structures.
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Table 4.21: MAPLE values in kcal mol” of InsSsCl compared with B-In,S; [110], InS [100] and

InCI [111].
Atom n binary ternary nxA”
Inl 1 885.9332% 832.3960 -53.5372
In2 1 877.4353" 875.1993 -2.2360
In3 1 385.03829 328.1525 -56.8857
In4 1 385.0382Y 341.8242 -43.2140
In5 1 86.7901° 149.9421 63.1520
S1 1 446.6314° 443.0187 -3.6127
S2 1 446.6314° 473.9330 27.3016
S3 1 446.6314° 396.2415 -50.3899
S4 1 384.9244% 462.0516 77.1272
S5 1 384,92449 387.1657 2.2413
Cl 1 86.3743° 78.7052 -7.6691
Y =4816.3523 Y =4768.6298 Y =-47.7225
— 1%

Dternary — binary, ® from In,S3 [(CN 6) + (CN 4)], ® from In,S; (CN 6), © from In,S; (mean
value), ¥ from InS, © from InCl.
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4.6 Substitution experiments

In the course of the investigations about the existence of further mixed valence compounds several
experiments were performed based on the selective substitution of elements in InsChsX (Ch =
chalcogen; X = halogen).

The substitution experiments were carried out in three directions; the substitution of In-species, the
substitution of chalcogenides and the substitution of halides.

The mixed valence character of these compounds InsChsX offers three different substitution
possibilities of indium species, namely, the substitution of: a) In", b) (Inp)*", ¢) In’". In a similar
way several substitutions can be applied for the chalcogenides and halides respectively (see table

4.22).

Table 4.22: The possibilities of substitution in InsChsX.

Ions in InsChsX Substituting ion
In* K", Na®, Rb", TI", Ba®>", Sr*"
(Iny)** (ALY, (Gay)**
3 A13+, Ga3+, Tl3+, crt
S* Se”
Se* Te*
CI, Br I

Not every ion can be exchanged by another ion with the same oxidation state. To perform
reasonable substitutions some properties of the “candidate” ions like radius and coordination
number (CN) should be taken into account. The distribution of the effective radii and the respective
coordination numbers of selected ions are presented in figures 4.57, 4.58. The performed

substitutions are listed in table 8.14 in appendix.

For the substitution of In"-species in InsChsX several ions with the same coordination number and
similar radii were employed. The substituting ions were mainly those of the alkali metals, the earth

alkaline metals and TI".
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Fig. 4.57: The effective ionic radii for selected ions according to Shannon [115]. The
coordination number is presented by different colours (see legend).

It is assumed that the substitution of In" with an earth alkaline metal ion leads to vacancies in the
structure due to the charge compensation. The evidence of the substitution of In" species by bivalent

ions (Sn%, Pb2+) is already reported by Walter [92] in the compounds SnyIne »xSe; and PbyIne 2xSe7.

The reactions for the substitution of In" in InsChsX by alkali metals were carried out using their
halides (previously treated) or directly the elements as educts. The earth alkaline elements Sr, Ba
were used in form of their sulphides. For all these substitution experiments only the formation of
binary products such as IneS; and InS was observed. This phenomenon can be explained by the high
affinity of alkali or earth alkaline metals toward the halides and the high formation enthalpy of

these compounds.

Further syntheses involving thalium or thalium (I) halides as educts, yielded the mixed crystals
TlIngSsCl and TlIngSesCl which are explained in details below (reactions 7, 9, see table 8.14 in
apppendix). Instead of the expected TlIngSsBr only TIBr, InS and In,S; could be obtained.
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Fig. 4.58: The effective ionic radii for selected chalcogenide and halogenid ions according to
Shannon [115].

Attempts to substitute the (In)*" species involved mainly the third group elements, Al and Ga
(reactions 11-16, see table 8.14 in appendix). These substitution reactions were performed based on
the existence of several compounds which contain covalent Al-Al or Ga-Ga bonds (reported by

Paashaus & Kniep) [102].

Moreover, In*"-species (CN = 6; octahedrally coordinated) were substituted by elements of the third
group and Cr (reactions 11-18, see table 8.14). The effective radii of these ions are comparable to
that of In*" (A’ = 0.675 A, Ga®* = 0.76 A, In®" = 0.94 A, Cr’" = 0.755 A) in their octahedral

coordination.

Most of the syntheses involving Al and Ga yielded binary or ternary chalcogenides (ternary
chalcogenides in the case of a partial substitution of binary compounds e.g. AlIne.x)S7) and binary
halides MHaly (x =1-3). Traces of the latter could not be detected by X-ray powder diffraction, due
to their enhanced sensitivity toward moisture. For such measurements the sample was ground in an
inert atmosphere and measured shortly (20 min) between two foils welded together. Some of the
samples were measured in capillaries.

The substitution of one In*" by Cr’* in InsSesCl (reactions 18) yielded a quarternary compound
(IngInCr(1.x)SesCl; see diffraction pattern in figure 4.59). Attempts to obtain a similar quarternary

compound in the case of InsSsCl failed.
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Fig. 4.59
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: Comparison of the measured powder diffraction patterns of: a) InsSesCIl and
b) In(s.x)CrxSesCl. For a better visualisation of the shift to the greater 20 values
a magnification of the contoured section (31.0 — 32.0 in 20) is shown at the top-right.

Table 4.23: Comparison of the refined lattice constants for the compounds InsSesCl and

Ingdn,CroSesCl  9.2352(9)  4.0947(3)  15.289(2)  92.741(7)  577.49(6)

InsIn,Cr(1SesCL
Compound a /A b /A c/A B/° V /A3
InsSesCl 9.2391(3)  4.0951(1) 15.2920(6) 92.743(3)  577.91(2)

The comparison of the diffraction patterns of InsSesCl and IngIn,Cr(;.x)SesCl exhibits a slight shift

to higher 20 values for the latter. This shift is confirmed by the refined lattice constants (see table

4.23).

In addition to substitution of indium species, further substitutions have been carried out, namely the

substituti

ons of chalcogenides and halides. Similarly such substitutions were performed based on

the criteria of radii and coordination number of the substituting atoms (see table 4.23). The first

attempt to the complete substitution of sulphur atoms in InsSsX by selenium atoms yielded the
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compounds InsSesX. Attempts for a complete substitution of selenium by tellurium atoms failed,
and instead of InsTesX, the binary compounds InTe or In;Te;o were obtained (see reactions 22, 23).
The partial substitution of sulphur by selenium atoms in both compounds; InsSsCl and InsSsBr,
yielded the respective mixed crystals (InsS;5Se, sCl; InsS; sSe, sBr, reactions 19, 20). The powder
diffractions and the lattice constants determined by single crystal X-ray diffraction measurement are
listed in appendix (Fig. 8.6; table 8.15). The partial substitution experiments have shown that a part
of the selenium atoms can be substituted by tellurium atoms. A representative of these substitutions
1s (InsSe(sx TeBr) obtained from the experiment 21. The obtained diffraction pattern of the latter
shows a shift to low 20 angles (see Fig. 4.60) confirming the substitution of smaller Se-atoms by

bigger Te-atoms.
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Fig. 4.60: Comparison of the measured powder diffraction patterns of: a) InsSesBr and
b) InsSe(s.x)TexBr. For a better visualisation of the reflections shifting to the smaller 26
values, a magnification of the contoured section (31.0 — 32.0 in 20) is shown at the
top-right.

The attempts for a complete substitution of chlorine by bromine atoms yielded the new compounds
InsChsBr (Ch = S, Se). The substitution experiments evidenced that even mixed crystals of
chlorides and bromides (InsChsCl(;_«Bry) could be obtained (reactions 24, 25). The powder patterns

and the characteristics of these mixed crystals are presented in fig. 8.6 and table 8.15 in appendix.
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Further attempts for the complete substitution of bromine by iodine atoms (reactions 26, 27) did not
yield the expected ternary compound InsChsl. Instead of the latter, the binary compounds InCh,

In,Ch;s, IngCh; and Inl were obtained.

The complete substitution of selenium atoms by tellurium atoms, and of bromine by iodine atoms

did not take place probably due to the spatial hindrance caused from the size of these ions.

Further experiments (exp. 28-32) concerning the complete substitution of indium atoms or the
substitution of simultaneously two not equal atoms (e.g. In, Se through Al, Te) did not reveal the

expected compounds.
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4.7 The substitution of In" by TI" in the compounds InsChsCl
(Ch =S8, Se)

4.7.1 Introduction

Earlier experience of substitutions of In'-species by the cations T1", K', and Na' in the mixed
valence compounds IngCh; (Ch = S, Se) resulted in the characterisation of the new compounds:
TlInsS7, TlInsSe; [94], KInsS7, NalnsS7 [93].

The previous chapter showed that the mixed valence character of the compounds InsChsCl (Ch =S,
Se) leads to a number of possible substitutions of the respective species. This section deals properly
with two compounds TlIngSsCl, TlInsSesCl, obtained from the substitution of In" by Tl+—species n
the respective compounds InsSsCl and InsSesCl. The ionic radius of T1" in sulphides, is reported by
Shannon (denoted as doubtful) to be around 1.45 A [115]. Anyway, this value is lower than the
value predicted previously (1976) from him (1.65 A) for coordination number 6 (in oxides) and

slightly higher compared to the size of In" (1.32 A) [92].

4.8 The Compounds TlInsChsCl (Ch =S, Se)

4.8.1 Preparation and properties

The preparation of the mixed valence compounds TlInsSsCl and TlInsSesCl was carried out using
the binary compound TICI and elements In, S, Se in a similar way as InsChsCl (annealing
temperature 450°C). The obtained samples consisted of extremely thin yellow-orange needle-
shaped crystals in case of TlInsSsCl and grey needle shaped ones (similar to InsSesCl) in case of
TlInsSesCl. The attempts for thicker crystals in case of TlInsSsCl lead to different syntheses
conditions, considering the preparation mode and the temperature optimisation.

At least two different synthesising ways were tried, firstly starting from elements and InCl; and
secondly, from the stoichiometric proportions of the binary educts like TICI, InS and In,S; (pressed
in pellets). Further applied strategies involved temperature gradients, where the samples prepared in

both ways were heated with a heating ratio 2 K/h up to 450°C, annealed at this temperature for two
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weeks and then cooled down to room temperature with a cooling rate of 5K/h. All these strategies

didn’t yield thicker crystals for single crystal X-ray investigations.

4.8.2 Characterisation

The yellow-orange needle shaped crystals of TlInsSsCl had a length varying from some millimeters
up to one centimeter and diameters of a few micrometers (see Fig. 4.61), while the crystals of
TlInsSesCl have a similar morphology as the crystals of the compound InsSesCl. Two recorded

SEM (scanning electron microscope) images of the crystals of TlInsSsCl are presented in fig. 4.61.

= 1pm 20 kV

Fig. 4.61: SEM of the yellow-orange crystallites of TlInsSsCIL.

The qualitative evidence of thalium in the obtained crystals of both compounds was determined by

EDX-analysis (Fig. 4.62, 4.63).

The presence of Tl in the compound TlInsSsCl is displayed from the Tl-La line (Fig. 4.62). The TlI-
Ma-line overlaps with the S-K line. The EDX spectrum recorded from a crystal of TlInsSesCl (Fig.
4.63) displays distinctively the presence of thalium by means of the T1-Ma.- line.
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Fig. 4.62: EDX spectrum (20 kV) of a fine yellow-orange crystallite of TlInsSsCL.
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Fig. 4.63: EDX spectra (20 kV) of a grey crystal of TlIngSesCl.
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The samples in booth cases are nearly homogeneous (the presence of traces of by-products can not
be excluded, see chapter 4). Part of the products has been ground and measured at the powder
diffraction system SIEMENS D5000. Comparisons of the powder patterns of TllnsInsCIl with the
powder patterns of InsChsX (Ch =S, Se) are presented in figures 4.64 and 4.65.

I

rel.
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(b)
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20 /°

Fig. 4.64: Comparison of the measured powder patterns of a) InsSsCl, b) TlInsSsCl. The
dashed lines show the slight displacement to low 26 angles of the reflections of
TlIn485C1.

Despite of the thalium content, the investigated samples show quite similar diffraction patterns,
emphasising their isotypic character. As expected, the substitution of In" ion by a bigger T1" ion
leads in both cases to a slight displacement of the reflection positions to lower 20 angles (see
diffraction patterns in fig. 4.64, 4.65). This is evident from table 4.24 where a slight increase of the
lattice parameters of the thalium containing compounds compared to the parameters of pure

compounds can be seen.
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Fig. 4.65: Comparison of the measured powder patterns of a) InsSesCl , b) TlInsSesCIl. The
Dashed lines show the slight displacement to low 20 angles of the reflections of
T1InsSesCl.

The diffraction patterns of both compounds could be indexed based on monoclinic cells with the

lattice constants listed in table 4.24.

Table 4.24: Comparison of the lattice parameters of InsChsCl and TlInsChsCl (Ch =S, Se)
obtained from the indexation and the refinement of the measured powder patterns.

Compounds a/A b/A c/A B/ v/ A?
InsSsCl 8.949(1) 3.9165(5) 14.989(2) 93.67(1) 524.28(9)
InsSesCl 9.279(5) 4.090(1) 15.164(9) 92.97(4) 574.7(4)

TlIn,SsCl 8.951(1) 3.9237(6) 15.059(4) 93.76(2) 527.7(1)
TlngSesCl | 9.275(2) 4.102(1) 15.376(3) 92.77(2) 584.3(2)
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4.8.3 Thermal analysis of TlIn,S;Cl and TlIn,SesCl

The compounds TlInsChsCl are relatively stable in air. Their thermal behaviour was investigated by
means of differential thermal analysis (DTA). Sections from the DTA measurements are presented
in figure 4.66. They exhibit incongruent melting behaviour similarly to the pure compounds

In5Ch5C1.
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i 25+
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Fig. 4.66: Sections from the DTA measurements of the compounds: a) TlIngSsCl, b) TlIngSesCl.
The heating curve shows an endothermic effect (a) at 638°C for TlIngSsCl and (b) at
547°C for TlIngSesCl. The cooling curve shows three exothermic effects in case (a)
and two exothermic effects in case (b).

In case of TlIngSsCl a broad endothermic effect is observed in the heating curve (red curve, onset
638°C), this effect is accompanied by three exothermic effects in the cooling curve (blue curve).
The exothermic effects belong to the solidification of the decomposition compounds: a)
TliIng.S7 onset (705°C), b) TlIngSsCl (640°C), c) and TliIng . Cl (366°C) respectively. Another
decomposition product which is not displayed in the figure 4.66(a) is In,S; (m.p. = 1080°C). The
post-DTA sample investigated by powder diffraction analysis showed only the presence of the
investigated compound (TlInsSsCl).

The compound TlIngSesCl shows a similar thermal behaviour as InsSesCl. A broad endothermic
effect (onset 547°C) is observed in the heating curve associated with two effects (close peaks) in the
cooling curve (Fig. 4.66(b)). The powder pattern of the post-DTA sample confirmed again only the
presence of TlIngSesCl.
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4.8.4 Single crystal investigation of TlIn,SesCl

Due to the lack of measurable crystals of the compound TlInsSsCl only single crystals of TlInsSesCl
have been investigated. According to the isotypic character of these compounds the results obtained

from the single crystal investigation of TlInsSesCl are generalised for both of them.

For the single crystal investigation, the crystal of TlInsSesCl already investigated by EDX was

selected and fixed on the top of a glass capillary. The measurement and collection of data followed

in IPDS (STOE).

The investigation of the reflections of the chosen crystal in the reciprocal space (RECIPE [P5])

displayed the presence of multiple twinning. The multiple twinning individuals appear to be shifted
to very small angles from each-other (Fig. 4.67). Several measured crystals exhibited the presence
of systematic multiple twinning individuals in all of them. The integration of data from such
crystals was carried out in two different ways.

The first consisted of the data integration without taking into account the presence of twinning (due
to the small angle between the individuals, many reflections of one domain belong at the same time
to the others). In the second, the domains were separated based on the method described in chapter

4 and simultaneously integrated. During this process a huge number of reflections were suppressed.
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Fig. 4.67: The penetrating reciprocal lattices of the multiple twinning individuals of the
measured crystal of TlIngSesCl.
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The obtained data sets, were corrected for Lorenz and polarisation effects. The crystal-face
indexation was performed with a CCD-camera [P8] and optimised using the program X-SHAPE
[P9]. The numerical absorption correction based on an adequate number of symmetrically

equivalent reflections was done using the program X-RED [P10].

