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Introduction






1.

Introduction

Transition metal oxides continue to be a central field of research in solid state chem-
istry and materials research. Much of the interest is due to their properties like high
T. superconductivity or magnetoresistance that have been discovered to occur in
some multinary transition oxides.

Quite generally, there is an endless search for new materials that have to meet
the demands of advanced technology. One of the greatest challenges of solid state
chemistry today is the design and the synthesis of novel inorganic solids possessing
desired structures and properties [3H5]. For example, microporous and mesoporous
structures are employed for molecular sieves and catalysts; layered structures con-
taining CuO, sheets are desired for high critical temperature superconductivity. In
the context of energy materials, there are several requirements materials must ful-
fill to meet the challenges: for example, one needs more efficient photocatalytic
materials for the utilization of solar energy [6], better electrode materials in fuel
cells 7], new thermoelectric materials 8], materials for spintronics application [9),
multiferroics |[10], novel high-performance ceramics [11], pigments [12], etc. the list
is endless.

Due to the increase interest in the physical phenomena mentioned, the quest for
new materials has intensified and a wide range of compounds has been investigated.
Among others, alkali-metal oxometalates have attracted attention due to the wide
variety of physical properties they exhibit, being insulators as well as ionic or metallic
conductors, or even superconductors (Na,CoO, [13]). Furthermore, this class of
materials also attract attention due to their interesting structural features, where the
transition metal ions exhibit a wide variety of oxidation states as well as coordination
numbers (K,FeO,, K3NiO,) [14,(15]. Due to this, it does not come as a surprise that
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alkali-metal oxometalates continue to be a rich source of inspiration in basic research
and a fertile ground for creating functional materials [16].

Chemical methods of materials synthesis play a crucial role in designing and dis-
covering new materials as well as providing better and less cumbersome methods
for preparing known materials [17]. While tailor materials of desired structures and
properties remains the holly grail of solid state chemistry and materials science,
it is not always possible. A large variety of inorganic solids has been prepared in
recent years by the traditional ceramic method, which involves mixing and grind-
ing powders of the constituent oxides, carbonates, etc. And heating them at high
temperatures with intermediate grinding when necessary. A wide range of con-
ditions, often at the limits of synthesis methods, such as very high temperatures
or pressures, very low oxygen fugacities and rapid quenching, have been employed
in material synthesis. The-low temperature chemical routes are however, of even
greater interest. The trend now a days is to avoid brute-force methods in order
to have better control of the structure, stoichiometry and phase purity. There have
been significant attempts in recent years to overcome the limitations of conventional
synthetic methods, resulting in the development of alternative routes for solid state
synthesis. These new methods have not only enabled the synthesis of known mate-
rials in a state of high purity at far lower temperatures than conventional methods,
but have resulted in the synthesis of the completely new phases and compounds.

Using classical solid state reactions in the synthesis of transition metal oxides
typically results in compounds with "normal” coordination numbers. However re-
cently, the CdO-route has been proposed as a route for the synthesis of alkali-metal
oxometalate [18]. This approach may be described as a redox-metathesis kind of
reaction: an intermediate alkali-metal oxocadmate is exposed to a transition metal,
which reduces cadmium to the metal and binds the alkali component, forming the
new alkali metal [16].

Similarly, in 1999, a new method was proposed for the synthesis of alkali-metal
oxometallates - azide/nitrate route [19] providing in general a considerably increased
thermodynamic driving force and more favorable kinetics conditions force than tra-
ditional approaches [16].

The crucial feature of the azide/nitrate route is the analogue to the reaction of
sodium azide with sodium nitrite or sodium nitrate, first described by Zintl and

Baumbach [20]:



5NaN, + NaNO, = 3Na,O + 8N, (1.2)

This particular method (reactions and was usually not employed for the
preparation of the sodium oxide itself, because the components often react in an
unpredictable way, with the high tendency to explode. Nevertheless, the reaction
can be used in a controlled manner if several aspects of the reaction are taken into
account. Firstly, the starting materials should already contain the transition metal
oxide needed for the synthesis of the alkali-metal oxometalate, thus diluting the
azide nitrate mixture, and, secondly, the reaction should be conducted in specially
designed steel containers (Figure . Under these conditions, the evolving N, can
moderate the reaction by increasing the nitrogen partial pressure.

Nevertheless, in spite of the high precautions wile reaction take place, this syn-
thetis approach features several highly beneficial characteristics, such as a simpli-
fication of the preparative work, a significantly increased free enthalpy of reaction,
and an increased kinetic activation. More importantly, the total composition of the
respective product, in particular its oxygen content and thus the valence state of
the transition metal involved, can be well controlled by weighing-in the alkali metal

azides and nitrates in an appropriate ratio, such as:
9NaN,; + 3NaNO; + 2Zn0O = 2NayZnO, + 15N, (neutral)
TKN; + 2KNO; + 6CuO = 3K;Cu,0, + 23/2N, (oxidizing)
8KN,; + KNO; + 3NiO = 3K;3;NiO, + 25/2N, (reducing)
4NaN; + NaNO; + CuO = Na;Cu;O4 + 13/2 N, (doping)
The main advantage of the azide/nitrate route is the in situ synthesis of the re-

spective alkali oxide which makes the reaction more favorable, and the simplification

of the preparative work because the synthesis of alkalimetal oxides can be rather
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tedious and difficult task. Especially, for the heavier alkali metal oxides, the tra-
ditional procedure involves the preparation and purification of the metal, followed
by their oxidation with molecular oxygen to oxides, peroxides, or hyperoxides with
a well defined composition. Most interestingly, the thermodynamic driving force of
a synthesis along the azide/nitrate route is not only caused by the acid-base reac-
tions but is substantially enhanced by the contributions from the azides and nitrates
involved.

The high potential of the azide nitrate route is reflected by a large number of
mixed-valent ternary transition metallates with intriguingly complex composition
that have been synthesized along this route [16,21]. An overview about the com-
pounds synthesized by this method is given in reference [16]. For example, by
employing this route a new family of intrinsically doped quasi-one-dimensional ox-
ocuprates(ILIII) (Na;;,CuO, [22], [23]) and oxomanganates(II,III) (A;;,MnO, [21])
have been synthesized. Also, Na,,Co,0O,,, which shows four different types of com-
peting magnetic exchange interactions [24], has been prepare via the azide/nitrate
route.

In addition to the actual synthesis, the development of new solid state materials
demands more and more an understanding of their properties as they relate to struc-
ture. Thus, the present work comprises both the synthesis and the characterization
of new alkali-metal oxometalates using the azide/nitrate route. This route has been
successfully used in the synthesis of oxonickelate characterized with different struc-
tural motives (dumbbells and chain compounds). Furthermore, a new feature in the
synthesis has been the introduction of earth alkali azides (Ba(N;),) in the process,
which shown to be an efficient tool in the synthesis of the new materials containing

unusual structural features.
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2.

Apparatus and Experimental

Conditions

2.1. Handling of Air-Sensitive Materials

Most of the compounds that were used in this work are sensitive to air and moisture.
Handling of these materials, as well as their storage were carried out in a highly
purifed argon atmosphere. Here, the materials were stored by using the standard

Schlenk technique or glove boxes.