In both cases (in the second case the best individual was chosen) the structure solution (SHELXS
[P11]) and refinement (SHELXL [P12]) was performed in the space group P2;/m (centrosymetric).
The structure refinement occurred similar to InsSesCl where the In'-position (In5), had been
assigned to TI". This refinement displayed an under occupancy of the Tl-position (sof = 0.960(2)
and 0.939(5)) similarly to In" position in InsSesCl, giving an evidence of a partial occupation of this
position whether by In" or by (In,)*"-species due to their similar coordination to In" (see chapter 4).
All the other indium positions (Inl, In2, In3, In4) resulted fully occupied within the three fold

standard deviation.

Quite satisfactory values were obtained for the structure refinement using the whole data set instead

of the incomplete data set of the best domain obtained from the second integration (see table 4.25).

Table 4.25: The R-values and the Fourier residuals for the structure of TlInsSesCl.

Data set R: WR; Prmax. Phin.
Whole 0.0592 0.1475 3.750 -3.624
The best domain 0.1355 0.3729 7.055 -6.798

For similarity to InsChsCl compounds, the following discussion takes into account only the data
obtained from the best individual (second case), regardless the quality of the R-values and high
Fourier residuals.

Assuming that the M" position (In5) might be partially occupied by TI" and In", a mixed occupancy
of TI5/InS (standardised at one) has been tested in the last refinement cycle. The measuring
parameters as well as the anisotropic displacement parameters are listed in table 4.26 and 8.16, 8.17
in appendix. This refinement yielded a composition with thalium content x = 0.86 (Tl gsIng 14SesCl
see table 4.26) which is comparable to the mixed occupancy described from Walter in the

compound TlInsSe; (T1/In: 0.74(2)/0.26(1)) [92].
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Table 4.26: Position, isotropic displacement parameter Ueq and occupancy factors for

T1InsSesCl.

Atom Wyck. X y z Ueq sof
Inl 2e 0.6600(2) -1/4 0.4459(1) 0.0174(4) 1
In2 2e 0.1308(2) -1/4 0.0630(1) 0.0255(5) 1
In3 2e -0.0466(2) 1/4 0.3498(1) 0.0219(4) 1
In4 2e 0.2299(2) 1/4 0.2925(1) 0.0170(4) 1
Sel 2e 0.4674(2) 1/4 0.3968(2) 0.0144(5) 1
Se2 2e 0.8370(3) -3/4 0.5028(2) 0.0160(5) 1
Se3 2e 0.3180(3) -1/4 0.1975(2) 0.0147(5) 1
Se4 2e -0.0409(3) -3/4 0.1046(2) 0.0187(6) 1
Se5 2e 0.7897(3) -1/4 0.2906(2) 0.0180(5) 1

Cl 2e 0.3244(8) -3/4 0.0023(4) 0.025(2) 1
InS 2e -0.3961(1) -3/4 0.14762(9) 0.0319(4) 0.14(1)
Tl 2e -0.3961(1) -3/4 0.14762(9) 0.03194)  0.86(1)

The educts used for these reactions can yield both phases (IngS7/TlInsSsCl, IngSes/TlInsSesCl),

therefore, it is assumed that local concentration differences or intergrowth processes might lead to

composition deviations of the investigated crystals.

The single crystal data show that InsSesCl and TlInsSesCl are isotypic. The atomic positions as well

as the temperature factors of all atoms agree quite well with each other within the three fold

standard deviation and there are no evidences for deviations from the space group P2,/m. This is

also confirmed from the good agreement between the measured and the calculated powder pattern

(from single crystal data, fig. 4.68).
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(a)
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Fig. 4.68: Comparison of a measured powder diffraction pattern of TlInsSesCl (a) with the
powder pattern of InsSsCl calculated from single crystal data (b).

4.8.5 Structure description of TlIn SesCl

The compound TlInsSesCl crystallises in the monoclinic crystal system (P2;/m) with two formula
units in the unit cell. The mixed valence character of this compound can be manifested by the

following explicit formula:
TlInsSesCl — [TI/In"] [(In2)*] 2[In**] 5[Se*] [CI
The structure of TlInsSesCl is similar to the structure of InsSesCl (Fig. 4.33a) and for analogy the

coordination of species is similar too. The only difference consists in the statistical mixed

occupancy of the three capped trigonal prismatic holes by TI" and In" (Fig. 4.69).
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Fig. 4.69: A partial occupancy of the three capped prismatic hole by T1" and In" in the
compound TlInsSesCl. The presented ellipsoids are shown with a probability of
90%.

4.8.6 Comparison of the interatomic distances of InsSesCl and TlIn,ChsCl

A comparison of the interatomic distances in both compounds (table 4.27), namely InsSesCl and

TlInyChsCl exhibits very small differences which are reflected in their lattice constants (table 4.24).

Table 4.27. The interatomic distances in the isotypic compounds InsSesCl, TlInsSesCl.

Ionic specie InsSesCl | TlIngSesCl | Ionic specie | InsSesCl | TlIngSesCl
M=In", TI" In’"

M-Cl (2x) 3.136(6) 3.169(5) | Inl-Se5 2.798(3) 2.702(3)
M-Se5 (2x) 3.41003) 3.399(2) | Inl-Se2 (2x) | 2.743(2) 2.743(2)
M-Se4 3.350(4) 3.372(3) | Inl-Sel 2.734(3) 2.719(3)
M-Cl 3.303(7) 3.312(7) | Inl-Sel (2x) | 2.789(2) 2.799(2)
M-Se3 (2x) 3.447(3) 3.461(2) | In-Se* 2.766 2.751
M-Sel 4.098(4) 4.055(5)

In,** In2-Se3 2.625(3) 2.611(3)
In3-In4 2.748(2) 2.736(3) | In2-Se4 2.678(2) 2.644(3)
In3-Se2 2.636(3) 2.612(3) | In2-Se4 (2x) | 2.654(3) 2.694(2)
In3-Se5 (2x) 2.671(2) 2.684(2) | In-Se* 2.653 2.661
In4-Se3 (2x) 2.658(2) 2.669(2)

In4-Sel 2.651(3) 2.6403) | In2-C1 (2x) | 2.907(5) 2.908(5)
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Worth to mention here are the small differences observed especially for the distances of selenium
and chlorine atoms from the central atom TIl. The other differences (taken as the average) are

negligible within the three fold standard deviation.



High temperature X-ray investigations — Introduction

151

5 High temperature X-ray investigations

5.1 Introduction

Powder diffractometry is widely used as a non destructive analytical method for characterization of

crystalline materials. Fig. 5.1 shows the schematic of STOE transmission diffraction system (type

STADI-P) based on the Debye-Scherrer method. Thin capillaries filled with powdered material are

centred and rotated. The reflections which occur at different Bragg angles after the interaction of

the X-rays with the sample material are captured from a movable Position Sensitive Detector (PSD)

instead of the cylindrical film which is used at the Debye-Scherrer method.

curved
monochromator colhmator

X-ray tube

sample

Position Sensitive
Detector (PSD)

primary
. beam

Fig. 5.1: Schematic of X-ray beam path in the STOE transmission diffraction system.

The basics of the method are described by Bragg’s law

2dsin0 = nA

(5.1)

This equation (5.1) correlates the known Bragg angle 0, and the wavelength A (Cu-radiation) with

the unknown lattice spacing d.
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Because of precise adjustment and randomly oriented powder particles in capillaries the Debye-
Scherrer technique provides reliable intensities from only a small amount of substance. The sample
must be randomly oriented because the sample might consist of needle shaped or flat crystallites
therefore, it is possible that each orientation of them scatters the X-ray beam, obtaining in this way
information even about the weak reflections. To perform the measurements of crystalline samples,
capillaries of different outer diameters (varying from 0.1-1.0 mm) can be used.

The STOE transmission diffraction system can be also used for samples fixed in flat bed holders.

The only drawback arising in this case, is the impossibility of measuring at high temperatures.

5.2 Thermal expansion of the lattice

The inner energy of a solid material can be imagined as a cooperation of three parts, respectively:
vibration energy of lattice E), kinetic energy of free electrons E) and cooperative interactive

energy between atom cores and electrons E).

E=Eq)+Eg*Eq (5.2)

An increase of the temperature leads to an increase of the lattice vibration energy and the kinetic

energy of free electrons. The lattice energy is more important to consider because:

1. It is found in all solid state materials

2. It is normally the highest energy

Considering the below presented model, where the forces between atoms (empty circles) are
presented as springs, the thermal energy is “hidden” in the vibration of atoms along their equilibria
and exactly in the kinetic energy of vibration masses and in the potential energy of the tense springs

(Fig. 5.2).
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Fig. 5.2 : Spring-like model of a lattice [116].

Taking into account the easiest linear lattice model of two atoms A; and A, with a distance Ly
between them, where the atom A is fixed and A, because of thermal energy vibrates forward and
backward the potential minimum, one will find out that the middle point of vibration moves with

increasing the temperature.

Lennard — Jones — Potential equation (5.3) can be used to calculate the distance (L) between both

atoms.

U(L) =46 mlz _(6)6 (53)
L L

where U(L) is the Lennard — Jones — Potential, L the distance of atom 2 from atom 1, €’ and ¢ are
the specific Lennard — Jones parameters. The distance (L) as a function of energy L(g’) could be

easily calculated after some necessary simplifications (equation 5.4).
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7

2¢

(5.4)

L= L0|:1 - (UO + kT)i|

Uy = ¢’(bonding energy), k is the Boltzmann constant and T the absolute temperature.
The thermal expansion coefficient at constant pressure is o = (1/L)(0L/0T), substituting here the

value L obtained above, the thermal coefficient can be written in the following form.

B (5.5)
) a[L LO]: 7k

- aT L 728'

This equation (5.5) reveals the right values of thermal expansion (ex. for €’ 102 J, o = 10°* K)
which normally for most of the substances lie between 10° and 10 K™'. That is a good accordance
for such a linear model which doesn’t take into account the neighbouring atoms. The linear thermal
expansion in most crystals is anisotropic because the potential U(L) is also anisotropic. The

differences between several crystal directions can be up to two orders of magnitude.

5.3 The high temperature X-ray diffraction system

The high temperature powder diffraction measurements were performed with a STOE diffraction
system designed for thin transmission samples and capillaries. The Stoe Diffractometer System
(Fig. 5.3) constists of: A beam guiding tube (1) to the monochromator holder (2). On the exit port of
the monochromator cage a long slit collimator (3) is fixed. The capillary sample holder is fixed on
the top of a goniometer head (4). The goniometer head rotates around its perpendicular axes. The
platform (5) is necessary for the rotation of flat bed holders. The diffracted X-rays are captured
from the detector (6). The high temperature attachment (7) fixed above the capillary makes possible
the achievement of high temperatures. The primary beam stopper (8) fixed on the monochromator

cage stops the primary X-ray beam, and the microscope holder (9) is necessary to fix the
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microscope during the capillary adjustments. The focusing and the monochromatisation are

achieved through a bent Ge-monochromator (Johann-type) along [111].

Fig. 5.3: Linear STOE Diffraction System.

After the monochromatisation, the X-ray beam is further collimated through short or long
collimators according to the peak-background ratio. The collimator is precisely adjusted
perpendicular to the beam.

The capillary filled with the sample is evacuated in order to remove the air inside it. The presence
of air might lead to sample oxidation and/or capillary blast through pressure increase. The capillary
is sealed according to the required length and fixed on the sample holder (Fig. 5.4) using cement as
fixing material. The capillary together with the sample holder is mounted on a goniometer head
which allows the necessary adjustments. Small deviations of capillary from the rotating position
lead to a high background — peak ratio. The rotation of the sample is necessary to average over
many crystallites in different positions. The device offers another rotation, the rotation of the
platform (5), called ® rotation which is externally controlled. This rotation is intended for

measurements of circular sample supports (sample spread on thin circular foils). For measurements
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of capillary specimen at room or high temperature the rotation speed of ® rotation is set to fixed

value.

Fig. 5.4: Capillary fixed on a capillary holder (left), high temperature equipment in use.

On the 20 arm of the diffractometer a small linear PSD (Position Sensitive Detector) is mounted,
covering an angular range of A26 = 7-11° depending on the distance between specimen and PSD.

The PSD moves with respect to the selected 20 range around the sample controlled externally from
the software. The PSD measures in transmission mode, 5 — 90° (in 20 region) for room temperature
measurements (mainly air sensitive compounds) and 5 — 60° (in 26 region) for high temperature

measurements.

5.3.1 The high temperature attachment

The high temperature attachment consists of a high temperature ceramic cylinder designed for
measurements of quartz capillaries (up to 1300 K) equipped with a U-shaped aperture which allows
the capillary rotation within it and the data collection from PSD in a range of 5 - 60° (20). The
thermocouple is mounted closest to the specimen, at the top of the aperture in a position which
excludes the interaction with X-ray beam path. The temperature is controlled by an external unit
connected to the thermocouple. The whole system is fixed with a screw on top of the ® rotating

platform (5). The capillary is adjusted using a portable microscope.
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5.3.2 Sample preparation

The crystalline sample is ground in an agate mortar in order to obtain small particle sizes ranging
from 5 — 50 pm and filled into quartz capillaries with the help of a test tube. The choice of capillary
diameter depends on the absorption coefficient of the material. For high absorbing materials
capillaries of 0.1 - 0.2 mm outer diameter are used, whereas for medium and low absorbing
materials diameters between 0.5 and 1.0 mm are suitable. Extremely high absorbing materials have
to be diluted with suitable low absorbing materials (eg. SiO, — glass, BN).

For high temperature measurements quartz capillaries with outer diameters of 0.1 or 0.2 mm and
wall thickness of 0.01 mm are used. To avoid the high background noise sometimes double
capillaries are used, this means a 0.1 & capillary is stacked into 0.2 &. The sample was filled in the

region between these two capillaries.

The filled capillary was inserted tightly in the hole of rubber cork, the cork itself was inserted in an

evacuating glass tap (Fig. 5.5) and the whole system was evacuated to a pressure of 0.1 mbar.

rubber

cork
glass
tap

0 =0.1 mm 0 =0.2 mm
capillary
P cut 7R N\
sample

Fig. 5.5: Preparation of evacuated capillaries.

The evacuated quartz capillary was sealed by means of the hydrogen-oxygen flame to a length of 25

mm and was fixed on the holder using cement as fixing material (Fig. 5.4).
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5.3.3 Device accuracy

The angular accuracy according the producer ranges 0.001°. For high temperature measurements,
the temperature displayed by the control unit could be held constant within about + 2 K by using a
voltage stabilizer. A greater error arises due to the difficulty of measuring the temperature at the

position of the sample.

5.3.4 Data evaluation

POW[P15] delivered from the company “STOE” and the command find

Using the program WinX
peaks was possible to find all peaks. The edited peaks were saved under the “pks” format. The
indexation of all peaks was done by Werner’s algorithm in case of high symmetry cell and Louer’s
algorithm in case of low symmetry cell. The indexation started with the first 20 peaks and followed

by a refinement of all reflections.

5.3.5 Calibration of the measuring device

According to the observed discrepancy between the set temperature and the real value of
temperature obtained at thermocouple a calibration curve was required. To perform such
calibration, a standard compound with a known thermal behaviour was used. For the purpose of this
work iridium was used as standard. Its thermal behaviour has been widely investigated and reported
by Schroder et al [117]. Prior the measurements, the fine crystalline iridium powder (99.9999%
Degussa) was filled into 0.1 & capillary evacuated and sealed. Its powder diffraction measurement
at room temperature is presented in fig. 5.6. The strongest reflection of Ir 111 was measured in the
range of 35 — 42° (in 20 region) at different temperatures. The operating parameters were: ©

rotation = 2.5°, scanning step 0.1° and time/step 60 sec.
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Fig. 5.6: Measured (a) and calculated (b) powder pattern of Ir.

The exact position of the 111 reflection was determined by the Lorentzian fitting. The results are

listed in table 5.1 and presented graphically in fig. 5.7.