2.1.1. Vacuum and Inert Gas Apparatus

The inert conditions were achieved by using a vacuum and inert gas system which is
known as ”setup line” shown in Figure (Duran glass). It consists of a vacuum line
and protective gas line filled with argon that are tightened via specially prepared
bended stopcocks or teflon valves (Young valves). The argon pressure as well as
the vacuum control are adjusted with the help of these teflon valves. The vacuum
in the vacuum line setup is obtained with a rotary valve oil pump (Type: RD4,
Vacuubrand GmbH). The quality of vacuum is controlled by a Pirani manometer
(Thermovac TM 20, Company: Leybold) within a range of 1073-10% mbar. Silicone
grease (Wacker Chemie AG, Munich, Germany) was utilized in order to connect the
glasswares to the vacuum line by joints. The reaction vessels that are connected to
one of the connectors through the glass spirals and glass bends could be evacuated
or filled with a protective gas. Before use, the vessels were heated several times by a

gas flame of a gas-burner, where at the same time the whole system was evacuated.
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Between heating steps the vessels were filled with argon.

Manometer
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Figure 2.1.: Schematic view of the argon and vacuum line (Schlenk system).

As an inert gas, argon was used, due to its higher density in comparison to air
and thus creating higher protection for open vessels in the gas stream. Pure argon
(Messer-Griesheim, Krefeld, Germany) was supplied by the low temperature service
department (Max Planck Institute, Stuttgart, Germany) through copper lines to a
specially designed cleaning setup (Figure , in order to remove additional traces
of oxygen and humidity. Argon gas was firstly passed through the bubble counter
filled with paraffin oil (1) to control the gas stream. The first drying tube (2) is filled
with a blue gel which is used for preliminary drying. Afterwards, the argon passes
through potassium hydroxide (3) to remove the oxygen containing gases (especially
CO,). The molecular sieve in the next drying tube (4) absorbs moisture and carbon
hydrides. Phosphorous pentaoxide (P,0,,) (5) is used to remove additional moisture
traces. After passing through all drying tubes (made from Duran glass) the argon
reaches the drying tube (Quartz) (7) filled with a titanium sponge and heated up
to 750 °C by a tube oven, where the rest of oxygen as well as nitrogen are removed.
The manometer (8) filled with paraffin oil is used to protect the whole setup from
overpressure. Afterwards, the dried argon enters the protective gas line part of the
whole vacuum line setup. A trap cooled with liquid nitrogen is connected to the line

to protect the vacuum line from solvent vapors or gaseous products.

10



2.1. Handling of Air-Sensitive Materials

7 6 3 2 1

Al

F
? %

/ Ar
%

8

Vacuum line

Figure 2.2.: Schematic plot of argon cleaning system.

All important operations under inert conditions were accomplished by use of the
standard apparatus (Figure a and b) or a drying tube (Figure ¢), which
are based on the technology developed by Schlenk [25] for handling air sensitive
substances. These apparatuses provide possibilities for substance homogenization
using a dried glass rod as well as dividing a sample into smaller amounts by sealing
smaller pieces into glass ampoules (5-10 mm in diameter) (see Figure [2.3p). Also it
is possible to fill capillaries for X-ray analysis with the help of the Schlenk apparatus
shown in Figure [2.3p. For open apparatuses all operations were performed under
the flow of dried argon. The drying tube presented in Figure [2.3] ¢ was used for

drying the starting components before reaction.

2.1.2. Glove Box

The operations, that could not be performed using the Schlenk setup (e.g. weighing
of air sensitive substances or pressing of pellets), were performed in a glove box. The
argon filled glove box MB 150B-G-II (M. Braun GmbH, Munich, Germany) was used
during experimental work. The inert gas was sent through the molecular sieve and
copper contact for cleaning from humidity as well as oxygen. The atmosphere inside
the glove box is controlled by the gas analyzers and achieves H,O and O, levels less
then 0.1 ppm. Apparatus and samples can be taken into and out of the glove box

through a special airtight chamber, which can be evacuated.
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Figure 2.3.: Schlenk apparatus a) and b) having remaining connections for (i) sealing of
ampoules, and (4¢) filling of capillaries and drying tube (¢) (Length ca. 20 cm, diameter
ca. 3 cm).

2.2. Synthesis Approaches

Throughout the experimental part of this PhD work, two synthetic approaches were

used: Azide/nitrate route and classical solid state synthesis.

2.2.1. Azide/Nitrate Route

As already highlighted in the reactions and 1.2, mentioned in the introduction,
in the azide/nitrate route during the reaction a significant amount of nitrogen is
released. In order to run the reaction safely, special containers had to be constructed.

This cylindrical reaction container is equipped with squeeze seals (Figure [2.4]).
While the body is made from steel, the inlay consists of special metals according
to the requirements of the chemical system under study (in this research Ag inlays
were used). Squeeze seals withstand the internal pressure to a certain degree, and

they let the nitrogen formed during the reaction escape in a safe manner.

The experimental procedure is always the same and it is independent of the par-
ticular system under study. The starting mixture, which consists of the appropriate
molar ratio of azides, nitrates and transition metal oxide is good and thoroughly

homogenized, for which purpose a ball mill can often be used. Depending on the
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a)

Figure 2.4.: Construction of the steel container for the experiments. a) container, b) inlay,
c) stopper.

system under study, the temperature schedule has to be optimized and usually the
required annealing temperature is different for each system. In order to run reac-
tions in a controlled manner the heating rate has to be kept low (2-5 K/h), in the
temperature range where the decomposition of azides takes place (~ 533-653 K, for

LiN, 353-653 K).

2.2.2. The Classical Solid State Approach

The most widely used method for the preparation of polycrystalline solids is the
so called classical solid state method, which consists of heating together two or
more solid materials, which react to form the desired product. In order for the
reaction to occur at an appreciable rate, it is necessary to heat the reactants to
high temperatures (often over 1273 K), which means that a large input of energy is
needed to start the reaction. Raising the temperature enables the reaction at the
interface and the atom diffusion through the solid to go faster; however, even at
higher temperatures, the diffusion is a limiting step. Due to this fact, it is often
important that the starting materials are grinded to give a small particle size, and
are well-mixed to maximize the surface contact area and minimize the distance that
the reactants have to diffuse.

The mixing of the starting materials during the experimental work was achieved
by grinding it in the agate mortar or the ball mill. Employing starting materials with
a high specific surface area was also pursued due to higher activity of the starting
components, as well as due to lower annealing temperatures. Containers used for

the reactions had to withstand higher temperatures and they had to be sufficiently
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inert (gold, silver, nickel, corundum, platinum, gold as shown on Figure .

Figure 2.5.: Different types of containers used during experimental part (from left to right:
silver, nickel, corundum, platinum, gold).

Figure 2.6.: Corundum crucible in the quartz ampoule.

The preparation of the alkali oxometalates as well as alkalineearth-transition metal
oxides often required that the reaction take place under a special atmosphere, such
as Ar, O, or vacuum. Pursuing the reactions under vacuum atmosphere, required a
specially designed quartz apparatus containing a corundum crucible (Figure ,
where before use the whole apparatus was connected to the vacuum line and dried
under vacuum. Afterwards, the powder or the pressed pellets were transferred into,
and sealed under vacuum (Figure right), and further thermally treated.

14
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2.3. Preparation of Single Crystals for X-ray Analysis

In order to obtain single crystals, the products were additionally annealed in silver
crucibles, that had been sealed under argon atmosphere in the quartz ampule. In
some cases the reactions were left to run for a longer annealing time in the steel
containers, followed by cooling at a slow rate (1-5 K/min), to some definite temper-
ature.

Suitable crystals were separated in the glove box compartment under the micro-
scope, picked up using a 0.1 mm sharp edged glass capillary and inserted into a 0.3
mm Lindemann capillary. This bounced capillary was finally sealed under dry argon
using a heating filament, to be finally used for single crystal analysis. Before picking
the crystals, the capillaries were dried overnight under vacuum.

Preparation of single crystals for X-ray analysis of the extremely air sensitive
substances (e.g. Cs,NiO,) or single crystals measured at elevated temperatures
(e.g. K4NiO,), was performed in the apparatus shown in Figure which has been
specially constructed for searching and mounting single crystals into the capillaries
using a modified Schlenk technique. The apparatus consists of one long tube for
separating the crystals and two rows, with a 90° angle in-between, of three capillary

holders for mounting the crystals.

Figure 2.7.: Single crystal mounting apparatus.

The crystalline sample was transferred into the tube through the upper joint,
in such a way that the ampoule with crystals is broken under argon stream. The

suitable crystals were selected with the help of a stereomicroscope, picked with a

15



2. Apparatus and Experimental Conditions

micro-needle and transported to one of the cones of the capillary holder. The Lin-
demann capillaries (Hildenberg, Malsfeld) were fixed by parafilm (PARAFILMRM)
on the capillary holders after heating at 120 °C overnight under vacuum. For better
fixing of a crystal in the capillary, a thin pulled-out capillary (© = 0.1 mm) was in-
serted into a second thicker capillary (@ = 0.2 mm), and both were sealed together
at the end (Figure right). After mounting the crystals, the capillaries were

sealed under argon by a small hand burner after removing the protective jacket.

2.4. High Temperature Facilities

The high temperatures for the syntheses in the present work were achieved in tube
furnaces (LOBA type, HTM Reetz GmbH, Berlin). These feature a KANTHAL
heating wire and are capable of achieving temperatures up to 1273 K. The tem-
perature is monitored using Ni-Cr/Ni thermocouples and regulated by Eurotherm
controls. Usually the quartz tube was placed inside the furnace whereby the stream-
ing argon was required; however, for annealing the sample at elevated temperatures,
an encapsulated sealed quartz tube was placed inside the corundum tube in the

furnace with automated central temperature control .

Figure 2.8.: Tube oven.
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3.

Analysis Techniques

The range of the physical methods which are used to investigate the structure of
compounds, as well as their physical properties is quite large, where each of the
techniques exhibits its own advantages. In this chapter, the techniques, that were

used for the characterization of the synthesized compounds, will be described.

3.1. X-ray Diffraction Methods

The foundation of X-ray diffraction is based on the classical phenomenon of wave in-
terference, where parallel-monochromatic electromagnetic (EM) waves superimpose
to produce a resultant wave whose amplitude is a function of the relative phases
(or path difference) of the original interacting waves. The amplitude of the resul-
tant wave increases (constructive interference) if the path difference between the
interfering waves is an integer multiple of the incident wavelength; the amplitude
decreases (destructive interference) if the path difference is odd-half integer multi-
ple (1/2, 3/2, 5/2, etc.) of the incident wavelength [27,28]. For diffraction to take
place, the wavelength of the incident light has to be of the same order of magnitude
as the spacing of the grating. Due to periodic ordering of atoms in the internal
structure, the crystal lattice acts as a three-dimensional diffraction grating (Figure
. When crystals diffract X-rays, the atoms in the lattice are becoming the sec-
ondary point sources and they scatter the X-rays. Therefore the atoms diffract the
incident X-rays allowing them to form unique symmetrical reflection patterns on a
detector placed in the inverted frequency or reciprocal space. The positions and the

magnitudes of intensities formed on the detector are governed by the wavelength
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and geometrical conditions imposed by Bragg’s law ([3.1)):

nA = 2dsinf (3.1)

Figure 3.1.: Bragg reflection from a set of crystal planes with a spacing d.

According to Bragg’s law, only certain waves incident at the angles 8, on the fic-
titious atomic planes (with spacings - dpy;) are going to be diffracted. The intensities
(Ink) of the waves diffracted by a crystal lattice at Bragg angles (6p,4;) and their cor-
responding (relative) phases are unique for each diffracted wave. These properties
(the magnitude (Iny), direction (fng) and relative phases) of the diffracted waves
carry information about the atomic co-ordinates, the unit cell dimensions and sym-
metry of the diffracting crystal. Out of the three properties, only the magnitudes
(intensities) of the waves diffracted in the directions (fpy;) are directly measurable
from X-ray diffraction experiments. Typically, in an X-ray diffraction experiment
the diffractometer provides a long list of Bragg intensities ([y) diffracted in the
directions 6. A major part of X-ray crystallography is concerned with the re-
construction of the real space crystal structure of the diffracting material using a
set of experimentally measured intensities () reflected in the directions Oy, as-
sisted by various methods that can find /assign suitable phases to the measured wave
amplitudes (k) [27].

In an X-ray diffraction experiment, the crystalline specimen to be probed can
either be of a single crystal of suitable size and quality, or of a powder consisting
of small randomly oriented crystallites. Depending on the form of the crystalline
sample, the observed diffraction patterns also vary. X-rays incident on a single
crystal are diffracted as lines, which when obstructed by a 2D detector form well

resolved spots of Bragg intensities on the detector plane (Figure . If the sample
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Figure 3.2.: The intensities observed (schematic) from XRD experiments performed using
a single crystal and powder sample are projected in the 2D reciprocal space. Intensity
spots are formed if the diffracting material is in the form of a single crystal. (Debye) Rings
are formed if the diffracting material is an ideal powder.

is polycrystalline, the incident X-rays are diffracted as cones in the directions (h,k)
whose projection on the 2D detector plane are confocal ellipses (Figure . As
the number of small crystallites in the powder sample tends towards infinity, their
orientations in space become completely random [27,28], and the spots that con-
stitute the elliptical base of the cones smear out to form circles (or ellipses) called

Debye rings whose intensities are almost uniform.

3.1.1. Powder X-ray Analysis

Powder X-ray diffraction (XRD) was one of the most-employed techniques in this
research. It was mostly used in order to ascertain the phase purity of the start-
ing compounds as well as the products, but was also used for crystal structure
determination (Rietveld analysis [29,130]) and for defining/determing the unit cell
parameters (Le-Bail fit [31]) of the examined sample.

The powder X-ray diffraction (XRD) pattern is characterized by positions, inten-

sities and shapes of the Bragg peaks. According to the Bragg law given in equation
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it can be seen that since the wavelength A of the cathode used in experiment
is known, the Bragg angles 6y, can be directly measured. Bragg angles are a dis-
continuous function of interplanar distances and the wavelengths, from which the
d-spacing can be calculated, i.e. the unit cell dimensions. Therefore, both the unit
cell dimensions and the wavelength are the two major factors that determine Bragg
angle. The characteristic set of d-spacings generated in a typical X-ray scan provides
a unique " fingerprint” of the investigated compound. Scattering of the powder sam-
ples gives one-dimensional projections of the reciprocal lattice, in contrast to three

dimensional data of the reciprocal space in single crystal diffractometry.