The temperature dependence of 20 values can be presented by the equation (5.6):

20 = P1 + P2(t-ty) + P3(t-tg)” + P4(t-ty)° (5.6)

The non-linear least square fitting based on Marquardt algorithm displays the following parameters

for the equation (5.6):

Parameter P1 P2x10* P3x 107 P4x10™"
Value 40.6567(7) -2.9(1) -1.8(4) 1.0(5)
ty =24, x* =10.93448 R =0.99972
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Table 5.1: The obtained 20 values for the 111 reflection of iridium sample at different
(uncorrected) temperatures.

Sett/°C  20/° 4070-
24 40657 (1)
43 40.651 (1)
88  40.637 (1) 40,65 -
128  40.624 (1)
162 40.6126 (9)

194 40.602 (1) 40,60
226 40.593 (1) ]
258 40.579 (1) o 40554
290 40.567 (1) §

325 40.556 (1)

361 40.542 (1) 40,50 -

396 40.527 (1)
432 40.515 (1)
468 40.500 (2) 40,45
505 40.488 (2) 1
546 40471 (2) wol_ N
588 40.452 (2) 0 100 200 300 400 500 600 700
632 40.433(2)
678  40.420 (2)

Set temperature /°C

Fig. 5.7: The 20 values for the 111 reflection of iridium sample at different temperatures plotted
against the temperature.

The increasing of the temperature caused the expansion of the iridium lattice, and therefore an
evident shift of the 111 reflection to smaller 20 angles was observed. From the 20 position of this

reflection, the corresponding lattice constant was found.

The lattice constant @ of the cubic system can be easily obtained as a function of 6 from the Bragg-

law as follows:

2 22 2 12 12
4sin“ 0

In the equation (5.7): a is the lattice constant, A is the wavelength of the radiation used (1.540598
A), 0 the half of the 20 angle, h, k, 1 are the indices of the reflection taken in consideration (111).
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The standard deviations of the lattice constants can be obtained from the standard deviations of the

20 angles (of the reflection 111) by the equation (5.8).

da’)? )

Aa=.[|—| -(AB) (5.8)
do

In this equation: Aa represents the absolute error of the a value, da/dO the first derivative of the

function of a according to the variable 6, A0 is the absolute error of the determined 0 angle.

After the substitution of the equation (5.7) in the equation (5.8) the following equation (5.9) is

obtained:

Aa =

; -a-cot0-A(20) (-9)

The obtained values for the lattice constants are given in table 5.2 and figure 5.8.
The temperature dependence of lattice constant a can be presented by the equation (5.10):
ate) = P1 + P2(t-tg) + P3(t-tg)> + P4(t-to)’ (5.10)

The non-linear least square fitting based on Marquardt algorithm displays the following parameters

for equation (5.10):

-4 -7 -10
Parameter P1 P2x10 P3x10 P4x 10

Value 3.84054(8) 3.0(1) 1.7(5) -9(5)
ty = 24 v =1.31559 R?=0.99972
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Table 5.2: The lattice parameters of iridium at different set (uncorrected) temperatures.

Set t /°C a/A

24 3.8405 (1) 3,865

43 3.8411 (1)

88 3.8423 (1)

128 3.8434 (1) 3,860 1

162 3.8445 (1) <

194 3.8454 (1) E

226 3.8463 (1) g 3857

258 3.8475 (1) g

290 3.8487 (1) g

325 3.8496 (1) £ 3,850

361 3.8509 (1) -

396 3.8523 (1) £

432 3.8534(1) 3 38451

468 3.8547 (1) L

505 3.8559 (1)

546 3.8574 (1) 3,840

588 3.8592 (1) 0 100 200 300 400 500 600 700
gig gzggg 8_; Set temperature /°C

Fig. 5.8: The obtained lattice parameters of iridium plotted against set temperature.

The calibration of temperature is done according the equation (5.11) given from Schroder et al

[117]:

N
a(T)= Yo, (T-273)"" (5-11)

v=l

Where o(T) is the lattice constant dependent from the temperature, o, : a4, oy, a3, o4 are the

coefficients of the equation, T is the temperature in K.

Knowing the values of o, in the segment v =1 — 4, respectively: o; = 3.8380, o, =2.7815 x 10'5, o3
=2.5390 x 107 and oy = 1.9527 x 107" (literature values), and for N = 3 the following equation is

obtained:

o(T) = ap + oty (T —273) + 03 (T —273)% + 04 (T - 273)° (5.12)
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for t =T — 273 the equation (5.12) simplifies to the equation (5.13):
_ 2 3
o(t) =0y +ast+ost” + oyt (5.13)

From this equation, knowing a/(t) = a(t), where a(t) are the lattice constant obtained at different

temperatures (see table 5.2) it is possible to find the temperature t in (°C) for each measurement.

The lattice constant obtained from the respective 20 value at room temperature (24°C) a = 3.8404 A
compared with the value obtained from the calibration curve (see equation 5.13) 3.8388 A at the
same temperature reveals a difference of 1.8 x 10” A. This difference was subtracted from the
obtained lattice constants at different temperature in order to have comparable values, which reveal

the calculated temperatures after their substitution at the calibration curve.
The value 3.8388 A (24°C) obtained after subtraction is comparable to the predicted values a =

3.8385 A, (Schroder et al [117], a=3.8389 A E. A. Owen and E. L. Yates [118] and a = 3.8390 A
H. P. Singh [119]).

5.4 The determination of temperatures

To solve this problem a numerical approaching is done. The inverse function of the equation (5.13)

is found graphically in the form:

t(a) =B+ PratPya’+Psa’ + ...+ P, (5.14)

The inverse function (equation 5.14), which expresses the temperature as a function of lattice

constant a can be presented in the form of equation (5.15).

t(a) = P1 + P2(a — ag) + P3(a — ag)’ (5.15)
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The parameters P1, P2 and P3 of the equation (5.15) obtained from the non-linear least square

fitting based on Marquardt algorithm are:

Parameter P1 P2 P3
Value 29.1(2) 35538(36)  -97609(1732)
a) = 8.8388 y*=4.96x 10" R*=1

The standard deviation for each calculated temperature (At) arising from the standard deviation of

the lattice constant (Aa) can be obtained from the equation (5.16).

ﬁ-Aa

da

At = (5.16)

In this equation: dt/da represents the first derivative of the function (5.15).

The obtained values of the calculated temperatures and the respective standard deviations are listed
in the table 5.3 together with the set temperature values. A graphical demonstration of them is given
in figure 5.9.

The calculated standard deviations corresponding to the found values of temperature are in good
agreement with the measured data. Three consequent measurements at room temperature show a
deviation of approximately 6 °C, while at higher temperatures (600°C) the deviation can vary up to

8 °C from the corrected temperature.
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Table 5.3: Set and calculated temperatures.

Sett/°C Corr.t/°C

24
43
88
128
162
194
226
258
290
325
361
396
432
468
505
546
588
632
678

29 (4)
50 (4)
93 (4)

131 (4)

170 (3)

201 (4)

232 (4)

273 (4)

314 (4)

344 (4)

388 (4)

435 (4)

471 (4)

514 (5)

553 (4)

602 (4)

660 (4)

710 (4)

748 (6)

800 -
700:
600:
500:
400:
300:

200

Corrected temperature /°C

100

0

0

I L I L I , I L I L I ! 1
100 200 300 400 500 600 700
Set temperature /°C

Fig. 5.9: Corrected temperature from the inverse function plotted against the set temperature.

The dependence shown in figure 5.9 (the corrected temperature against the set temperature) is given

by the equation (5.17).

Ateorr) = P1 + P2(tser-to) + P2(tsee-to)” + P3(tser-to)’ (5.17)

The fitting parameters for equation (5.17), obtained by the least square fitting based on Marquardt

algorithm are:

Parameter P1 P2 P3x10* P4x 107
Value 31(3) 0.9(4) 512) -4(2)
to =24 v?=1.02634 R*=0.99971

After the calibration of the high temperature measuring device, the main purpose was to investigate

the thermal behaviour of several compounds. Starting with the first two compounds, namely
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KsInj;Sey, KoInjpSei;Tes and continuing with the mixed valence compounds InsChsX (Ch = S, Se;

X =Cl, Br).

According to Schlosser et al [120-121], KyIn;»Sejo shows a complicated structure due to a
temperature dependent order-disorder transformation caused by a dynamic disorder of indium
atoms. This order-disorder transition is accompanied by the formation of the superstructure which is
revealed by diffuse X-Ray reflections in single crystal measurement at STOE IPDS. Temperature
dependent X-ray diffraction on single crystals displayed a significant decrease in intensity of the
diffuse scattering with temperature increasing. At 670 K the diffuse scattering disappears
completely, while at low temperatures an ordering process for In2/In3 positions is observed [120-
121]. This ordering process is accompanied by the gradual appearance of the ring-shaped diffuse
reflections around Bragg positions in hkl with | =2n+1 which leads to the doubling of the C axis.
Diffuse rings were observed independent of cooling velocity of the investigated crystals. Anyway,
in the measured powder pattern of this compound no superstructure reflections could be observed
due to their diffuse character and weakness. Further investigations (e.g. substitution of some
selenium positions with tellurium) in this compound, mainly based on the chemical influence on the
real structure of this compound led to an array of mixed crystals e.g. K;InjxSejoTex. One of the
most investigated species of this array was K;Inj;Sej;Te;. Single crystal investigations of this
compound did not present any anomalies (see Schlosser [120-121]). The depiction of the reciprocal
space displayed in contrast to K;In;»Sej9 no diffuse intensities, and instead of the ring-shaped
diffuse intensities in the positions hkl: | =2n+1 and —h+k+l = 3n only sharp reflections were

observed.

The optimisation of the high temperature system with double capillaries was performed using

K,Inj,Se ;Tes. Therefore in the following discussion this compound is considered at first.

5.5 High temperature X-ray investigations of K,In;,Se;,Te,;

The compound KjIn;,Se;;Te; was synthesised by high temperature solid state reaction of the

elements in stoichiometric proportions in evacuated and sealed quartz ampoules. The details of
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synthesis are given elsewhere [122]. The powder diffraction of this compound (1 hour measurement

D5000) is presented in figure 5.10.

This compound crystallizes in the hexagonal system in the space group R3 with the lattice

constants a = 14.175 (3) A, ¢ = 35.838 (9) A.

The obtained data presented full agreement with those of the author, see fig. 5.10

I

rel.

20 40 60 80
20 /°

Fig. 5.10: Comparison of the measured (a) and the calculated (b) diffraction pattern of
K21n128612T67.

5.5.1 Sample preparation

The specimen for this study was firstly prepared by filling the ground crystals of K;In;»SejxTesin a
quartz capillary tube of 0.1 mm outer diameter and 0.01 mm wall thickness. The X-ray diffraction
patterns were recorded first at room temperature, in order to observe the quality of the

measurement.
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Two different capillaries (similar diameters) were prepared and measured. The patterns are

presented in fig. 5.11.

I

rel.

(a)

(b)

i

20 /°

10 20 30 40 50

Fig. 5.11: Powder patterns of K,In;>Sej»Te; measured in capillaries with 0.1 mm outer diameter and
0.01 mm wall thickness at room temperature respectively.

It is obvious that the quality of the measurements is not good because of the high background

proceeding from the high absorption coefficient.

To overcome this problem, a quartz capillary with 0.1 mm outer diameter and 0.01 mm wall
thickness was covered from outside with a thin film of grease and rotated carefully over the spread
powdered sample (K;In;;Sej;Tes). A cylindrical thin film of crystallites around the capillary was
formed. The obtained diffraction pattern is presented in fig. 5.12 (step width 0.1°, time/step 60 sec).
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I

rel.

10 20 30 40 50
20 /°

Fig. 5.12: Powder pattern of K,In;,Se;,Te; using a 0.1 mm capillary covered from the outside with
crystallites.

The obtained diffraction pattern demonstrates a much better quality, the peak/background ratio is
high. Unfortunately this method is limited to measurements at room temperature and to compounds
which are stable in contact with grease. For high temperature measurements the described method

must be improved.

] sample
filing

0=0.1 mm 0 =0.2 mm
- — -

capillary

cut 7 \

\/ N e

Fig. 5.13: Preparation of a double capillary using a combination of 0.Imm & and 0.2 mm &
capillaries.

This improvement consisted on measurements using a combination of double capillaries. The

preparation of the double capillaries is presented in figure 5.13.
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Characteristic for K;In;;Sej;Te; are the superstructure reflections (not found in KyInjxSejg [122]).
The following powder patterns give an overview of these reflections (5 49,235 and 45 3; Fig.

5.14).

(b)

332 34 ' 35
20 /°

Fig. 5.14: Section of a measured pattern of K,In;»Se;>Te; (a) in comparison to a calculated one (b),
showing the important superstructure reflections.
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5.5.2 Room temperature measurements with double capillaries

The achieved results of typical experiments performed with double capillaries are presented in fig.

5.15.

(2)

b

(b)

sl

20 /°

10 20 30 40 50
Fig. 5.15: Two powder patterns (a), (b) of K;In;»Se;,Te; measured in two different double
capillaries at room temperature.

The obtained powder patterns are reproducible (Fig. 5.15), have a higher quality than those

measured in & 0.1 mm capillaries and are comparable with the measurement done with the thin

film technique.

o o = = = o
2|z 5 BNRE
EE 5 EEB
8

(a) (b)

Fig. 5.16: Cross-section of a) & 0.1 mm capillary, b) & 0.1 + 0.2 mm capillary. The brown colour
inside the capillaries represents the filling substance.
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The investigated volume of sample inserted in double capillaries is almost 1/3 of the volume

contained in 0.1 mm capillary (Fig. 5.16).

To determine the thermal expansion coefficients and/or a possible phase transition, high
temperature measurements of K,In;;Se ;Te; are performed using double capillaries and these
measuring parameters: ® = 2.5, 26: 5 — 60°, step width 0.1°. The obtained data from these

measurements are given in table 5.4 and figure. 5.17.

Table 5.4: Lattice parameters and volume of K,In;,Se > Te; obtained at different temperatures.

T /K a/A c/A Vv /A®
297(4) 14.178(3)  35.820(5) 6235(1)
328(4) 14.182(6)  35.82(2) 6240(3)
381(4) 14.193(3)  35.86(1) 6258(2)
436(4) 14.206(6)  35.88(1) 6271(3)

492(4)  14.218(3)  35.906(7) 6286(2)
550(4)  14.228(4)  35.965(8) 6305(2)
609(4)  14.248(33)  36.04(1) 6337(2)
733(4)  14267(3)  36.218(9) 6384(2)

1,37 6400 -
< 1.2 6380 -
B 1,14 1
I 6360 4
+ 1,0 %
©09 P
< 097 © 6340 -
T 08 g
P " a 56320
g 0,7 o S
S 06.] S 6300 -
B® N
< b
© 054 € 6280
o =]
04 1
8 041 6260
§ 03 ]
O,Z-W 6240 ~
U e L B o o e L E e e e 6220 +—+—1F—>+—"7—+—"1T"—"—1T""T""T""T""T""T"T
250 300 350 400 450 500 550 600 650 700 750 800 250 300 350 400 450 500 550 600 650 700 750 800
Temperature /K Temperature /K

Fig. 5.17: The temperature dependence of the lattice constants (left) and volume (right) of
K,In;,Se;Te; measured in double capillaries.
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The dependence of lattice constants and volume from the temperature /K can be presented by the
equation (5.18) and (5.19).
a(T), b(T) =P1 + P2(T - Ty) (5.18)

¢(T), V(T) = P1 + P2(T-T,) + P3(T-T,)’ (5.19)

The fitting parameters for the equations (5.18) and (5.19) obtained by the least square fitting based
on Marquardt algorithm are listed in table 5.5.

Table 5.5: The fitting parameters of the equations (5.18) and (5.19).

Parameter P1 P2 P3 a R’
a 14.177(2) 2.10(7) x 10™* - 0.71059  0.99353
b 14.177(2) 2.10(7) x 10™* - 0.71059  0.99353
c 35.822(5) 1.2(6)x 10" 1.8(1)x 10° 0.92673  0.99736
\% 6235(2) 0.22(2) 2.9(5)x 10™ 3.17801  0.99735

The lattice constant a changes linearly with temperature, the change of the lattice constant ¢ and the
volume correspond to a second order function. A phase transition or other special physical effects
could not be observed at the studied temperature range. Further attempts were done to measure this
substance at higher temperatures, but the diffraction patterns obtained could not be indexed because

of their low peak/background relation.
5.5.3 The superstructure reflections

To investigate the thermal behaviour of the superstructure reflections, accurate measurements of the
narrow 20 region (6°) were performed. The measuring time of almost 3 hours and the step width
was 0.1°. The recorded patterns are aligned in fig. 5.18.