Powder diffraction data has long been used as a tool for identification and charac-
terization of crystalline materials. However, in 1967 Rietveld [29,30] has developed
a method, which has greatly enhanced the power of powder diffraction experiments.
Although the crystal structure determination from powder data is much more dif-
ficult than from single crystal data, the interest for the Rietveld method is very
great. This development in powder diffraction has been driven by a growing need
for tools that are able to probe the structure of materials that are only available
in powder form. Such materials include many zeolite catalysts, as well as certain
high T. superconductors [32]. In his approach, Rietveld proposed a method for ana-
lyzing the more complex patterns obtained from low symmetry materials by means
of a curve-fitting procedure. The basic idea behind this method is the calculation
of the entire powder pattern using a variety of different refinable parameters, such
as structural parameters (unit cell size, atom position and occupancy factors) but
also scale factors, background intensity coefficients and profile parameters describing
peak shapes and widths. These parameters are then varied in a least-squares proce-
dure until the calculated pattern best matches the observed pattern. The quantity

R to be minimized is given by:

R=Y " w(Ly— L)’ (3.2)

where [y is the observed intensity at step i, [, is the calculated intensity and
w; is a weighting assigned to each step. The stronger the observed intensity is (i.e.
the smaller the counting error), the larger is w; [33]. The graphical representation
of a Rietveld refinement, shows the observed powder pattern, the best Rietveld fit

profile, the position of Bragg reflection and the difference curve between observed
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and calculated profiles. When the structure of an examined compound is not known
or is difficult to describe, it is recommendable to use the Le Bail method [31] which
is a popular method for whole pattern decomposition. Nowdays, the LeBail method
is being used to refine the total envelope of a powder pattern without knowing the
crystal structure and to extract the intensities which can later be used for crystal
structure determination, by e.g. direct methods programs. These methods may
also be used preferentially to the Rietveld method when experimental artifacts are
difficult to model. These techniques are also used to obtain reflection intensity
estimates as a precursor to structure solution |34]. In this work, Rietveld refinements,
as well as LeBail fits were computed with the help of the program Topas [35].

Powder samples were examined by X-ray powder diffraction using an automatic
powder diffractometer (STADI-P, Stoe Cie GmbH, Darmstadt, Germany) and D8
Advance (Bruker AXS GmbH, Karlsruhe, Germany) diffractometer, equipped with a
molybdenum anode (MoK, radiation A = 0.70930 A) for measuring samples, which
contain strongly beam absorbing elements. The samples were measured using the
Debye-Scherrer geometry. In addition the D8 Advance diffractometer equipped with
a copper anode (CuK, radiation A = 1.54060 A) was used for samples containing
elements with low absorption.

The STADI-P diffractometer is equipped with a linear PSD (Position-Sensitive
Detector) with a focused Ge single crystal monochromator.

The D8 Advance diffractometer is equipped with a LynxEye - Super Speed De-
tector, which allows to perform extremely fast measurements.

The data were calibrated with respect to an external Si-standard, regarding 26
zero points. Recording and analysis of the powder pattern was carried out with
the help of the Stoe STADI-P software [36]. The identification of the measured
substances was accomplished by comparing them with known substances, the crys-
tallographic data of which were already stored in databases (e.g. PCPDFWIN [37])
or had been manually calculated according to known literature data using the Stoe
STADI-P software [306].

3.1.2. Single Crystals X-ray Analysis

Single crystal structure analysis is one of the most powerful methods of structural

determination. From the single crystal X-ray data, it is possible to measure the
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position and intensity of the hkl reflections accurately and from this data determine
not only the unit cell dimensions and space group, but also the precise atomic
positions.

The single crystal diffraction data were collected on a smart APEX I three cir-
cle single crystal diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with
a CCD detector. For the measurement pursued below 100 K, the single crystal
data were collected with a smart APEX-IT CCD X-ray diffractometer (Bruker AXS,
Karlsruhe, Germany) with graphite-monochromated Mo-K radiation, equipped with
a N-Helix low temperature device Oxford Cryosystems, Oxford, United Kingdom
(28-300 K) [38]. Data collection and reduction were carried out with the Smart
software package [39]. Intensities were corrected for absorption effects applying a
semi-empirical method [40]. The structures were solved by direct methods and re-
fined by full-matrix least squares fitting with SHELXTL [41].

The structure refinement includes the refinement of such parameters as: the
atomic coordinates, the atomic displacement parameters (temperature parameter)
as well as scale, weighting and extinction factors. The quality of the calculated struc-
ture model was evaluated according to the residual values R, (unweighted factor)

and wR, (weighted factor). Both values are calculated according to equations:

_SIRI- 1A
ST .

w&:¢zgﬁégﬁ 3.4

The goodness-of-fit is calculated by equation:

GooF = %}W (3.5)

where w = (02F¢? + a?P? + b?P?) - weighting factor.

a and b are variables; n is the number of independent reflections; p is the number
of refined parameters; Fy is the measured structure amplitude; F'. is the calculated
structure amplitude.

During refinement the residual values should be as small as possible while the

goodness-of-fit factor should only deviate slightly from value 1 [42].
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Before the accurate X-ray single-crystal structure analysis, the crystals were tested
on a precession camera. A crystal has to be initially fixed and then adjusted on the
precession camera goniometer in such a way that a reciprocal crystal axis is oriented
parallel to the rotation axis of the camera. A constant orientation of a crystal with
respect to the film plane during the precession around the X-Ray beam is achieved
by a mechanical coupling. In such a way an undistorted image of the reciprocal
lattice could be obtained. From this, the metric, type of lattice (integral extinction)
and diffraction symbol (serial and zone extinction) of a measured compound could

be definitely determined by taking several layers into account.

3.2. Energy Dispersive X-ray Spectroscopy/EDX

EDX makes use of the X-ray spectrum emitted by a solid sample bombarded with
a focused beam of electrons to obtain a localized chemical analysis. All elements
from atomic number 4 (Be) to 92 (U) can be detected in principle, though not all
instruments are equipped for 'light’ elements (Z < 10). Qualitative analysis involves
the identification of the lines in the spectrum and is fairly straightforward owing to
the simplicity of X-ray spectra. Quantitative analysis (determination of the concen-
trations of the elements present) entails measuring line intensities for each element
in the sample and for the same elements in calibration standards of known composi-
tion. By scanning the beam in a television-like raster and displaying the intensity of
a selected X-ray line, element distribution images or 'maps’ can be produced. Also,
images produced by electrons collected from the sample reveal surface topography
or mean atomic number differences according to the mode selected. The scanning
electron microscope (SEM), which is closely related to the electron probe, is de-
signed primarily for producing electron images, but can also be used for element
mapping, and even point analysis, if an X-ray spectrometer is added. There is thus
a considerable overlap in the functions of these instruments.

The chemical composition was determined using a scanning electron microscope
(XL30 TMP, Philips, Holland, tungsten electrode, 25 kV), equipped with an in-
tegrated EDAX-EDX system (EDX = Energy Dispersive X-Ray Analysis; EDAX,
Wiesbaden, Germany) and with a S-UTW-Si(Li)-detector (S-UTW = Super Ul-

tra Thin Window, polymer window, active detector surface 10 mm?). The self-
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absorption of this detector allows the detection of elements with an atomic number
7 of more than 5, which corresponds to Bor. The qualitative as well as quantitative
analysis of the energy spectra (resolution < 135 eV for Mn-Ka 1000 cps and 65
eV for C) was carried out with the program system Phoenix (EDAX, Wiesbaden,
Germany). The air sensitive samples were prepared in a glove box and transferred

under argon to the electron microscope using special a transfer chamber.

3.3. Chemical Elemental Analysis

Inductively coupled plasma with optical emission spectroscopy (ICP-OES) is a
method for elemental analysis. A high-frequency current (typically 27 or 41 MHz)
is sent through a coil, generating a magnetic field. Plasma is then formed from
the gas (argon) flowing through the coil. In the plasma, the same number of Ar*
and electrons coexist, maintaining the charge balance. The argon plasma reaches
a temperature of 6000 to 8000 K. When the sample, in the form of fine aerosol, is
introduced into the plasma via a carrier gas, nearly all of the elements in the sam-
ple become highly excited by the energy from the plasma and begin emitting light.
Each element emits light with a wave length (spectrum) specific to that element
(usually in the range 165 800 nm). It is, therefore, possible to analyze and iden-
tify the elements in the test sample by separating the emitted light into its spectral
components using a high-performance spectrometer. The emission intensity for each
element is monitored for each standard solution and a calibration curve of emission
intensity versus element concentration can be constructed. The analyses in this work
were performed with the help of Vista-Pro (Simultaneous ICP-OES, CCD detector,
with axial plasma, Varian). The digestion of the samples was performed using a

Berghof-Pressure- System with PTFE coating.