By comparing the obtained patterns at different temperatures with the calculated pattern, the

shifting to smaller 20 angles is obvious. According to the measured patterns, the superstructure

reflections 2 4 9,235 and 4 5 3 are observable up to 492 K, at higher temperatures only the
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strongest representative of them 2 49 could be observed, while the other cannot be observed due to

the low peak/background ratio.

I

rel.

Calculated

297 K

328 K

381 K

436 K

492 K

550 K

T I |
33.25 33.5 34.0 34.5 35.0

20 /°

Fig. 5.18: Patterns of the measured superstructure reflections of KIn;>Sej,Te7 at different
temperatures and compared with the calculated one.
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5.5.4 Determination of the expansion coefficients

From the thermal behaviour of the lattice parameters, it is possible to determine the corresponding
expansion coefficients at different temperatures. The calculation of the expansion coefficient from

lattice parameters and temperature can be determined by the relation (5.20):

_ 1db (5.20)

LO dT
Where: a represents the coefficient of thermal expansion, L the lattice constant parameter at room
temperature (297 K), dL and dT the respective differentials of lattice constants parameters and

temperature. The calculation of the standard deviation (error of single measurement) for each value

of the thermal expansion coefficient is done according to the equation (5.21):

naol L d’L AT (5.21)

Ly dT?

Where: Ao represents the absolute error of the expansion coefficient, d*L/dT? the second derivative
of the lattice parameters as a functions of absolute temperature, AT is the absolute error (standard

deviation) of the absolute temperature.

The coefficients of thermal expansion for K;In;,Se;,Te; with the respective standard deviations for
c axis and volume are listed in table 5.6. The coefficients of the thermal expansion in a and b
directions are equal and show a linear behaviour (see figure 5.17) while the coefficients of the ¢

direction and volume show a non linear behaviour.



High temperature X-ray investigations — K,In;»Seig 176

Table 5.6: Coefficients of thermal expansion of K;In;,Se,Te; for ¢ axis and volume calculated at
different temperatures.

T /K a.x10°/K'  ayx10° /K"
297(4) 0.34(4) 3.49(4)
328(4) 0.65(4) 3.78(4)
381(4) 1.18(4) 4.27(4)
436(4) 1.74(4) 4.78(4)
492(4) 2.31(4) 5.31(4)
550(4) 2.89(4) 5.84(4)
609(4) 3.49(4) 6.39(4)
733(5) 4.74(4) 7.55(4)

The linear coefficients of the thermal expansion in @ and b directions are equal: o, = o, = 1.5 (2) x

10° K™, the mean coefficients of thermal expansion in ¢ direction and volume are respectively a_c =

2.17(4)x 10° K" and o, =5.18 (4) x 10° K.

The powder patterns measured at different temperatures are presented in appendix (Fig. 8.7).
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5.6 High temperature X-ray investigations of K,In;,Se;o

The compound K;In;;Se;9 was synthesised by high temperature solid state reaction of the elements
in stoichiometric proportions in evacuated and sealed quartz ampoules. The synthesis is described
in details in [122]. A powder diffraction of the measured compound is presented in figure 5.19 (1
hour measurement D5000 flat bed). No reflections of a by-product could be detected. All lines
could be indexed in the trigonal system with the hexagonal constants a = 13.847(3) A , ¢ =
17.587(3) A.

I

rel.

(a)

MM
AL AR e——

(b)

| 20 L 40 | 60 80
20 /°

Fig. 5.19: Comparison of a measured (a) and calculated (b) diffraction pattern of K,In;>Seo.

5.6.1 Sample preparation and measurement

The powdered sample was measured using the double capillaries technique (20-range: 5-60°; step
width 0.1°, time/step 60 sec). The obtained data from these measurements are presented in table 5.7,

figure 5.20.
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Table 5.7: Lattice parameters and volume of K;In;;Se 9 obtained at different temperatures.

T /K a/A c/A vV /A?
297 (4) 13.847 (3)  17.587 (3) 2920 (1)
320 (4) 13.848 (4)  17.592 (3) 2922 (1)
368 (4) 13.855(4)  17.609 (4) 2927 (2)
412 (4) 13.859 (3)  17.612 (3) 2930 (1)
449 (4) 13.860 (3)  17.629 (3) 2933 (1)
485 (4) 13.870 (4)  17.638 (3) 2938 (1)
522 (4) 13.876 3)  17.654 (3) 2944 (1)
559 (4) 13.884 (3)  17.665 (3) 2949 (1)
597 (4) 13.899 (4)  17.682 (4) 2958 (2)
640 (4) 13.911 (4)  17.698 (4) 2966 (2)
684 (4) 13.921 3) 17.711 (3) 2972 (1)
728 (5) 13.929 (3)  17.723 (3) 2978 (1)
773 (5) 13.935(2) 17.741(2)  2983.6 (8)
829 (5) 13.943 (3)  17.755 (3) 2989 (1)
859 (5) 13.950 3)  17.758 (3) 2993 (1)
880 (6) 13.951 (3)  17.761 (3) 2994 (1)
903 (6) 13.955(2) 17.768 (2)  2996.7 (8)
1,00 - 3000 .
0,95- 2990:
< 904 2980
B " a .
: 0,85—_ ¢ ?é\: 2970-.
Qh 0,80 1 E 2960
+ | =) ]
; 0,75 g 2950
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B 0,70+ O 2940+
c i =
8 0,65 g 2930_-
§0,60—_ 2920-_
0,55 T T T T T T T T T T T T 1 2910 """
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Temperature /K Temperature /K

Fig. 5.20: The temperature dependence of the lattice constants (left) and the volume (right) of

K21n128619.
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The dependence of lattice constants and volume from the temperature (K) can be presented by the
equation (5.22).
Y(T) = P1 + P2(T-Ty) + P3(T-Tp)> + P4(T-T)’ Y =a,b,c,V (5.22)

The fitting parameters obtained by the least square fitting based on Marquardt algorithm for the

lattice parameters a, b and ¢ are listed in table 5.8:

Table 5.8: The fitting parameters of the equation (5.22).

Parameter P1 P2 P3 P4 x? R’
a 13.848(2) 13)x10°  8()x107  -8(1)x 10" 0.73216 0.99677
b 13.848(2) 13)x10°  8(1)x 107  -8(1)x 10"  0.73216  0.99677
¢ 17.588(2) 1.8(3)x 10*  7(1)x 107  -8(1)x 10"  0.63214 0.99899
\% 2949(7) -0.28(4) 7.9(7)x 10"  -4.6(4)x 107  0.89783  0.99905

The lattice constants a, ¢ and the lattice volume vary according to a third order function (s-shaped)
from temperature. No phase transition or other special physical effects could be observed in the
studied temperature range. These observations are in a good agreement with those discussed from
Schlosser in his PhD - thesis [122].

The obtained values of the thermal expansion coefficients and the respective standard deviations

according the equations (5.20), (5.21) are listed in table 8.18 (appendix).

The mean coefficients of thermal expansion in a and b directions are equal a_a= a_b =1.14 (2) x
10° K, the mean coefficients of thermal expansion in ¢ direction and volume are respectively a_c =

1.592) x 10° K" and a, =4.02 (6) x 10° K.

The powder patterns measured at different temperatures are presented in figure 8.8 (appendix).
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5.7 Comparison of the thermal expansion of K;,In;,Se;,;Te; and K;In;Se

To compare the thermal expansion for both analysed compounds it is necessary that the highest
considered temperature should be the same for both compounds. Actually K;In;;Se;;Te; was
measured and indexed up to 733 K, while K,In;»Se9 up to 903 K. Hence the upper temperature

limit for comparison is 733 K. The temperature difference of 5 K is within the measuring error.

The behaviour of the lattice constants with the temperature is not the same for both compounds.
Based on the Marquardt least square fitting, the lattice constants a and ¢ of K,In;>Sej9 obey a third
order while the lattice constants a and ¢ of K,In;,Se;;Tes, obey linearly and according to a second
order function respectively.

The thermal expansion coefficients within the respective temperature comparing range are

summarised in table 5.9.

Table 5.9: Thermal expansion coefficients of K;In;»Se9 and KyInj>Se o Te; (* represents the mean

value).
Ola Olp Qe ay
Compound \ Coefficient
10° /K 107 /K 107 /K 10° /K
KIn;Sepo 1.26 (2)* 1.26 (2)* 1.78 (1)* 4.41 (5)*
KZIn12Se12Te7 1.5 (2) 1.5 (2) 2.17 (4)* 5.18 (4)*

Referring to the thermal expansion coefficients, the thermal expansion for both compounds along a
and b are similar (within the calculated standard deviation) and differ somehow along ¢ direction.
The mixed crystal (K;In;;Sej;Tes) represents a larger elongation along C axis compared to
K,Inj,Seyo, this phenomenon occurs due to the larger expansion caused from the presence of the
tellurium atoms.

A similar behaviour is observed in the investigation of the thermal behaviour of ZnSe (692 K) and
ZnTe (718 K) both belonging to the sphalerite type structure. Singh and Dayal [123-124] reported a
higher thermal expansion ability of zinc telluride expressed from its mean expansion coefficient

9.67 x 10 compared to the mean value displayed from zinc selenide 9.11 x 10°.
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5.8 Investigation of the thermal behaviour of InsS;Cl, InsSesCl, InsSsBr and
InsSesBr

5.8.1 Discussion

An interesting aspect of the high temperature X-ray investigations of InsChsX (Ch = S, Se; X = Cl,
Br) would be their thermal behaviour and especially the behaviour of the polysynthetic nanolayers
of the chloride type compounds with the temperature. Anyway, in these investigations no
distinguishable movements or replacement of In" and (In,)*"-species within the same structure are

expected.

5.9 Lattice thermal expansion behaviour of InsChsCl (Ch =S, Se)

5.9.1 The Sample preparation and measurement

The samples of InsSsCl and InsSesCl for this investigations were prepared by the syntheses of
binary educts In,Chs, InCh (Ch = S, Se) and InCl in pressed pellets (see chapter 4). The crystalline
powders obtained from the crushed crystallites were transferred into & 0.1 mm quartz capillaries
and measured.

The room temperature and high temperature measurements proceeded measuring in region 5-65 °
(20), measuring step 0.1° and a ratio time/step 120 sec, w-rotation = 2.5. The temperature range in
this study was in the interval 296 — 873 K. For both compounds, the last powder pattern whose
reflections could be indexed was recorded at 723 K, at higher temperatures the indexation of the

reflections of the diffraction patters led to erroneous determinations.

At room temperature all lines of measured powder patterns of both compounds could be indexed
under the monoclinic primitive cell with the space group P2,/m. The thermal variation of the lattice
parameters at different measured temperatures is listed in table 5.10 (InsSsCl) and 5.11 (InsSesCl).
The dependence of lattice parameters as a function of temperature is presented graphically in

figures 5.21 and 5.22.



High temperature X-ray investigations — InsSsCl, InsSesCl 182

Table 5.10: Lattice parameters of InsSsCl obtained at different temperatures.

T /K a/A b /A c/A B/ vV A’
296(4) 8.939(1) 3.9163(8) 14.986(2) 93.69(2) 523.6(1)
373(4) 8.951(1) 3.9206(6) 14.999(2) 93.73(2) 525.3(1)
473(4) 8.970(2) 3.9270(8) 15.027(4) 93.74(2) 528.0(2)
573(4) 8.991(1) 3.9343(9) 15.039(2) 93.79(2) 530.8(1)
623(4) 9.002(2) 3.938(1) 15.056(3) 93.82(2) 532.6(2)
673(4) 9.006(3) 3.940(2) 15.067(3) 93.87(3) 533.4(3)
723(4) 9.010(3) 3.941(2) 15.081(4) 93.87(3) 534.3(2)

Table 5.11: Lattice parameters of InsSesCl obtained at different temperatures.

T /K a/A b/A c/A B/ v A’
296(4) 9.233(1) 4.0921(6) 15.278(2) 92.73(1) 576.6(1)
373(4) 9.242(2) 4.0964(7) 15.280(2) 92.76(1) 577.8(1)
423(4) 9.246(1) 4.0985(7) 15.284(2) 92.75(1) 578.5(1)
473(4) 9.254(2) 4.1024(9) 15.290(3) 92.75(2) 579.9(2)
523(4) 9.262(2) 4.103(1) 15.302(3) 92.76(2) 580.9(2)
573(4) 9.269(2) 4.106(1) 15.308(4) 92.70(2) 581.9(2)
623(4) 9.279(2) 4.109(1) 15.313(3) 92.79(2) 583.1(2)
673(4) 9.288(4) 4.113(2) 15.314(4) 92.81(3) 584.3(3)
723(4) 9.290(3) 4.113(1) 15.314(4) 92.83(2) 584.5(2)

The powder patterns of InsSsCl and InsSesCl measured at different temperatures are aligned in
appendix (Fig.8.9-8.12). The dependence of lattice parameters of InsSsCl from the temperature (K)
is presented by the equation (5.23) and (5.24):

a(T), b(T) = P1 + P2(T-T,) + P3(T-Ty)? + P4(T-T,)’ (5.23)

¢(T), V(T) = P1 + P2(T-Ty) (5.24)
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The fitting parameters of the above equations are obtained by the least-squares fittings using

Marquardt algorithm and are listed in appendix (table 8.18).
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Fig. 5.21: The temperature dependence of the lattice parameters: (a) a, (b) b, (¢) ¢ and (d) volume
of InsS5Cl.

The lattice constants a and b vary according to a third order function from temperature, differently
from lattice constant ¢ and the unit cell volume which vary linearly. No phase transition or other

special physical effects could be observed for InsSsCl in the studied temperature range.
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Fig. 5.22: The temperature dependence of the lattice parameters: (a) a, (b) b, (¢) ¢ and (d) volume

of IIl5SCsC1.

The dependence of lattice parameters from the temperature (K) can be presented according to the

equations (5.25) and (5.26).

a(T), b(T), V(T) = P1+ P2(T-Ty)

¢(T) = P1 + P2(T-Ty) + P3(T-Ty)* + P4(T-Ty)’

(5.25)

(5.26)
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The fitting parameters of the above equations are obtained by the least-squares fittings using

Marquardt algorithm and are listed in appendix (table 8.18).

The lattice constants a, b and the lattice volume vary linearly from temperature. The lattice constant
c varies according to a third order function (s-shaped) from temperature. The thermal behaviour of
this compound shows no phase transition within the studied temperature range.

5.9.2 Thermal expansion coefficients of InsSsCl and InsSesCl

The calculation of the thermal expansion coefficients is done according to the equations (5.20) and

(5.21). The calculated values for the lattice constants a and b of InsSsCl and for the lattice constant

¢ of Ins;SesCl which do not show a linear behaviour are listed in tables 5.12 and 5.13.

Table 5.12: The coefficients of the thermal expansion o, and o, of InsSsClI calculated at different

temperatures.
T /K ot x 107 /K o x 107 /K
296(4) 1.34(5) 1.02(4)
373(4) 2.06(3) 1.58(2)
473(4) 2.423(2) 1.88(2)
573(4) 2.16(2) 1.70(2)
623(4) 1.79(4) 1.43(3)
673(4) 1.26(5) 1.04(4)
723(4) 0.57(6) 0.53(5)

The mean coefficients of the thermal expansion (InsSsCl) in a and b directions are: a_az 1.66(4) x

10° K, a_bz 1.31(3) x 10”° K, while the linear expansion coefficients for the ¢ direction and the

unit cell volume are: a.= 1.4(3) x 10° K'and oy = 5.0(5) x 10™ K™ respectively.
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Table 5.13: The coefficient of thermal expansion (a.) of InsSesCl calculated at different
temperatures.

T/K |296(4) 373(4) 423(4) 473(4) 523(4) S573(4) 623(4) 673(4) 723(4)

O.x 107

K 0.01(6) 0.49(4) 0.85(2) 1.030(8) 1.040(6) 0.88(2) 0.54(3) 0.03(5) 0.01(6)

The coefficients of the thermal expansion (InsSesCl) in a and b directions are: a,= 1.5(3) x 10° K™,
ar=1.2(2) x 10° K, the mean coefficient in ¢ direction is a_c =5.4(3) x 10° K™ and coefficient of

thermal expansion for the unit cell volume is ay = 3.4(5) x 10° K™,

5.9.3 Discussion of the results

The compound InsSsCl reveals comparable expansion coefficients in the three directions, while

InsSesCl displays a higher elongation in @ and b direction compared to C direction.