3.4. Thermal Analysis

As the name implies, thermal analysis is the measurement of chemical and physical
properties of a substance as a function of temperature. In this work thermogravimet-
ric analysis (TGA), differential thermal analysis (DTA), and differential scanning

calorimetry (DSC) were employed to study the phase transitions and respective
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decomposition temperature of the substance of interest. The registration of ther-
mal activities using DTA and TGA were performed simultaneously on the STA
429 thermal analysis device (Netzsch GmbH, Selb, Germany). Differential Scanning
Calorimetry (DSC) was performed with a computed-controlled DSC sensor (DSC
404 C Pegasus, Netzsch GmbH, Selb, Germany) equipped with a Pt10%Rh-Pt ther-
moelement (type S). As a sample holder the cylindrical form corundum or alumina
were used. The samples were weighed in a glove box and transported in Schlenk
apparatures directly to the thermal devices. The whole process took place under

argon.

3.5. Specific Heat Measurements

Specific heat as a function of temperature of a polycrystalline sample of almost all
the mentioned compounds were measured between 2 and 350 K using a commer-
cial PPMS (Physical Property Measurement System, Quantum Design, 6325 Lusk
Boulevard, San Diego, CA.) employing the relaxation method [43,/44]. To ther-
mally fix the sample tablet (2 = 5 mm and thickness 1mm) to the sapphire sample
platform, Apiezon N vacuum grease was used. The heat capacity of the sample
holder platform and the grease were individually determined in a separate run and

subtracted from the total measured heat capacities.

3.6. EPR Spectroscopy

Electron paramagnetic resonance spectroscopy is a technique employed for studies
of paramagnetic substances, whose properties can be explained by considering the
behavior of a free electron. An electron has a spin which can be understood as an
"angular momentum” leading to a magnetic moment. Consequently, the negative
charge that electron carries is also spinning and makes a circulating electric current,
inducing a magnetic moment pg [45]. When the electron is being subjected to a
magnetic field Hy, it experiences a torque tending to align the magnetic moment

with the field. The relation between the magnetic moment and the spin vector is:

ps = — 28 (3.6)
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where pp is the Bohr magneton and g is the Landé factor. The energy of the
system depends upon the projection of the spin vector along Hy, where the electron
magnetic moment can only assume two projections onto the applied field leading

consequently to:
1
pe = E590n (3.7)

and the ensemble of energy levels therefore reduce to the two values:

1

If the electromagnetic radiation is applied at a frequency that corresponds to the
separation between the permitted energies equal to AE=F -E_=gugHy=hw, en-
ergy is absorbed from the electromagnetic field. This is the phenomenon of EPR.

For electrons bound into an atom or a molecule, the phenomenon of EPR may
not be observed at all, because electron spins pair up in atomic or molecular orbitals
so that virtually no net spin magnetism is exhibited and the material is said to be
diamagnetic. When an atom or a molecule has an odd number of electrons, however,
complete pairing is clearly not possible and the material is said to be paramagnetic.
In that case EPR can be observed.

Electron paramagnetic resonance (EPR) was measured with a Bruker ER040XK
microwave X-band spectrometer and a Bruker BE25 magnet equipped with a BH15
field controller, which was calibrated against Diphenylpicrylhydrazyl.

3.7. Magnetic Measurements

The temperature dependent magnetic susceptibility (x) of the samples was mea-
sured using a SQUID magnetometer (Superconducting Quantum Interference De-
vice, MPMS 5.5, Fa., Quantum Design, USA). The magnetometer allows to perform
investigations in the temperature range 1.7 - 300 K in a homogeneous magnetic field
up to 7 T. The specimen that had been ground into a powder was put into a gelatin
capsule or sealed in a high purity synthetic fused silica (SUPRASILR) tube under
helium. The magnetization was corrected for the holder contribution. The values
of diamagnetic core corrections [46] were evaluated for all compounds.

The plot x~! versus temperature gives an informative view about the magnetic
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behavior of a given sample, especially if x~! grows linearly with increase of temper-
ature. The magnetic susceptibility behavior of measured samples was evaluated by

via the Curie Weiss law:

L
T—0

where X0 is the magnetic susceptibility of the compound; C is the Curie constant;

Xmol = (39)

T is absolute temperature(K); and 6 the Weiss constant (K), respectively. The Curie

constant can be computed according to the expression:

Nops?
C = % (3.10)

where 119 is the magnetic constant (o= 1 in CGS unit system); N4 the Avogadro
constant; kp the Boltzmanns constant; and p the magnetic moment (1.73 pp for
a single electron with spin quantum number S = 1/2; up is the Bohr magneton,

respectively.
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4.

Starting Compounds

In order to undertake the physical characterization of the new synthesized products
in a proper manner, it is of great importance that they are obtained in the phase
pure form. In addition to the fact that the synthesis should proceed under strictly
inert conditions, it is also of great importance to use starting materials of high

purity, whose quality is constantly being controlled by X-ray powder diffraction.

4.1. Alkali Azides

The phase pure starting materials LiN;, KN, RbN; and CsNj; were prepared via
distillation of hydrazoic acid. HN, is a colorless and toxic liquid which should be
handled with great caution. It is produced by reaction of an aqueous solution of
NaN, (99.5 %, Sigma) with drops of 20 % H,SO, (99.9 %, Merck) in a flask as
shown schematically in Figure [4.I] Up to ~ 20 g of NaN; was dissolved in water
and transferred in 500 ml flask fitted with dropping funnel and a Liebig condenser.
Firstly, the solution is heated (close to ~ 320-330 K), and afterwards H,SO, is
added dropwise. It is important to add the acid in to the already heated solution,
as otherwise concentrated hydrazoic acid vapors build up in the reaction flask and
can cause an explosion [47].

The distillate is condensed in the flask containing the appropriate alkali carbonate.

The whole process can be summarized with the following reaction equations:
2NaN, + H,50, — Na,SO, + 2HN, (4.1)

2HN, + A,CO, — 2AN, + H,0 + CO, (A = Li, K, Rb, Cs) (4.2)
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Figure 4.1.: Synthesis of HN,.

Completeness of reaction can be observed through the absence of CO, bubbles
formation, which can also be simultaneously controlled via the pH of the solution
(pH = 5-6). After the reaction is complete, the distillate, containing appropriate
alkali azide, is let to dry on 350 K on a sand bath in the fume hood. Next, the solid
residue is ground, transferred into the schlenk line, dried under vacuum overnight
at 373 K, and stored in the Glove box.

The whole drying procedure cannot be applied to LiN;. The reason is, that it
tends to decompose close to 388 K . The drying of LiN, can be achieved under
vacuum in a specially designed assembly called ” Trockenpistole” [26], which contains
also P,O,, as the drying agent. The XRD diffraction confirmed that phase pure LiN,
can also be obtained by transferring it to the Schlenck apparatus and dry; at room

temperature under vacuum overnight.

The phase purity of synthesized alkali metal azides was constantly controlled with

the X-ray powder diffraction (Figures .
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Figure 4.2.: Theoretical and experimental XRD pattern for LiN,.