At 873 K, the powder patterns of both compounds exhibit the presence of In,S; and In;Ses in case
of InsSsCl (Fig. 8.10 appendix) and InsSesCl (8.12 appendix) respectively. A detailed investigation
of their powder patterns revealed a decomposition temperature ranging in the interval of 673 K -
723 K. The decomposition process in the case of InsSsCl is displayed in figure 5.23. Its occurrence

takes place according to the reaction (5.27):
InsChsCl — 2InCh + In;Ch; + InCl ~ (Ch =S, Se) (5.27)

A proof of this mechanism is the presence of InS and InSe together with In,S; (m.p. = 1323 K) and
In,Se; (m.p. 933 K) observed at 723 K. At this temperature the presence of InCl was not
identifiable (m.p. = 489 K). At temperatures around 873 K the binary compounds InS and InSe
obtained as a consequence of the decomposition are hardly identifiable due to a possible phase
transition (crystalline — amorphous) or a further decomposition to In,Chs (Ch = S, Se) and

elemental In.
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Fig. 5.23: Section of the powder diffraction patterns of InsSsCl measured at three different
temperatures. A evident sign for the gradual decomposition of InsSsCl is the appearance
of the reflection (111) of In,S; between 673 and 723 K.
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5.10 Investigation of the thermal expansion of Ins;S;Br and InsSesBr

5.10.1 Sample preparation and measurement

InsSsBr and InsSesBr are synthesised from elements and InBr; in dried and evacuated ampoules
(See paragraph 4.3). The crystalline powders obtained from the ground crystals were transferred
into quartz capillaries of 0.1 mm outer diameter and measured. The measuring procedure and the

measuring parameters were similar to InsSsCl and InsSesCI.

The investigated temperature ranged from room temperature up to 823 K. The quality of
diffractions patterns of both compounds was acceptable (Fig. 8.13-8.16 in appendix). The
indexation of the reflections, the refinement and the lattice parameters succeeded until 723 K. The
powder patterns measured at higher temperatures show difficulties in the indexing of the
reflections, due to the presence of the decomposition products and the decrease of the intensities of

many reflections.

At room temperature all reflections of the measured powder patterns of InsSsBr and InsSesBr, could
be indexed under the orthorhombic primitive cell with the space group Pmn2;. The thermal
expansion of the lattice constants at different measuring temperatures is listed in tables 5.14 and
5.15. Their dependence as a function of temperature is presented graphically in figures 5.24 and

5.25.
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Table 5.14: Lattice parameters of InsSsBr obtained at different temperatures.

T /K al/A b /A c/A vV A’
296(4) 3.931(1) 9.077(2) 14.831(3) 529.1(1)
323(4) 3.931(1) 9.078(2) 14.830(3) 529.2(2)
373(4) 3.934(1) 9.085(2) 14.835(3) 530.3(2)
423(4) 3.936(1) 9.093(2) 14.837(4) 531.0(2)
473(4) 3.938(1) 9.101(2) 14.843(3) 532.0(2)
523(4)  3.9402(9) 9.108(1) 14.843(3) 532.7(1)
573(4)  3.9431(9) 9.116(1) 14.846(3) 533.7(1)
623(4) 3.946(1) 9.125(2) 14.854(3) 534.9(2)
673(4) 3.947(1) 9.137(1) 14.863(2) 536.0(2)
723(4) 3.946(1) 9.141(2) 14.866(4) 536.2(2)

Table 5.15: Lattice parameters of InsSesBr obtained at different temperatures.

T /K a/A b/A c/A Vv /A®
296(4) 4.099(1) 9.336(2) 15.250(4) 583.6(2)
373(4)  4.1037(7) 9.3569(9) 15.251(2) 585.6(1)
423(4)  4.1056(8) 9.3607(9) 15.255(2) 586.3(1)
473(4)  4.1089(7) 9.375(1) 15.257(2) 587.7(1)
523(4) 4.115(1) 9.386(1) 15.255(4) 589.1(2)
623(4) 4.120(1) 9.403(1) 15.262(3) 591.3(2)
723(4)  4.1232(8) 9.431(2) 15.275(2) 594.0(1)

The powder patterns of InsSsBr and InsSesBr measured at different temperatures are aligned in

appendix (Fig. 8.13-8.16).

The dependence of lattice constants and volume of InsSsBr from the temperature (K) can be

presented according to the equations (5.28), (5.29) and (5.30).
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a(T) = P1 + P2(T-To) + P3(T-Ty)* + P4(T-T,)’ (5.28)
b(T), V(T) = P1 + P2(T-Ty) (5.29)

¢(T) = P1 + P2(T-Ty) + P3(T-Ty)* (5.30)

The fitting parameters of the above equations are obtained by the least-squares fittings using

Marquardt algorithm and are listed in appendix (table 8.18).
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The lattice constant a varies according to a third order function (s-shaped) from the temperature, the
lattice constant b and volume vary linearly from temperature, while the lattice constant ¢ varies
according to a second order function from temperature. The thermal behaviour of this compound

shows no phase transition within the investigated temperature range.
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Fig. 5.25: The temperature dependence of the lattice parameters (a) a, (b) b, (¢) ¢ and (d) volume of
InsSesBr.
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The dependence of lattice constants and volume of InsSesBr from the temperature (K) can be

presented according to the equations (5.31) and (5.32).

a(T), ¢(T) =P1 + P2(T-Ty) + P3(T-Ty)* + P4(T-T,)’* (5.31)

b(T), V(T) = P1 + P2(T-Ty) (5.32)

The fitting parameters of the above equations are obtained by the least-squares fittings using

Marquardt algorithm and are listed in appendix (table 8.18).
The lattice constants a, ¢ and lattice volume of InsSesBr vary according to a third order function (s-
shaped) from temperature while the lattice constant b varies linearly. Again no phase transition or

other special physical effects could be observed in the studied temperature range.

The values of the thermal expansion coefficients for lattice constants a and ¢ (which do not vary

linearly with temperature) are listed in table 5.16 (InsSsBr) and 5.17 (InsSesBr).

Table 5.16: The coefficients of thermal expansion o, and o (InsSsBr) calculated at different

temperatures.

T/K  a.,x10°/K' a.x10° /K"’
296(4) 0.51(4) 2.02(8)
323(4) 0.78(4) 2.54(8)
373(4) 1.17(3) 3.49(8)
423(4) 1.41(1) 4.44(8)
473(4) 1.509(2) 5.39(8)
523(4) 1.46(1) 6.35(8)
573(4) 1.27(2) 7.30(8)
623(4) 0.93(3) 8.25(8)
673(4) 0.44(4) 9.21(8)
723(4) 0.1(6) 10.16(8)
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The mean coefficients of thermal expansion in a and ¢ direction are a_a =9.53) x 10° K™, a_CZ

5.92(8) x 10° K. The coefficient of thermal expansion in b direction and the coefficient of the

volume expansion are o, = 1.8(3) x 10~ K', ov=3.34)x 10° K.

Table 5.17: The coefficients of the thermal expansion a, and o, (InsSesBr) calculated at different

temperatures.
T /K o, x 107 /K o x 10 /K!
296(4) 0.7(1) 5.2(5)
373(4) 1.5(1) 2.8(5)
423(4) 1.7(1) 2.0(5)
473(4) 1.9(1) 1.9(5)
523(4) 1.8(1) 2.4(5)
623(4) 1.3(1) 5.4(5)
723(4) 0.2(1) 11.0(5)

The coefficient of thermal expansion in b direction is o, = 2.3(4) x 10° K™ (until 723 K). The mean

coefficients of thermal expansion in a and ¢ directions are: a_az 1.3(1)x 10° K, a_c =4.4(5)x 10

8K, the coefficient of the volume expansion is oy = 4.2(4) x 10° K.

The decomposition mechanism of this compound is similar to that of InsSsCl and InsSesCl. At 873
K, again only the reflections belonging to In,S; and In,Ses could be observed (Fig. 8.14-8.16 in
appendix).

5.11 Comparison of the results

The aim of the present investigation was the thermal behaviour under ambient pressure of InsChsX
(Ch = 8§, Se; X = Cl, Br). All the investigated compounds displayed no phase transitions or other
effects (except a non linear thermal behaviour in some cases). At elevated temperatures, they

decompose gradually to In,Chs, InCh (Ch = S, Se) and InX (X = Cl, Br). Clear evidence for this
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assumption comes from the measured powder patterns of these compounds at temperatures over

800 K.

In the course of this study, the thermal expansion coefficients of the nominated compounds have

been determined and are listed in table 5.18.

Table 5.18: Comparison of the thermal expansion coefficients of four compounds InsChsX (Ch =
S, Se, X = Cl, Br). The mean value is represented by the (*) symbol.

Coefficient InsSsCl InsSesCl1 InsSsBr InsSesBr
aax 107° /K 1.66(4)" 1.5(3) 0.95(3)° 1.31)
ap x 107 /K 1.31(3)° 1.2(2) 1.8(3) 2.3(4)
o x 10° /K 14(3) 5.4(3) 5.92(8)" 4.4(5)"
ay x 107 /K 5.0(5) 3.4(5) 3.3(4) 4.2(4)

In the chloride-type compounds: InsSsCl, InsSesCl the elongation in a direction is higher compared
to the expansion coefficients in b and ¢ directions (this is confirmed from the calculated expansion
coefficients). A similar analogy can be concluded for the bromide type, where the elongation in b
direction is higher compared to a and c. Generally low is the elongation in the ¢ direction for the
compounds InsSsBr, InsSesCl and InsSesBr. All the investigated compounds exhibit linear thermal
expansion of the lattice volume.

The differences of the expansion coefficients within one structure type can be explained based on
the differences of the bond strength between the atoms e.g. In-S, In-Se, while the differences of the
expansion coefficients between the compounds of both structure types arise due to the difference of
the proper structures. Therefore, one should not expect similar coefficients thinking that a change of
chloride with bromide makes only 9.1% difference in the structure, but should take in account the

structural differences as well.
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6 Summary

This thesis summarises three different research aspects concerning:

1. The attempts for inorganic syntheses in supercritical CO,

2. The syntheses, the structure determination and the characterisation by several methods of
the mixed valence indium chalcogen halides InsChsX (Ch =S, Se; X = Cl, Br) and
their derivative compounds.

3. High temperature X-ray investigations of powdered samples of K,In;,Se;,Te; and
K,Inj,Se 9 ensued by the mixed valence compounds InsSsCl, InsSesCl, InsSsBr,

Ins;SesBr.

The attempts for inorganic syntheses in supercritical CO,

The purpose of this research topic consisted in testing the ability of scCO, or tuned scCO, to
dissolve and mediate in several reactions of inorganic compounds. The employment of scCO, as a
reaction medium required the projection and construction of several devices concerning: a) its
manipulation to dry ice (purifying, metering and condensing subsystems), b) the reaction
environment (ampoule, autoclaves), ¢) the measuring and safety devices. The reactions were
performed at temperatures varying from 100°C until 240°C. The latter was the maximum working
temperature due to the limitations occurring of the O-ring material (Viton). The reaction pressures
varied from 140 up to 260 bar. In order to distinguish whether a reaction depended on the presence
of scCO,, parallel reactions involving the same educts without CO, (solid state or hydrothermal
reactions) were performed. The investigation of the reaction products was done by X-ray powder
diffractometry and/or IR and Raman spectroscopy

Within the mentioned conditions the solubility and the reactions of several inorganic compounds
were tested. The nature of the involved compounds ranged from fairly non polar molecular
compounds (e.g. Snly) up to polar or ionic crystalline compounds (e.g. CsCOs, NaCl etc). Beside
these, reactions which for different reasons failed in usual solid state methods as well as searches

for new modifications of chalcogenides (i.e. Se, Te) were carried out.
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All the attempted syntheses did not exhibit the presence of new compounds or new modifications
occurring from the presence of scCO,. The synthesised compounds were merely a product of solid
state or hydrothermal synthesis, where the temperature played the decisive role and not the
pressure. Hence, indicating a low or no solubility of the employed species in the scCO,. According
to this experience, scCO, can be regarded an improper solvent (for the above conditions) for

inorganic syntheses.

The syntheses, the structure determination and the characterisation by several methods of the mixed

valence indium chalcogen halides InsChsX (Ch = S, Se; X = ClI, Br) and their derivative compounds

In the course of the investigation of the systems In-Ch-X (Ch = S, Se; X = Cl, Br) four new
compounds were synthesised, namely: InsSsCl, InsSesCl, InsSsBr and InsSesBr. These compounds
are not isotypic, they crystallise in two different crystal systems: monoclinic (SG P2;/m) in the case
of InsChsCl and orthorhombic (SG Pmn2,) for InsChsBr. In all these compounds, the indium atoms
occurs in three different oxidation states: In", (In,)*" and In*". In" shows a three capped trigonal
prismatic coordination, the formal In**-ions build ethane analogue In,Chg units with covalently
bonded indium atoms and In*" is octahedrally coordinated.

Similarly to the already known mixed valence compounds MInsChs, MInsCh; and MIn;Chg, the
newly synthesised compounds can be discussed based on two dimensional building units. The
chloride-type compounds consist of a characteristic and common building unit, while the bromide-
type compounds InsChsBr consist of one building unit which can be regarded as a hybrid of both
layers observed in the chloride-type compounds.

A good agreement consists between the environment of In" and (Iny)*" species in both structures.
The difference between both structure types consists in the exchange of In" and (In)*" -species in
some positions building a mosaic of six triangular prisms around two edge-sharing octahedra.
Topologically both structures are built from layers, where the chloride-type structure contains layers
with 4:2 and 2:4 arrangements in contrast to InsChsBr which contains only layers with 3:3
arrangements.

Regardless to the close similarities of these compounds evidenced from their lattice constants and
the formula sum, the X-ray investigations presented numerous differences. All crystals of InsSsClI

and InsSesCl are twinned by reticular pseudomerohedry. The refinements performed by neglecting
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the overlapping reflections revealed bad figures of merit accompanied by high residual electron
densities. InsSsBr and InsSesBr in contrast to the chloride type compounds presented no structural

anomalies. Their refinements show good figures of merit and lower Fourier residuals.

Starting from the similarities and at the same time the differences of these structure-types observed
from the X-ray measurements, further detailed investigations were carried out using HRTEM
accompanied by SAED and EDX measurements.

The HRTEM investigations of the bromide-type structure (InsSsBr) displayed only layers with 3:3
arrangements presented in micrographs as oval contrasts. The SAED patterns recorded from several
crystallites displayed only sharp reflections.

The HRTEM investigations of the chloride-type structure (InsSsCl) exhibited several anomalies of
the real structure. Differently from the observations of the X-ray investigations, these measurements
displayed the existence of orthorhombic polymorph layers with 3:3 arrangements perturbing
frequently the monoclinic layers with 4:2 and 2:4 arrangements. At the same time, a good
compatibility between layers with different arrangements is observed.

Secondly the existence of polysynthetic twinning of lamellas with different orientations was
observed. The HRTEM images presented a layer with 3:3 arrangements exactly at the twin
boundary (between layers with 4:2 and 2:4 arrangements) causing the necessary shift for a perfect
fitting of both domains. This fact confirmed again the good compatibility between layers with
different arrangements. A good compatibility exists not only between layers with different
arrangement of InsSsCl but between the layers with different arrangements of InsSsCl and layers
with 2:4 arrangements of IngS; too. An intergrowth of orthorhombic domains of InsSsCl and
monoclinic domains of IngS7 is observed due to the similarities (morphological and structural) that

exists between them.

The mixed valence character of indium in these compounds allows three well defined substitution
possibilities of indium species, namely: a) In", (Inp)** and In*". The series of substitution
experiments revealed the compounds T1InsSsCl and TlIngSesCl in case of substitution of In", and
Ins.4CrxSesCl in case of substitution In*". In addition to these substitutions further substitutions of
chalcogen and halogen atoms yielded several mixed crystals (InsS(s.0SexCl, InsS¢s.Se.Br,

InsS5Cl(1-xBr and InsSesCl(;xBr), where InsSe(s.x TexBr displayed some interest. In fact a complete
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substitution of Se atoms by Te atoms could not be obtained, while in case of Br atoms by I atoms
nor partial, neither complete substitution is possible. The X-ray single crystal investigations of the
mixed crystals (InsSis.SexCl, InsSis.SexBr, InsSsCliBr, InsSesCliBr and TIlIngSesCl)
displayed the presence of multiple twinning individuals in all of them. The structure solution and
refinement of the latter (T1IngSesCl) was performed in the space group P2;/m based on the structure
model of InsSesCl. The refinement showed a significant reduced occupancy of TI" -position, which

evidences a partial occupancy of it by T1" and In".