4.2. Potassium Oxide, K,0

The preparation of potassium oxide, K,O was performed from the reaction of ele-

mentary alkali metals with a stoichiometric amount of oxygen [48]:

2K + 0, — K,0 (4.3)

Firstly, potassium metal was distilled twice and sealed in glass ampoules under
argon. It was weighed by the difference method and put into the reaction vessel
which had been connected to the vacuum line through a gas dosimeter. Afterwards,
the whole setup was evacuated and the required amount of oxygen was introduced in
small portions through the gas dosimeter to the alkali metal. However, initially the

reaction product consisted of a mixture of non reacted potassium metal, potassium
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Figure 4.3.: Theoretical and experimental XRD pattern for KN,.
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Figure 4.4.: Theoretical and experimental XRD pattern for RbNj.
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Figure 4.5.: Theoretical and experimental XRD pattern for CsN;.

oxide, peroxide and hyperoxide. Therefore, to homogenize the end product and to
produce the potassium oxide as a single phase the system was heated up to 523
K during 1-2 days, several times. Finally, the excess of alkali metal was distilled

off. The purity of potassium oxide was controlled by the X-ray powder diffraction
method (Figure [4.6)).

4.3. Transition Metal Oxides

In order to increase the chemical activity of the starting compounds (small crystal
size), transition metal oxides were synthesized in the laboratory. Due to high specific
surface area, transition metal oxides, prepared in this way, possess high chemical

activity which influences the kinetics of the reaction.

4.3.1. Nickel Oxide, NiO

Nickel oxide with high specific surface area was prepared from the thermal decom-

position of NiC,0, -2H,0 in a corundum crucible under oxygen stream.
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Figure 4.6.: Theoretical and experimental XRD pattern for K,O.

NiC,0, - 2H,0 was prepared by precipitation of Ni(NO,), with H,C,0,. For the
decomposition of nickel oxalate, the following temperature treatment was applied:
423 K — 623 K (heating rate 5 K/h); annealing at 623 K for 20 h and subsequent
cooling down to room temperature. From the XRD powder data of NiO (Figure
it can be seen that the sample is nanocrystalline.

4.3.2. Copper Oxide, CuO

Chemically active CuO was prepared from CuC,0,-2H,0O by thermal decompo-
sition in a corundum crucible under oxygen stream. The following temperature
treatment was applied: 423 K — 623 K (heating rate 5 K/h); annealing at 623 K
for 20 h and subsequent cooling down to room temperature, and cooling down to

room temperature. X-ray powder data of CuO are presented in Figure
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Figure 4.7.: Theoretical and experimental XRD pattern for NiO.
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Figure 4.8.: Theoretical and experimental XRD pattern for CuO.
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4.3. Transition Metal Oxides

Ternary transition metal oxides are one of the most exciting areas of research in
solid state chemistry and materials science today. One of the main reasons for this is
that transition metals exhibit a wide range of oxidation states as well as coordination
numbers, which results in the formation of a large variety of structures, exhibiting
very interesting physical properties. The coordination number in transition metal
oxides is usually four or six with approximately tetrahedral /tetragonal or octahedral
geometries. Distortions from ideal geometries are usually associated with the steric
activity of the metal d-electrons, most typically due to the Jahn-Teller effect, or
with metal-metal bonding. Larger distortions are found in certain complexes of
d® metal ions. A straightforward assumption is that the high oxidation states of
transition metal atoms in compounds are stabilized via coordination by a larger
number of highly electronegative elements [49], like in KMnO, [50], K,FeO, [14],
Cs,CuFy [51]. Nevertheless, if it were possible to lower the coordination number of
the transition metal and at the same time to compensate the negative charge of the
ligands by additional cations, a whole series of middle and lower oxidation states of
the transition metal could be obtained.

A large number of compounds of general formula A,MO, containing linear, or
almost linear [MO,]*~ dumbbells (M any transition metal; £ = 2 or 3) have been
synthesized and characterized by the method of single crystal X-ray analysis [1}
15[52H56]. These dumbbells contain usually equidistant M—O lengths. However,
in some asymmetric crystal fields the O-M-O dumbbells can be distorted, like for
example, the two Cu-O distances in compounds like KNa,CuO, are 173.1 £ 3.0
and 182.4 £ 3.4 pm [57]. The only linear transition metal complexes that have been
known and investigated before are transition metal dihalides [58], studied either in
the gas phase or isolated in a noble gas matrix. With the discovery of new A,MO,
and A;MO, compounds [15,53}56] in the 1980’ years, a new field was opened for
investigating structural properties.

In this chapter we extend this field by investigating new members of these com-

pound families and elaborating the phase transitions they exhibit.
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5.

Synthesis and Characterization of
A;NiO, (A = K, Rb, Cs) Family of

Compounds

The A;MO, family of alkali-metal oxometalates include similar or even isotypic
structures, which may be regarded as stuffed KrF, structures [59]. The crystal
structure determinations of A;MO, compounds reported so far are of high qual-
ity throughout. However, common for some of the tetragonal variants (K3;NiO,,
K;FeO, [15]) is that there exists a striking anomaly in the coefficients of the ther-
mal displacement parameters for only one of the alkali ions’ positions, while all other
parameters are quite regular. In the special cases of K;NiO, and K;FeO, the enan-
tiomorphic space groups P432,2 and P4,2,2, and their supergroup P4,/mnm are
involved. Possible reasons for the systematic anomalies might be related to twin-
ning caused by phase transitions, or even to an inappropriate space group symmetry
applied [60].

In order to settle the apparent inconsistencies, concerning the anomalies related
of increased anisotropic parameters for one of the potassium ion, we re-investigated
K3NiO,, and refined its crystal structure from single crystal data collected at tem-
peratures below and above ambient conditions. Also, in this chapter the synthesis
and the structure data for new compounds A;NiO, (A = Rb, Cs) are reported,
where it was found that Rb;NiO, crystallizes isostructurally in the P4,2,2 space
group. Structure determinations of RbsNiO, and Cs3NiO, were performed from the

X-ray powder data by the Rietveld refinement.
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Significance of the Ni(l) Oxidation State

Alkali-metal oxonickelates, of general formula A;NiO, (A = K, Rb, Cs) are especially
interesting due to presence of the low oxidation state of nickel Ni(I). This oxidation
state of nickel occurs quite rare in the compounds and cannot be easily stabilized.
The first discovery related to the presence of the Ni(I) ions in any compound was
found in the complex K,[Ni,(CN),] (dNi-Ni = 2.32 A ). This red diamagnetic
compound was obtained by adding the NH; to the solution of K,[Ni(CN),] [61].

First evidence related to the presence of a Ni(I) ion in the solid state systems
was reported in 1983 [62/63]. The authors identified LaNiO, containing formally
Ni(I), and its layered structure was described by the stacking sequence of NiO,3~—
La*™-NiO,?> — La®*". Such compounds gained additional interest after the discovery
of superconductivity in cuprates, which led to many other transition metals systems
being investigated for superconductivity, where among others the nickelates were
also suggested to have the potential to exhibit physics similar to the cuprates. The-
oretical studies have shown that only nickelates with Ni(I) (d?, S = 1/2) in a square
planar coordination can form an antiferromagnetic insulator directly analogous to
the parent undoped cuprates [64]. The Ni(I)/Ni(II) states of nickelates have identical
(3d?/3d®) electronic configuration as Cu(IT)/Cu(III) in the high temperature super-
conducting cuprates, and are expected to show interesting properties. Several new
phases involving Ni(I) in an ordered defect K,NiF,- type structure were obtained:
Laq Srg.4NiO3 47, LaSrNiOjz 5, LaSrNiOs; [65,/66], as well as new compounds with
the basic structural feature of infinite NiO, layers; Lay;Ni,O4 [67], Ln,Ni;Og (Ln =
La, Nd) [68]. Although the crystal chemistry of lanthanum nickelates is strongly re-
lated to the corresponding cuprates, especially those of composition Lay_,Sr,CuO,
which exhibit high temperature superconductivity, there are no reports that these

compounds exhibit this property.

Further manifestation of the Ni(I) ion in solid state systems was found in the
alkali-metal oxometalates(I) |[15]. Originally, oxometalates(I) were expected to ex-
ist only for Groups 11 (Ib) and 13 (IIla) metals, as reported in 1958 [69]. These
compound are remarkable not just due to the low coordination of the transition
metal, but also due to its low oxidation state (CsAuO [70], KAgO, CsAgO [71],
KCuO [72,[73]). Further research resulted in the synthesis of a new series of com-

pounds containing the Ib elements, which can be represented by the general formula
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A;MO, (NazAgO, [74], K;CuO, [53], NasAuO, [55], RbyCuO, [56]). In 1993, the
synthesis of new alkali-metal oxometalates(I) containing Ni(I), Co(I) and Fe(I) was
reported (K;NiO,, K;FeO, [15], K;C00,, Na;CoO,, KNa,NiO,, RbNa,NiO,, [75]).
The +1 oxidation state of the nickel ion in [NiO,]*>~ is unusually low for a metal ox-
ide. More typically the m-donor property and electronegativity of oxygen is used to
stabilize the higher oxidation states of nickel and other elements, making these com-
pounds interesting in terms of electronic structure and physical properties. Crystal-
lographic data revealed that this linear’ [O-Ni—O]3~ anion is slightly bent away from
linearity (175° at KNa,NiO,, and 179.9° for K;NiO,). The electronic and magnetic
properties (EPR spectroscopy) of these nearly linear complexes were investigated by
several authors [76,77]. However, the magnetic susceptibility characterization of this
type of compounds is lacking until now. In this chapter, except the structural char-
acterization of alkali-metal oxonickelates(I) (A;NiO, (A = K, Rb, Cs), the magnetic
susceptibility data are reported for the first time for this type of compounds.

Parts of this chapter are included in the publications "K;NiO, Revisited, Phase
Transition and Crystal Structure Refinement” [60] and ”Syntheses, structures and
magnetic properties of the alkali-metal oxonickelates(I) A;NiO, (A = K, Rb, Cs)”
[78].

5.1. Synthesis, Crystal Structure, Phase Transition
and Magnetic Properties of K;NiO,

5.1.1. Synthesis and Thermal Analysis

K;NiO, was synthesized from KNO, (Alfa Aesar, 99,8 %) and potassium azide,
which was prepared from aqueous HN, and potassium carbonate (Fluka, 99 %).
The synthesis of nickel oxide, NiO has been described in chapter [£.3.1] The start-
ing compounds were dried under vacuum (107% mbar) at 393 K overnight, mixed
thoroughly in an agate mortar in a ratio according to equation [5.1] and placed

under argon in a closed steel container, provided with a silver inlay.

25

In the reaction, a small excess of azide was used (0.5 mol excess of KN;). Dark
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red powders as well as single crystals of K3NiO, were obtained in a flow of argon
when the following temperature treatment was applied: 298 — 533 K (100 K/h)
533 — 653 K (5 K/h), 653 — 873 K (100 K/h), and subsequent annealing for 50 h
at 873 K.

The single crystals obtained, as well as the powders, because of their sensitivity to
air and moisture, were sealed in glass ampoules in an argon atmosphere. All further
manipulations were performed in an inert atmosphere of purified argon.

The thermal analysis of K;NiO, (Figure revealed that the product is ther-
mally stable up to ~ 900 K.
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Figure 5.1.: Thermal analysis of K3NiO,.

5.1.2. Group Theoretical Classification of K;NiO, and Related
Crystal Structures

As already mentioned, K;NiO, crystallizes tetragonal in the P4,2,2 space group
[15] (more detailed structural characterization will be given in sections and
5.1.4)). However, this compound exhibits increased values of anisotropic parameters
for one of the potassium ions. A possible cause for this may be related to the

use of space group symmetries applied during the phase transitions at elevated
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temperatures. If a substance forms several polymorphic forms, and at first a high-
temperature form is obtained, than subsequent cooling may result in unnoticed phase
transition with symmetry reduction. If the high- and low-temperature structure
can be related via translationsgleiche group-subgroup relation, that could lead to
formation of a twinned crystal [79]. To determine what the these assumptions are,
firstly it was necessary to analyze the possible implications on the basis of group-
subgroup relations among the space groups involved P4,2:2, the space group which
is suggested for a-K3NiO,. This implies the existence of another enantiomorph in
space group P432,2, as well as the possibility of racemic twins and of a polymorph
in a non-enantiomorphic supergroup.

Indeed, taking a closer look at the reciprocal layer of hk0 a-K3NiO, the presence
of systematic extinctions that do not comply with any space group (all 0kl absent,
when &k = 2n, [ = 4n + 2, and k = 2n + 1, | = 4n) might indicate the crystal
investigated to be twinned [60].

Ni:2a [K2:25[K1:4d] O: 4g
P42/m21/n2/m mmm | mmm 4 m2m
- 1
B-K5NiO, 0 2 (I) 0.205
0 ! 510795
| oo | 1 |o
2
e T 1]
2a | 2b | 4d | 4Af
P4,2,2 222 (222 | 2.. | .2
I 0 | & | 0 [0205
0 | & | 4 [0795
k2 0 0 [0250] 0
a,b,2¢c [ ]
l XY, 52 l
\ \
Ni:4a |[K2:4a[K1:85] O:8b
P4,2,2 22002 1 1
: —0.005] 0.448 [-0.019[ 0.200
a-K3NiO, —0.005| 0.448 | 0.479| 0.788
0 0 | 0.125| 0.011

Figure 5.2.: Group-subgroup relation between a-K3NiO, and 8-K3NiO,, (Bérnighausen-
tree). (The atomic coordinates of isotypic a-Li;BN, are nearly the same as for a-K;NiO,,
with the origin shifted for 1/2, 1/2, 1/2 in comparison to published data).

However, it was essentially impossible to identify a rational twin law. When
considering the possible supergroups, in particular P4,/mnm, it is obvious that

the extinctions mentioned fit to this space group with the length of the original
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c-axis divided by two. Indeed, such a group-subgroup relationship can be sub-
stantiated by real compounds: Li;BN, crystallizing in P45/mnm and a-K;NiO, in
P4,2,2/P432,2. The respective Béarnighausen tree is displayed in Figure . Re-
markably, for none of the space groups included in Figure there are subgroups
or supergroups that might explain the enlarged thermal expansion parameters U ss

and Uqs for K2 without assuming dynamic disorder.

From these considerations, a straightforward research plan was designed to fol-
low up on the analysis of the strange features associated with K2. Firstly, it was
necessary to to check whether the crystals of K3;NiO, are racemic twins at ambient
conditions. Secondly, one had to trace possible phase transitions above and below
ambient temperatures, and finally, the changes of the coefficients of thermal mo-
tion upon lowering the temperature had to be monitored. All of these details are

described in the following sections.

5.1.3. Phase Transition

a-K3NiQO, crystallizes in the tetragonal space group P4;2,2. In-situ temperature
dependent X-ray powder diffraction revealed that a-K;NiO, is stable below approx.
410 K, where it exhibits a phase transition to S-K3NiO,.