High temperature X-ray investigations of powdered samples of K;In;,Se;,Te; and KzIni,Sesq ensued
by the mixed valence compounds InsSsCl, InsSesCl, InsSsBr, InsSesBr

The third topic of this work considers mainly the X-ray high temperature investigations of the
compounds KsIn;;Se,Te; and K;Inj,Se 9 followed by the mixed valence compounds InsChsX (Ch
= S, Se; X = Cl, Br). The measurements were performed in a high temperature X-ray diffraction
system equipped with a PSD by using quartz capillaries. Prior to these measurements, the
calibration of the device using an external standard (Iridium powder) was done. The temperature
calibration was followed by the optimisation measurements using powdered sample of
K,Inj,Se;Tes and & 0.1 and & 0.2 mm capillaries. These measurements displayed a better quality
of diffraction patterns (low background) in case of using a double capillary (<& 0.1 and & 0.2 mm)
capillaries instead of separated & 0.1 or & 0.2 capillaries.

The thermal behaviour of both compounds was investigated up to 733 K for K,In;>Se;,Te; and 903
K for K;In;»Se;9 and displayed no phase transitions. In some cases a significant deviation from the
expected linear behaviour was observed. The lattice constants a and ¢ of KjIn;;Se;;Te; show
respectively linear and parabolic behaviour with the temperature, while the lattice constants a and
of KsIn;»Sejo behave like a third ordered function (s-shaped). The latter observation is in full
agreement with the temperature dependent single crystal investigations performed by Schlosser
[120]. The behaviour of the superstructure reflections shown by K;In;,Se;,Te7 is investigated up to
733 K. In contrast to KjIn;;Sej;Tes, no superstructure reflections could be observed for the

compound KsIn;>Se;9 at temperatures higher than 673 due to their weakness.
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The coefficients of the thermal expansion are similar in the [100] and [010] directions and differ
slightly in case of [001] direction.

In the course of the X-ray high temperature investigations, the thermal behaviour of the new solids
(InsChsX) was studied. The investigation temperature varied from room temperature up to 823 K.
Within this range, no phase transition was observed. The compounds start to decompose gradually
at high temperatures and the decomposition compounds that can barely observed are In,Ss3 (in case
of InsS5X) and In,Ses (in case of InsSesX). The thermal behaviour of the lattice constants of these

compounds differed from each other, while the unit cell volume in all cases behaved linearly.
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8 Appendix

8.1 Abbreviations

EDX = Energy Dispersive X-ray Spectroscopy
HRTEM = High Resolution Transmission Electron Microscopy
HT = High Temperature

IPDS = Image Plate Diffraction System

IR = Infra Red Spectroscopy

MAPLE = Madelung Part of Lattice Energy

PDS = Position Sensitive Detector

RT = Room Temperature

SAED = Selected Area Electron Diffraction

s¢ = supercritical

SEM = Scanning Electron Microscope

sof = site occupation factor

WDX = Wavelength Dispersive X-Ray Spectroscopy
WPOA = Weak Phase Object Approximation

XRD = X-Ray Diffraction
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8.2 Definitions

Van der Waals’ equation of state for real gases

2

P—a\% (V —nb)=nRT

a is the mass of the attractive force between the molecules of the gas and b is the effective volume

of the molecules in one mole of gas (for CO, : a=3.592 atm 12 mol™ ( 3.64 bar I* mol®, b=

0.04267 1 mol™)

R-Values

>l

. .
Goof = Z-W(F(’Z_FOZ)-
n-p

WR =

n = number of reflections, p = number of parameters

Weighting scheme

w=1/(c*(F2)+(aP) +bP)

P:%@mqﬁﬂm+2ﬁﬁ
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Atom displacement factors

Ueq = 1s defined as one third of the ortogonalised UY tensor

Uij = the anisotropic temperature exponent factor is expressed:

—27r-(h2-a*2-UU+...+2-h-k-a*-b*-U12+...)

Lorentzian fitting function

1 o
L(20)=— -

7 (20-26,)" + (2r)2

20 = diffraction angle; I'= full width at half maximum
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8.3 Data for the reactions of some inorganic compounds in supercritical CO,
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Fig. 8.1: Schematic of the autoclave 1 (body).
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Fig. 8.2: Schematic of the cork of autoclave 1.
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Fig. 8.3: Schematic of the autoclave 2 (body).
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Fig. 8.4: Schematic of the cork of autoclave 2.

Stainless Steel

M 1.4571

Note: The construction of both autoclaves was performed in cooperation with the research group of

Prof. Dr. rer. nat. Bernd Wenclawiak by Ms. Sylvia Wilnewski.
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The procedure of condensation of CO;in the ampoule

Fig. 8.5: Sketch the system for the production of the defined amounts of dry ice.

O 00 1NN K W —

e e
NN DN B W —= O

—» Pump

Air valve Air valve
(+) )
2 <14
Dehydrated |l: \i. /—\ >
CO, \v/ \V/ (\\/) \v/
<16
7

v,

Steps of usage (filling procedure)

. All valves are closed

. The pump is set on

. Open the valves 1 and 2

. Disconnect the CO, — tube

. Open the main CO; — bottle valve
. Gradually open the small CO,— bottle valve

. Check at the end of disconnected tube the flow pressure
. Reconnect the tube to the system
. Regulate the CO2 flow (optimal flow c.a. 2 bubbles / sec)
. Open valves 3, 4
. Close valve 2 (wait until the pressure regulator connected at valve 4 bubbles)
. Close valve 3

. Open valves 6, 7
. Close valve 4

. Open valve 5 (evacuation lasts at least 2 min)
. Heat the ampoule with the gas burner
. Close valve 5
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Second step (purging)

18. Open valve 3 (wait until CO, bubbles out through the valve 2)
19. Open valve 4

20. Close valve 2 (wait until CO, bubbles out through the valve 4)
21. Purge out for 2 min

22. Open valve 2

23. Close valves 3, 4

24. Open valve 5 (evacuate for at least 2 min)

25. Close valve 5

26. Open valve 3 (wait until CO, bubbles out through the valve 2)
27. Open valve 4

28. Close valve 2 (wait until CO, bubbles out through the valve 4)
29. Purge out for 2 min

30. Open valve 2

31. Close valves 3, 4

32. Open valve 5 (evacuate for at least 2 min)

33. Close valves 5, 6, 7

System filling and condensing

34. Open valve 3 (wait until CO; bubbles out through the valve 2)

35. Open valve 4

36. Close valve 2

37. Open valve 2

38. Close valves 3, 4

39. Approach gradually the thermos with liquid N, to the bottom of the ampoule
40. Open valves 6, 7

41. Wait until CO, condenses in the lower part of the ampoule

42. Check the quantity of the CO; in the ampoule

not enough proceed further < if — enough go to step 54

43. Close valves 7, 6

44. Move upwards the N; thermos (1 cm)

45. Open valve 3 (wait until CO, bubbles through valve 2)

46. Open valve 4

47. Close valve 2 (wait until CO, bubbles out through the valve 4)
48. Open valve 2

49. Close valve 3

50. Close valve 4

51. Open valves 6, 7

52. Wait until CO, condenses in the lower part of the ampoule
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53. Move upwards the N, thermos (1 cm)

54. Close valves 7, 6

55. Disconnect the ampoule and the valve 7 from the glass apparatus
56. Open valve 3, 4

57. Close valve 2

58. Switch off the pump and immediately open valve 5

59. Wait until CO, bubbles through valve 4 and then close valve 5
60. Turn off the CO; bottle valves

Table 8.1: The pressure dependence of the absolute temperature for constant values of the density

of CO, [38].
p=3.50x10" p=675x10" p=7.00x10" p=725x10"
mol cm” mol cm” mol cm” mol cm”
Temperature / K Pressure /bar Pressure /bar Pressure /bar Pressure /bar
370 84.322 135.66 139.09 142.48
380 88.251 144.81 148.71 152.57
390 92.154 153.91 158.27 162.61
400 96.032 162.96 167.78 172.59
410 99.888 171.97 177.25 182.53
420 103.73 180.93 186.67 192.43
430 107.54 189.86 196.06 202.29
440 111.35 198.76 205.42 212.12
450 115.14 207.62 214.74 221.91
460 118.91 216.45 224.03 231.68
470 122.67 225.26 233.30 241.41
480 126.42 234.03 242.53 251.10
490 130.15 242.78 251.73 260.77
500 133.88 251.50 260.90 270.41
510 137.59 260.19 270.05 280.02
520 141.30 268.86 279.17 289.60
530 144.99 277.50 288.26 299.15
540 148.68 286.12 297.33 308.68
550 152.35 294.71 306.37 318.18
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Table 8.2: The dependence of the quantity of CO, transferred in both autoclaves from the quantity

of CO; contained in the ampoule and the temperature (in case of an empty ampoule).

Temp t/°C TempT/K mCO;amp/g mCO;aut.l/g mCO;aut.2/g

two fillings

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303

2.266
2.258
2.251
2.243
2.235
2.228
2.220
2.212
2.205
2.197
2.190
2.183
2.175
2.168
2.161
2.154
2.147
2.140
2.133
2.126
2.119

31
31
31
31
31
31
31
31
31
30
30
30
30
30
30
30
30
30
30
29
29

35
35
35
35
34
34
34
34
34
34
34
34
34
33
33
33
33
33
33
33
33

The entire volumes of the first autoclave and the second systems are 99.7 and 111 ml respectively.

An empty ampoule with the inner volume 7.2 ml filled two times with CO; (see procedure)

represents a molar density of CO, 6.912 x 10™ mol/ml.
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Table 8.3: The dependence of the quantity of CO, transferred in both autoclaves from the quantity
of CO, contained in the ampoule and temperature (in general case of ampoule filled with

educts).

Tempt/°C Temp T/K m COamp/g m CO; aut.l1/g m CO, aut.2 /g

two fillings

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303

2.266
2.258
2.251
2.243
2.235
2.228
2.220
2.212
2.205
2.197
2.190
2.183
2.175
2.168
2.161
2.154
2.147
2.140
2.133
2.126
2.119

32
32
32
31
31
31
31
31
31
31
31
31
31
30
30
30
30
30
30
30
30

35
35
35
35
35
35
35
35
34
34
34
34
34
34
34
34
34
33
33
33
33

The volume of the 0.5 g substance filled into the ampoule is approx. 0.1-0.2 ml. A filled ampoule

with the inner volume 7 - 7.1 ml filled two times with CO; (see procedure) represents a density of

CO, varying from 7.00 x 10°- 7.10 x 10” mol/ml.
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8.4 Data for the compounds InsChsCl, InsChsBr (Ch =S, Se)

Table 8.4: Refined cell parameters and the parameters of the indexed lines of InsSesCl.

: Curved Germanium (111)

- Scintillation Counter

Diffractometer : Siemens D5000
Monochromator
Wavelength : 1.540598 Cu
Detector
Scan Mode : Reflection
Scan Type : 2Theta
Expected halfwidth : 0.050
Significance level : 2.5
Peak height level : 300
Peaklist [ Range 1 : 2Theta =
D 2Theta I1(rel)
15.294569 5.7738 13.11
9.232869 9.5715 11.48
8.075778 10.9468 13.05
5.751944 15.3923 4.11
4_.615551 19.2143 5.02
4 _.552091 19.4848 3.79
4._477264 19.8137 2.35
4.371012 20.3004 47 .48
4.036337 22.0037 27.20
3.955566 22.4588 31.54
3.818378 23.2768 2.32
3.652063 24 3527 51.68
3.619327 24_.5764 27.25
3.590647 24_7758 8.64
3.503697 25.4008 16.62
3.471000 25.6442 7.14
3.336732 26.6947 39.23
3.062088 29.1397 33.64
3.044325 29.3135 56.23
3.013653 29.6186 44 .74
2.986518 29.8940 91.63
2.942938 30.3472 9.85
2.874789 31.0846 84.29
2.860095 31.2484 31.75
2.812365 31.7926 81.90
2.793537 32.0126 7.54
2.699472 33.1598 8.35
2.662205 33.6376 39.77
2.647957 33.8241 10.78
2.605428 34.3932 13.59
2.588218 34.6291 5.10
2.579409 34.7511 4_.59

5.000 90.001 0.015

1(abs)

3623
3173
3606
1135
1388
1047
650
13123
7517
8717
641
14284
7533
2388
4594
1972
10843
9299
15542
12365
25328
2722
23298
8777
22638
2083
2307
10992
2979
3755
1410
1268

Symmetry
Cell_A
Cell_B
Cell C
Cell_Beta

Cell_Volume:

Cell_A

eNeoNoloNoNeooolojlolooooNoNoNeolololoNoNololojNoNoNeoloNoNoNeNe

1(int)

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

- 9.2391(3)

FWHM

0.0924
0.0616
0.0924
0.0924
0.0616
0.0616
0.0308
0.0616
0.0616
0.0616
0.0462
0.0616
0.0616
0.0462
0.0616
0.0616
0.0924
0.0616
0.0616
0.0616
0.0924
0.0924
0.0616
0.0462
0.0616
0.0308
0.0924
0.0616
0.0616
0.0616
0.0154
0.0462

: Monoclinic B P
1 9.2391(3)

: 4.09507(13)

1 15.2920(6)

1 92.743(3)

Imax = 27807]

577.907(24

H K

—

0
1
-1
1
2
-1
-2
1
-2

=
oOrRrOFrRrFRPFRPRPRPPRPROOOOCORPRRPPFRPOOORPFPOPRPROOOOOOOOO
WWar,wWhrAANOPPARPPAPWONPWRAPRPPARPNWPRPWONPROPR
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RPRRPRPRRPRRRPRPRRPRPRRPRPRPRPRRPRPRPRPRPREPRPRPRRPREPREPRPRPREPREPNNNNMNNNNNMNNNNNMNNMNNNNMNNNNN

-484739
-459530
-448640
.425027
.414312
-353083
.343654
.315582
.297719
.275873
.248484
.221372
-198051
-180083
-146397
-103946
.086413
.064739
.047485
.032733
.009791
.982679
.964121
.952673
.937352
-926092
-900887
.897243
.880851
.869485
.854145
.825894
.814018
.804310
.794793
. 778459
. 767564
.749158
.713216
.700011
-693535
.688002
.680752
.667542
.664919
.658602
.648046
-630979
.618513
-609840
.603248

36.
36.
36.
37.
37.
38.
38.
38.
39.
39.
40.
40.
41.
41.
42.
42.
43.
43.
44 .
.5370
45.
45.
46.
46.
46.
47 .
47 .
47 .
48.
48.
49.
49.
50.
50.
50.
51.
51.
52.
53.
53.
54.
54.
54.
55.
55.
55.
55.
56.
56.
57.
57.

44

1199
5031
6712
0412
2116
2169
3767
8605
1749
5665
0690
5794
0292
3828
0629
9532
3323
8106
1991

0732
7242
1811
4676
8570
1474
8112
9088
3529
6659
0949
9060
2554
5447
8318
3324
6720
2566
4388
8873
1102
3021
5557
0243
1184
3462
7315
3664
8398
1742
4311

6.30
55.48
62.71

6.07

3.22

5.64

5.11
20.88

5.49

3.89

5.18
15.49

3.67
23.79

5.16
18.24

6.32
20.92

100.00
27.51

8.31

2.93
29.90
25.14

7.18
13.37
17.19
22.61

5.21
26.84
10.10

5.98

7.31

7.49

3.65

1.81

4.48

9.60

4.42

4.84
18.30
15.91

6.50
11.82
16.23

6.94

3.85

1.81

1.95

7.06

2.30

1743
15335
17333

1677

889

1558

1412

5772

1517

1076

1431

4283

1015

6575

1427

5043

1747

5781
27640

7604

2298

810

8266

6950

1986

3697

4751

6249

1439

7420

2791

1654

2021

2071

1010

500

1239

2654

1222

1338

5058

4399

1796

3268

4487

1918

1064

500
538
1951
636

eNeeololooNeooolojoNeooololoNeoolololoNeoololoNoNoloNoloNolo ool oloNol ool ol oo oo oNoNoNeoNoNeNe)

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

0.0616
0.0616
0.0616
0.0616
0.0308
0.0308
0.0924
0.0616
0.0616
0.0924
0.0924
0.0924
0.0616
0.0924
0.0616
0.0924
0.0616
0.0616
0.0616
0.0616
0.0308
0.0616
0.0616
0.0616
0.0616
0.0924
0.0616
0.0616
0.0616
0.0924
0.0616
0.0616
0.0616
0.0924
0.0924
0.0616
0.0616
0.0924
0.0924
0.0924
0.0616
0.0616
0.0616
0.0674
0.0924
0.0616
0.0616
0.0924
0.0616
0.0616
0.0924

WFRPNWFRPROWPR

NNRORRNNNREPNNRRPNNORONNRRPRRREPRORRRPRREPNORFROOROROORRRRORRO

WAWroaNODMAORARTTARA,WRARONNNWOWNOUOWNNNONPORROWODRANNOOOTWORNOORARRPRPOOGTIOO
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RPRRPRRPRRPRRRPRRPRRPRRPRRPRRPRPRRRPRPRPRRPRRPRPRPRRRPREPRPRRPRRRPRPRRPRRRPRERRPRRRRRRRRRERRRRRRRR

-580049
.564918
.547286
.537727
.528535
.522112
.516797
.505532
.492463
-481560
-466330
.461366
-456413
-453962
-439638
-433989
.427674
-407190
.367692
.358144
.349585
.345817
.327857
.308357
.302738
-293057
.287208
.277942
.276013
.271884
.264828
.246646
.234443
.229526
.227934
.221735
-219093
.212382
.206225
-192574
-189461
.187066
179271
-175080
-169695
.165320
.162970
-156869
-151668
-144702
.132628

58.
58.
59.
60.
60.
60.
61.
61.
62.
62.
63.
63.
63.
63.
64.
64.
65.
66 .
68.
69.
69.
69.
70.
72.
72.
73.
73.
74.
74.
74.
75.
76.
.2185
7.
77 .
78.
78.
78.
79.
80.
80.
80.
81.
81.
82.
82.
82.
83.
83.
84.
85.

77

3549
9745
7142
1236
5228
8051
0409
5470
1455
6543
3802
6206
8625
9829
6965
9827
3058
3780
5563
1063
6075
8307
9161
1371
4975
1278
5146
1364
2673
5493
0366
3255

5848
7043
1734
3753
8933
3755
4683
7223
9189
5666
9196
3783
7553
9595
4948
9575
5865
7027

3.11
4._87
4.75
6.27
2.83
4.54
3.27
9.66
17.43
3.41
4_.96
3.46
7.70
12.25
3.44
2.69
1.50
4.64
2.32
4.64
3.53
3.00
6.65
4.24
5.09
3.82
6.48
2.01
2.23
3.09
1.34
7.05
3.28
5.83
4.79
6.24
3.45
7.55
4._.69
3.66
4.79
6.28
3.73
2.83
4.96
3.79
3.56
4.23
4.94
4.70
2.32

859
1345
1312
1734

782
1254

903
2669
4819

941
1370

956
2129
3385

951

743

414
1283

641
1284

977

829
1838
1172
1406
1057
1792

556

616

855

369
1948

907
1612
1325
1725

954
2087
1297
1010
1323
1737
1031

782
1370
1046

984
1169
1365
1299

642
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1.129146 86.0310 1.91 527 0.00 0.0616 -3 3 6
1.125682 86.3605 3.07 849 0.00 0.0616 -2 2 11
1.115234 87.3721 1.80 499 0.00 0.0924 4 3 4
1.110215 87.8679 6.57 1817 0.00 0.0924 8 1 0
1.105682 88.3214 2.68 742 0.00 0.0924 -4 3 5
1.103529 88.5387 2.21 611 0.00 0.0924 -7 2 2
1.098810 89.0195 2.25 622 0.00 0.0924 1 3 8
1.090800 89.8496 1.24 343 0.00 0.0924 -3 2 11

Table 8.5: Anisotropic displacement parameters (U;; /A %) for InsSsCl.

Atom Un Us, Uiz Uiz Uis Uz
Inl 0.010(1) 0.006(1) 0.013(1) 0 0.001(1) 0
In2 0.016(1) 0.008(1) 0.016(1) 0 -0.005(1) 0
In3 0.012(1) 0.012(1) 0.026(2) 0 0.010(1) 0
In4 0.008(1) 0.009(1) 0.016(1) 0 0.002(1) 0
In5 0.032(2) 0.028(2) 0.032(3) 0 0.006(2) 0
Cl 0.013(4) 0.014(4) 0.015(5) 0 0.005(4) 0
S1 0.005(4) 0.006(4) 0.013(4) 0 0.002(3) 0
S2 0.008(4) 0.004(4) 0.015(4) 0 0.000(4) 0
S3 0.009(4) 0.005(3) 0.009(4) 0 -0.004(3) 0
S4 0.013(4) 0.010(4) 0.006(4) 0 0.000(3) 0
S5 0.019(5) 0.007(4) 0.007(4) 0 0.002(4) 0




Appendix — Data for the compounds InsChsCl, InsChsBr (Ch = S, Se)

229

Table 8.6: Anisotropic displacement parameters (U;; /A %) for InsSesCl.

Atom Ui Uz Uss Uz; Uiz Uiz
Inl 0.0120(7) 0.0104(9) 0.0202(8) 0 0.0065(5) 0
In2 0.0276(9) 0.012(1) 0.0219(9) 0 -0.0118(7) 0
In3 0.0119(7) 0.011(1) 0.0297(9) 0 0.0107(6) 0
In4 0.0082(7) 0.0127(9) 0.0159(7) 0 0.0019(5) 0
In5 0.031(1) 0.035(2) 0.045(2) 0 0.010(1) 0
Cl 0.0061(8) 0.008(1) 0.0180(1) 0 0.0002(7) 0
Sel 0.0094(9) 0.010(2) 0.019(1) 0 0.0026(7) 0
Se2 0.0093(9) 0.008(1) 0.016(1) 0 0.0003(7) 0
Se3 0.013(1) 0.013(1) 0.020(1) 0 0.0018(8) 0
Se4 0.013(1) 0.010(1) 0.017(1) 0 0.0030(7) 0
Se5 0.015(2) 0.029(4) 0.025(3) 0 -0.003(2) 0

Table 8.7: Anisotropic displacement parameters (Uj; /A 2) for InsS;Br.

Atom Ul U2 Uss Uzs Uis Uz,
Inl 0.0082(3) 0.0109(2) 0.0140(2) 0.0035(2) 0 0
In2 0.0081(3) 0.0142(2) 0.0119(2) 0.0038(2) 0 0
In3 0.0099(3) 0.0101(2) 0.0245(3) 0.0045(2) 0 0
In4 0.0098(2) 0.0088(2) 0.0126(2) 0.0003(2) 0 0
In5 0.0299(5) 0.0292(4) 0.0249(4) 0.0002(3) 0 0
Br 0.0106(4) 0.0119(3) 0.0156(3) -0.0016(3) 0 0
S1 0.0082(9) 0.0070(7) 0.0088(8) -0.0026(6) 0 0
S2 0.0073(8) 0.0105(7) 0.0099(7) 0.0009(6) 0 0
S3 0.0076(9) 0.0096(8) 0.0091(7) 0.0007(6) 0 0
S4 0.0063(8) 0.0088(7) 0.0115(7) 0.0006(6) 0 0
S5 0.0080(8) 0.0125(7) 0.0109(7) 0.0010(7) 0 0
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Table 8.8: Anisotropic displacement parameters (Ujj /A %) for InsSesBr.

Atom Un Uz Uss Uy Uiz Uiz
Inl 0.0130(5)  0.0164(5)  0.0179(4) _ 0.0041(3) 0 0
2 0.0135(5)  0.0203(5) 0.0174(4)  0.0065(4) 0 0
I3 0.0143(5)  0.0146(5)  0.0294(5)  0.0065(4) 0 0
Ind  001544) 0.0124(4)  0.0178(4)  0.0008(4) 0 0
5 0.0285(7)  0.03698)  0.0318(7)  0.0052(6) 0 0
Br  00168(7) 0.0144(7)  0.0212(6) -0.0024(5) 0 0
Sel  0.0095(6) 0.0113(6)  0.0131(5) -0.0019(5) 0 0
Se2  0.0098(6)  0.0109(6)  0.0140(5)  0.0014(5) 0 0
Se3  00112(7)  0.0135(7)  0.0127(6)  -0.0006(5) 0 0
Se4  0.0122(7)  0.0132(7)  0.0154(5) -0.0004(5) 0 0
Se5  0.0116(6)  0.0152(6)  0.0147(5)  0.0022(5) 0 0
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Interatomic angles for the mixed valence compounds InsSsCl, InsSesCl, InsSsBr and InsSesBr

Table 8.9: The selected interatomic angles for InsChsCl.

Angle InsSsC1  InsSesCl Angle InsSsC1  InsSesCl

ChSInl Ch2 (2x)  88.6(3) 90.18(7)| | ChlInd4 Ch3 (2x)  95.3(3)  93.84(7)
Ch2 Inl Ch2 96.4(3)  96.31(9) | | Ch3 In4 Ch3 101.8(4)  100.46(9)
ChS Inl Chl 177.2(3)  179.13(9) | | Chl In4 In3 119.7(3)  124.23(9)
Ch2Inl Chl (2x)  89.6(3) 84.59(5)| |Ch3Ind4In3 (2x) 119.72) 119.23(6)
ChSInl Chl (2x)  95.9(3)  93.91(7)
Ch2Inl Chl (2x) 175.6(3) 175.81(9)| |Cl In5Cl 75.6(3)  81.3(2)
Ch2Inl Chl (2x)  84.2(2) 84.59(5)| |Cl In5Ch5 (2x) 141.53) 141.36(6)
ChlInl Chl (2x)  86.03) 86.68(7)| |Cl In5Ch5 (2x)  92.12)  88.2(1)
Chl Inl Chl 94.8(3)  94.23(8) | | ChS In5 ChS 75.12)  73.64(8)
Cl In5Chd4 (2x) 67.12)  68.6(1)
Ch3In2 Ch4 (2x)  100.1(3) 101.63(8)| |ChSIn5Ch4 (2x)  74.5(2)  70.22(7)

Ch4 In2 Ch4 100.3(4)  99.4(1)| |Cl In5Cl (2x)  683(3)  72.3(2)
Ch3 In2 Ch4 160.3(4)  156.4(1)| | ChSInSCl (2x) 140.6(2) 141.36(6)
Ch4In2 Ch4 (2x)  92.4(3)  93.50(8) | | Ch4In5 Cl 122.7(3)  127.7Q2)

Ch3In2Cl (2x)  82.53)  8L.1(1)| |Cl In5Ch3 (2x) 87.3(2)  87.5(1)
Ch4In2Cl  (2x) 1734(3) 173.7(1)| |Cl In5Ch3 (2x) 131.133)  136.7(2)
Ch4In2Cl  (2x)  85.0(2)  85.5(1)| |ChSIn5Ch3 (2x) 125.73)  124.9(1)
Ch4Tn2Cl  (2x)  83.5(3)  822(1)| |ChSIn5Ch3 (2x)  83.3(2)  82.08(6)

Cl In2 Cl 89.4(3)  89.4(2) | | Ch4In5Ch3 (2x) 144.9(1) 143.32(4)

Cl In5Ch3 (2x) 62.822)  64.5(1)
Ch2In3ChS (2x)  91.1(3)  93.14(7) | | Ch3 In5 Ch3 70.2(2)  72.71(7)
ChS In3 ChS 98.9(4)  99.8(1)| | Cl In5Chl (2x) 141.4(1) 139.26(9)
Ch2 In3 In4 140.53)  134.7(2)| | Ch5InSChl (2x)  64.92)  63.80(7)
ChSIn3In4 (2x) 113.5(2) 114.66(6) | | Ch4 In5 Chl 127.93)  121.5(1)

Cl InS5Chl 109.43)  110.8(1)

Ch3In5Chl (2x)  60.82)  61.14(6)
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Table 8.10: The selected interatomic angles for InsChsBr.

Angle InsSsBr InsSesBr Angle Ins;SsBr Ins;SesBr
ChS5 Inl Ch4 (2x) 87.52(5) 88.80(4) Ch2 In4 Ch2 101.59(7) 100.61(5)
Ch4 Inl Ch4 96.47(6) 95.80(6) Ch2 In4 Chl (2x) 94.98(5) 93.23(4)
Ch5 Inl Ch3 173.76(6) 175.22(6) Ch2 In4 In3 (2x) 116.05(4) 118.08(4)
Ch4 Inl Ch3 (2x) 88.32(5) 88.00(4) Chl In4 In3 128.09(5) 127.48(5)
ChS5 Inl Chl (2x) 96.52(5) 94.79(4)
Ch4 Inl Chl (2x) 175.94(6) 176.38(6) Ch4 In5 Ch4 77.46(5) 79.86(5)

Ch4Inl Chl (2x)  84.05(4) 84.77(3)| | Ch4In5Ch5 (2x)  137.85(5) 137.12(6)
Ch3Inl Chl (2x)  87.67(5) 88.45(4)| | Ch4In5Ch5 (2x)  88.99(4)  87.20(3)

Chl Inl Chl 95.15(6)  94.43(5) | | ChS In5 Ch5 74.69(5)  75.00(4)
Ch4In5Br (2x)  69.42(4)  68.92(4)
Ch3 In2 Ch3 101.47(7)  99.92(6) | | ChSInSBr (2x)  141.76(2) 142.06(2)

Ch3In2 Ch2 (2x) 100.52(5)  99.76(4) | | Ch4In5Ch2 (2x)  89.08(4)  86.38(4)
Ch3In2 Chl (2x)  91.02(5) 92.02(4) | | Ch4In5Ch2 (2x)  135.14(5) 135.02(6)
Ch2 In2 Chl 161.61(6) 161.58(6) | | Ch5InSCh2 (2x)  125.92(5) 128.66(5)
Ch3In2Br (2x) 170.36(4) 172.67(5)| | Ch5InSCh2 (2x)  83.34(4)  83.91(3)
Ch3In2Br (2x) 86.13(4) 86.033)| |Br In5Ch2 (2x)  65.79(4)  66.16(4)

Ch2In2Br (2x)  83.70(4)  83.32(4) | | Ch2 In5 Ch2 70.80(4)  73.76(4)
Chl1In2Br (2x)  82.85(4) 83.43(4)| | Ch4In5Ch3 (2x)  67.854)  69.12(4)
Br In2 Br 85.72(3)  87.74(5)| | ChSIn5Ch3 (2x)  70.06(4)  68.06(4)

Br In5 Ch3 12431(4)  124.33(5)
Ch4In3 ChS (2x)  90.98(5)  92.22(4) | | Ch2In5Ch3 (2x)  144.392) 142.93(2)
Ch5 In3 ChS 101.05(7)  100.10(6) | | Ch4In5Chl (2x)  141.11(2) 139.94(2)
Ch4 In3 Ind 131.12(5) 131.81(6) | | ChSIn5Chl (2x)  65.18(4)  66.16(4)
ChSIn3Ind4 (2x)  117.87(4) 116.86(4) | | Br InS5 Chl 112.97(4)  114.39(5)

Ch2In5Chl (2x)  60.75(4)  62.50(3)

Ch3 In5 Chl 122.72(5)  121.28(5)

MAPLE calculations for the compounds InsSesCl, InsSsBr and InsSesBr
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Table 8.11: MAPLE values in kcal mol™! of InsSesCl compared with InSe [113], In,Se; [114] and

InCI[111].

Atom n binary ternary nxA
Inl 1 807.2781% 832.0049 24.7268
In2 1 808.0565” 789.7873 -18.2692
In3 1 352.79259 312.8991 -39.8934
In4 1 352.79259 320.1959 -32.5966
In5 1 86.7901° 149.7686 62.9785
Sel 1 408.6874% 420.3231 11.6357
Se2 1 408.6874% 363.3731 -45.3143
Se3 1 408.6874° 452.0036 43.3162
Sed 1 359.2128Y 379.948 20.7352
Se5 1 359.2128% 444.6537 85.4409
Cl 1 86.3743° 76.2919 -10.0824
Y =4438.5718 Y =4541.2492 Y =102.6774

—2.26%

Yfrom In,Ses (CN 6),  from In,Se; (CN 4), © from In,Ses; (mean value), ¥ from InSe, © from

InCl.

Table 8.12: MAPLE values in kcal mol™! of InsSsBr compared with InS [100] B-In,S; [110], and

InBr [112].

Atom n binary ternary nxA
Inl 1 885.9332% 913.3084 27.3752
In2 1 877.4353% 800.9016 -76.5337
In3 1 385.0382% 338.3128 -46.7254
In4 1 385.0382% 318.4453 -66.5929
In5 1 93.0800° 158.5410 65.4610
S1 1 446.6314° 461.9750 15.3436
S2 1 446.6314° 415.9594 -30.6720
S3 1 446.6314° 448.0881 1.4567
S4 1 384.9244% 374.4680 -10.4564
S5 1 384.9244% 369.6098 -15.3146
Br 1 94.9990° 117.9049 22.9059
Y =4831.2669 Y =4717.5143 Y =-113.7526

—2.41%

% from In,S; [(CN 6) + (CN 4)], ® from In,S; (CN 6), © from In,S3 (mean value), ¥ from InS,

® from InBr.
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Table 8.13: MAPLE values in kcal mol™! of InsSesBr compared with InSe [113], In,Ses [114] and

InBr [112].

Atom n binary ternary nxA
Inl 1 807.2781% 866.1210 58.8429
In2 1 808.0565” 761.9919 -46.0646
In3 1 352.79259 316.3532 -36.4393
In4 1 352.79259 297.6192 -55.1733
In5 1 93.0800° 158.9142 65.8342
Sel 1 408.6874° 443.1517 34.4643
Se2 1 408.6874% 393.1807 -15.5067
Se3 1 408.6874°) 424.1894 15.502
Se4 1 359.2128% 358.5328 -0.68
Se5 1 359.2128% 347.5843 -11.6285
Br 1 94.9997° 118.2350 23.2353
Y =4453.4871 Y =4485.8734 Y =32.3863

— 0.72%

? from In,Se; (CN 6), ® from In,Ses (CN 4), ° from In,Se; (mean value), Y from InSe, © from InBr

8.5 Data for the substitution experiments

Table 8.14: Educts, expected products, conditions and the achieved products.

No. Educts expected Conditions Products
products
Experiments for the substitution of In"

500°C, 6d

1 NaCl, In, S Naln,S5C1 Q. 500°C (A), 2w NaCl, IngS,
500°C, 6d

2 KCI, In, S KIH4S5C1 Q, 500°C (A), 2w KCI, In6S7
500°C, 1w

3 K, In, S,InBr; KInsSsBr Tp(2°C/h) 500°C, 5d KBr, In,S;
RbCl, In, S 500°C, 6d

4 RbInsSsCl Q, 500°C (A), 2w RbC, IneS,
RbInsSs, InCl 450°C, 9d

5 BaS, In,S;, S, InCl Bay 5InsSsCl 500°C, 3w Baln,S4, BaCl,
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6 SrS, In,S;, S, InCl Sro.5In4SsCl 500°C, 3w In,S;, SrIn,Sy4, SrCly,
Tl, IIl, S, IHC13 TIXIH(5_X)S5C1, In6S7
7 TIC], In, S TlInyS5Cl 820°C, 2d
TICI, InS, In,S; (pell) T1IngS5C1
500°C 28d
TI, In, S, InBr; 5 o
8 TIBr, In, S Tin,SsBr | 1PR7CM) S00°C, 2d 1 o 1S, TIBr
TIBr, InS, In,Ss (pell) 400°C, 2d
1 TSP 450°C, 2d
TIC], In, Se 400°C, 2d
| TICI, InSe, TnaSes (pell)y | L imaSesC] 500°C, 2w ThIngsSesCl
TIBr, In, Se Tp(2°C/h) 500°C, 2d
101 7By, InSe. InsSes (pell) | L neSesBr 450°C, 2d i
Experiments for the substitution of (In,)*" and In**
o In,S3, IneS7,
11 Al, In, S, InCl; AllnyS;Cl 600°C, 2w Al Se
12 Al, In, S, InBr; AlIn;SsBr 500°C, 4w Al IngSo, InBr
In, Ga, S, InCl3 GalnySsCl Q, 450°C, 11d
B Gas, In,Ss, InCl GaxIn:S,Cl 400°C, 5d 2285, GadneSs
14 In, Ga, Se, InCl; GalnsSesCl 450°C, 11d In,Ga(ixSe
In, Ga, Se, InCl; InGasSesCl 400°C, 5d GaSe
In, Ga, S, InBr; GalnySsBr 500°C, 5d GayS;
15 Ga31n285Br SSOOC, 5d
GasS, In,S3, InBr GayIn;SsBr 400°C, 5d In,S3, GayS;
In, Ga, S, GaBr3; InGasSsBr 480°C, 5d GaS, Ga,S;
GazIn,SesBr 650°C, 5d
16| In,Ga, e, GaBrs | 1 5 oo Br 480°C, 1w GasSes
17 In, Cr, S, InCl; In4CrS5Cl 450°C, 5d In)CriS3
18 In, CI‘, Se, InC13 In4CrSe5Cl 4500C, 5d In(5_x)CrxSe5C1
Experiments for partly and fully substitution of S* and Se*
400°C, 10d
19 In, S, Se, InCl;, InsS, 5Se, sCl 500°C. 10d InsS, 5Se, sCl
400°C, 10d
20 In, S, Se, InBr InsS, 5Se, sBr 500°C. 10d InsS, 5Se, sBr
21 In, Se, Te, InBr; InsSe4TeBr 420°C, 5d InsSe(s.TexBr
350°C (A), 1w InTe, InCl
22 In, Te, InCl; InsTe;sCl 400°C (A), 1w In,Tes, In;Tey, InCl
Q, 230°C, 20d InTe, In;Te;
Q, 350°C (A), 1w InTe
23 In, Te, InBrs InsTesBr Q,400°C (A), 1w In,Tes, IngTe;;, InBr
400°C, 1w InTe, In;Te g
Experiments for partly and fully substitution of CI" and Br’
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24 In, S, IHC13, InBr3 In585C10,5Br0,5 ;I-ggog’ }83 In5S5C1xBr(1_x)
400°C, 10d

25 In, Se, InCl, InBr InsSesCly 5Bry s 500°C. 10d InsSesClBr(y)

2% In, S, I, IneS<I Tp(1°C/h) 500°C, 2d IngS7, In,S3, Inl

In,Ss, InS, Inl (pell) >3 500°C, 6d IngS7, Inl

500°C, 10d In,Ses, Inl

27 In, Se, 1 InsSesl 1 1 joc/h) 500°C, 2d | IngSes, InsSes, Inl

Experiments for further substitutions

28 In, Te, I, InsTesl 350°C, 1w In,Tes, InTe, Inl

29 Ga, S, GaCl; GasSsCl 500°C, 3w GaS, Ga,S;

30 Ga, Se, GaCl; GasSesCl 500°C, 3w GaSe

31 Al, In, Te, InBr3 AlIn;TesBr 500°C, 4w In;Teg
450°C, 3d T1GaSe,, Ga,Se;

32 TICI, Ga, Se T1GasSesCl Q. 600°C (A), 1w GarSes

Abbreviations: A = annealed, Q = quenched, d = day, w = week

Mixed crystals: Composition, characteristics and their lattice constants

Table 8.15: Composition, characteristics and lattice constants of several mixed crystals determined
by structure solution and refinement from single crystal data.

Composition Chsalf:gegriitfl;s/ a /A b /A c/A BP V/AS
InsSsCly.ssBro.s M““igmzinmd 3.925(1)  9.052(2)  14.889(3) 528.0(2)
InsSesCly.¢Broo M“mgl;}:n“nmd 9.258(2)  4.108(1) 15.377(3) 92.42(3) 584.3(8)
InsSy.46Se25:Cl M““ig;}:nvmned 9.074(2)  4.008(1) 15.188(3) 93.46(3) 551.0(1)
InsSs.5¢Ses.4sBr M““iglrﬁrginned 4022(1)  9217Q2)  15.112(3) 560.2(2)
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Fig. 8.6: Powder diffraction of the mixed valence compounds and their mixed crystals.
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8.6 Data for the compounds TlIn,ChsCl (Ch =S, Se)

Table 8.16: Important parameters for the X-ray single crystal investigation of TlInsSesCl.

Sum formula

Formula weight /gmol’
Temperature /K
Wavelength /A

Space group

Crystal dimension /mm

Cell dimensions /A,
/O

Volume /A’

Formula units per unit cell
Density (calculated) /gem™)
Absorption coefficient /mm’
F(000)

Diffractometer

Scan type
Measured frange /°
Index ranges

Measured reflections

Completeness to € /%
Absorption correction
Structure solution
Structure refinement
Data/restraints/parameters
Goodness-of-Fit on F*

R values [| > 20 (1)]

R values (all data)

Final Fourier residuals / eA™

Number of reflections with Ip > 2o

TlInsSesCl
M =1093.90
T=293(2)

MoKe, y=10.71073
P2;/m (No. 11)
0.37x0.04 x 0.02
a=9.222(2)
b=4.123(1)
c=15.221(3)
LP=92.84(3)
V=578.0(2)

Z=2
p=6.285
u1=37.662
928
IPDS (Stoe), oriented graphite
monochromator
4
3.39<60<31.74
-13<h<13 -5<k<6 -22<1<20
2754
1038
69.4
Numerical [P§, P10]
Direct methods [P11]
Full-matrix least-squares on F* [P12]
1528 /0/69
1.296
Ry =0.1356, wR,=0.3371
Ry =0.1666, wWR,=0.3730

Pmax. = 7.181,  Omin. = -6.855
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Table 8.17: Anisotropic displacement parameters (Ujj /A %) for TlInsSesCl. The highlighted atoms
show a greater difference of thermal displacement parameters.

Atom U U2 Uss Uzs Uis Uz,
Inl  0.0128(7)  0.01958) 0.0196(7) 0 20.0002(6) 0
2 0.030209)  0.02209) 0.02238) 0 20.0197(7) 0
I3 0.0140(7)  0.0231(8) 0.0286(9) 0 0.0019(6) 0
In4  0.01147)  0.02298) 00161(7) 0 20.0047(6) 0
Sel  0.0090(9) 0.021(1)  0.01289) 0 -0.0073(7) 0
Se2  0.0091(9) 0.021(1)  0.017(1) 0 -0.0061(8) 0
Se3  001209)  0.016(1)  0.015(1) 0 20.0046(8) 0
Se4  0.018(1) 0.022(1)  0.016(1) 0 20.0061(9) 0
Ses 0.016(1) 0.021(1)  0.017(1) 0 -0.0048(9) 0
Cl 0.025(3) 0.038(4)  0.0122) 0 20.005(2) 0
In5  0.0256(6)  0.0340(7) 0.0356(7) 0 20.0036(5) 0
TI  0.0256(6)  0.0340(7) 0.0356(7) 0 20.0036(5) 0
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8.7 Data for the high temperature X-ray investigations
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Fig. 8.7: Powder diffraction patterns of K;In;,Se;,Te; measured at different temperatures. The

50

20 /°

dashed line reveals the displacement of the chosen reflection to lower 20 - values with

temperature increase.
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Fig. 8.8: Powder diffraction patterns of K;In;,Se 9 measured at different temperatures. The dashed
line reveals the displacement of the chosen reflection to lower 20 - values with
temperature increase.
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Table 8.18: The coefficients of thermal expansion for K;In;,Se o calculated at different

temperatures.

T /K ax10° /K" 0.x10°/K' ayx10° /K’
297 (4) 0.5(4) 1.02(3) 1.1(1)
320 (4) 0.29(4) 1.19(3) 1.8(1)
368 (4) 0.73(3) 1.50(2) 2.99(9)
412 (4) 1.07(3) 1.72(2) 3.92(8)
449 (4) 1.302) 1.87(1) 4.56(6)
485 (4) 1.49(2) 1.98(1) 5.06(5)
522 (4) 1.63(1) 2.059(6) 5.44(3)
559 (4) 1.727(8) 2.099(2) 5.70(2)
597 (4) 1.779(3) 2.103(2) 5.821(6)
640 (4) 1.779(3) 2.060(6) 5.80(1)
684 (4) 1.714(9) 1.96(1) 5.59(3)
728 (5) 1.58(1) 1.82(2) 5.20(4)
773 (5) 1.38(2) 1.61(2) 4.61(6)
829 (5) 1.04(3) 1.28(3) 3.61(8)
859 (5) 0.81(3) 1.07(3) 2.95(9)
880 (6) 0.63(4) 0.91(3) 2.4(1)
903 (6) 0.42(4) 0.72(3) 1.8(1)
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Table 8.19: Fitting parameters for the equations 23 and 24.
InsSsCl P1 P2 P3 P4 x R?
a 8.9391(7) 12(2)x 10"  5(1)x 107 9(1)x 10" 0.48434  0.99937
b 3.9164(8) 4.08)x 10° 1.85)x 107 -3.1(8)x 10 0.19995  0.99894
¢ 14.984(2) 2.10(9)x 10™ - - 2.14819  0.9902
\% 523.5(1) 2.63(6)x 107 3.41683  0.99676
InsSesCl
a 9.231(1)  1.4(6)x 10™ - - 2.06725  0.98443
b 4.0923(3)  5.02)x 10” 0.57631  0.99262
¢ 15278(1)  -6(2)x 10° 1.1(1)x 10° -1.8(2)x 10°  0.25097  0.99469
\% 576.54 (1) 1.95(8)x 107 3.77768  0.98964
InsSsBr
a 3.9310(6) 2(1)x 10° 2.1(8)x 107 -4(1)x 10" 047289  0.99181
b 9.073(2) 1.60(6) x 10™ 2.50596  0.98889
¢ 14.831(2) 32)x 10°  1.4(5)x 107 0.56997  0.9776
\% 529.0(1) 1.73(5)x 107 2.10885  0.99327
InsSesBr
a 4.099(1) 33)x 107 22)x10°  -4@2)x 10" 1.90396  0.99095
b 9.338(2) 2.1(1)x 10™ - - 8.17607  0.98499
¢ 15.248(3) 8(5)x10° -32(3)x 107  7(4)x 10"  0.59153  0.98072
\% 583.5(1) 2.45(6)x 107 - - 3.33993  0.99679
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Fig. 8.9: Powder diffraction patterns of InsSsCl measured at different temperatures. The dashed line
reveals the displacement of the chosen reflection to lower 20 - values with temperature
increase.



Appendix — Data for the high temperature X-ray investigations 245

T=823K

»WMMMWWMM et

T=873K

T T

InS

| I | | | I
10 20 30 40 50 60
20/°

Fig. 8.10: Comparison of the measured diffraction patterns ot InsSsCl measured at 823 and 873 K
with the calculated diffraction pattern of In,Ss.
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Fig. 8.11: Powder diffraction patterns of InsSesCl measured at different temperatures. The dashed
line reveals the displacement of the chosen reflection to lower 20 - values with

temperature increase.
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Fig. 8.12: The stepwise decomposition of InsSesCl starting approximately at 723 K. Comparison of
the powder pattern recorded at high temperatures with the calculated diffraction pattern
of In,Se;.
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Fig. 8.13: Powder diffraction patterns of InsSesBr measured at different temperatures. The dashed
line reveals the displacement of the chosen reflection to lower 20 - values with

temperature increase.
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Fig. 8.14: The stepwise decomposition of InsSsBr starting approximately at 723 K. Comparison of
the powder pattern recorded at high temperatures with the calculated diffraction pattern

of In,S;.
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Fig. 8.15: Powder diffraction patterns of InsSesBr measured at different temperatures. The dashed
line reveals the displacement of the chosen reflection to lower 20 - values with
temperature increase.



Appendix — Data for the high temperature X-ray investigations

251

I

rel.

T=773K

T=823K

T=873K

10 20 30 40 50 60
20 /°

Fig. 8.16: The stepwise decomposition of InsSesBr starting approximately at 723 K. Comparison of
the powder pattern recorded at high temperatures with the calculated diffraction pattern

of In,Ses.
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