Experimental and calculated XRD patterns of a-K;NiO, (at 298 K) and 5-K3NiO,
(at 483 K) are given in Figure [5.3] and the parameters related to the Rietveld refine-
ments in Table [5.1] The observed phase transition follows the expectations which
were analyzed according to the group-subgroup relations as discussed previously in
the section [5.1.2] where the transformation is accompanied with a change of the c-
axis of a-K3NiO, to almost half of its value as for 5-K3NiO,. The lattice parameter
¢ of a-K;NiO, shows a significant thermal expansion (approx. 3 %) from 13.77 A
at 50 K to 14.157 A at 403 K (Figure , while the a parameter stays virtually
unchanged. At the phase transition, the unit cell volume changes discontinuously
from V(a) = 514.4 A® to 2V(a) = 515.6 A% (V(a) = 257.8 A% at 423 K). The marked
temperature range 400-423 K in Figure [5.4] indicates coexistence of both phases

and thus a significant hysteresis.

The volume discontinuity and the hysteresis point to a first order phase transition.
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Figure 5.3.: Experimental and calculated XRD patterns for a-K;NiO, (lower picture) and
B-K3NiO, (upper picture). Black marks experimental, red calculated profile. The differ-
ence between the experimental and theoretical patterns is given in grey. Bragg positions
are given by tick marks.
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Figure 5.4.: Temperature dependence of the unit cell parameters of K;NiO, obtained from
Rietveld refinements (open circles) and single crystal analyses (grey marks).

Table 5.1.: Crystallographic data for K3NiO, (obtained by Rietveld refinement) at tem-
peratures of 303 K and 483 K.

a-K4NiO, B-K,NiO,

Space Group, Z P4,2,2 (No.92), 4 P4y /mnm (No. 136), 2
Temperature/K 303(5) 483(5)
Cell parameters/A a = 6.0337(1) A a = 6.0436(1) A

¢ = 14.0623(1) A ¢ =7.1485(2) A
Cell Volume/A3 511.94 261.09
Crystal density/g/cm? 2.70 2.65
Wavelength/A 1.540598 1.540598
Range data collection (26/° 10-90 10-90
Time range for data collec- 36 36
tion/h
RBragg/% 7.30 4.13
R,/% 6.63 6.27
Rup/% 8.77 9.24

5.1.4. Crystal Structures of the Low-Temperature (a-K;NiO,)
and High Temperature Modifications (3-K;NiO,)

The crystal structure determinations and refinements were performed on X-ray single
crystal data collected at 50, 100 and 298 K (a-K;NiO,) and 500 K (5-K;NiO,).
Details of the single crystal solutions are given in Table [5.2], Table [5.3] and Table
(for a-K3NiO,). Table [5.5 Table and Table [5.7] contain the corresponding
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results, collected at 500K, for S-K;NiO,. Interatomic distances and coordination
numbers (CN) can be found in Table

Crystal structure data for the low-temperature form a-K3NiO,, are in good agree-
ment with the previously published results |[15]. The initial refinement in the space
group P4,2,2 resulted in a Flack parameter of 0.53(5) [80]. This was strong evi-
dence for the presence of a racemic twin (P412,2/P432,2) with approximately the
same portions of both enantiomorphic forms. Refinement as a racemic twin actually
resulted in an improvement of the residual value from R;= 0.043 to R;= 0.032. Dur-
ing the transition to 8-K3NiO, only small displacements of the atoms are noticed,
where the oxygen atoms shift from the general position 8b of P4,2,2 to the special
position 4g of the space group P4s/mnm, with m2m site symmetry.

Like the nickel and K2 atoms, the oxygen atoms now occupy positions on a twofold
rotation axis, along the diagonal in the ab plane. The nickel, oxygen and K2 atoms
in 8-K3NiO, thus are arranged in linear chains. These consist of O-Ni-O dumbbells,
separated by K2 atoms (Figure [5.5). The short Ni-O distance of 176 pm indicates
the formation of a complex NiO,?>~ anion. The orientation of the chains alternates
between the [110] and [110] directions, along the ¢ axis. The space group P4,/mnm,
which we found for the high temperature form $-K;NiO,, is one of the supergroups
of P4,2,2 and P432,2 (see Figure [5.2)).

The intermediate space group P4;2:2 cannot occur in this case, because all
atoms occupy special positions, which fulfil the higher symmetry of the space group
P45/mnm (so called noncharacteristic orbits) [82]. The atomic arrangement in the
low-temperature modification a-K3;NiO, is essentially the same as in S-K3NiO,.

However, the K2 atoms have been shifted slightly away from the linear chain
—Ni—O-K2-O-Ni—, leaving the O-Ni-O dumbbells virtually linear (ZO-Ni-O is
178.9° at 50 K), while the O-K2-O angle is reduced to 157.6° (Figure [5.5)).

In addition, in both modifications, potassium atoms occupy two crystallograph-
ically independent sites, showing unusual low coordination numbers: 4 for K1 and
2 for K2. The K1-O bond length of 2.78 A is in good agreement with the sum of
the ionic radii of potassium and oxygen ion (Table . However, when compared
with the distances of K2-O of 2.51 A and 2.56 A (at 500 K and 50 K, respectively),
the obtained value seems to be too small. Also, in both modifications K2 exhibits
conspicuously enlarged parameters of thermal motion as compared to the other
atoms in the structure, particularly pronounced for Ussz and Uj, (Table and
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Table 5.2.: Crystal data and structure refinement data for a-K;NiO,.

Space Group, Z
Cell parameters/A

Temperature/K
Cell Volume/A3
M, /g/mol
Calculated
density/g/cm3
Crystal form, color
Crystal size/mm
Difrfractometer

Monochromator
X-ray radiation/\/A
0 range/°

Index range

Absorption correction

Total no. reflections,
Nau

Independent reflections,
N

Reflections with I >
20 (1), N

Absorption
coefficient /1 /mm—1

Volume fractions of twin
domains

F(000)

Refinement method

Weighting Scheme

Goodness-on-fit on F2
Ry (N7 N)
wRa (N, N)

P41212/P43212 twin, 4
a = 6.0280(9)

¢ = 13.769(3)

50

500.3(1)

208.01

2.761

Block, transparent red
0.2 x 0.15 x 0.1
Bruker AXS,
SMART CCD
Graphite
Mo-K o, 0.71073
3.69 to 36.33
-10< A <10
-9<k<10
-22<1<22
Multi-scan, SADABS [81]
9462

APEX

1208
1187

6.224
0.53(2)/0.47(2)

404

Full matrix least-squares
on F?

w = 1/[0%(Fo?) +
(0.0149P)2 + 0.1396P]
where P = (Fo?2 +
2F.2)/3

1.196

0.0143; 0.0146

0.0377; 0.0379

P41212/P43212 twin, 4
a = 6.012(4)

¢ = 13.843(8)

100

500.3(5)

208.01

2.762

Block, transparent red
0.25 x 0.12 x 0.1
Bruker AXS,
SMART CCD
Graphite
Mo-K o, 0.71073
3.69 to 34.79
-9<h<9
-9<k<9
-21<1<21
Multi-scan, SADABS [81]
5101

APEX

1058

934

6.224
0.52(4)/0.48(4)

404

Full matrix least-squares
on F?

w = 1/[0%(Fo?) +
(0.0390P)2 + 0.1346P)
where P = (Fo?2 +
2F.2)/3

1.161

0.0292; 0.0340

0.0698; 0.0728

P41212/P43212 twin, 4
a = 6.0300(9)

¢ = 14.065(3)

298

511.4(1)

208.01

2.702

Block, transparent red
0.25 x 0.12 x 0.1
Bruker AXS,
SMART CCD
Graphite
Mo-K o, 0.71073
3.68 to 36.33
-10<h <9
-10<k<9
-23<1<23
Multi-scan, SADABS [81]
9546

APEX

1243
962

6.089
0.53(5)/0.47(8)

404

Full matrix least-squares
on F?

w = 1/[0%(Fo?) +
(0.0430P)2 + 0.4157P)
where P = (FO2 +
2F.2)/3

1.073

0.0318; 0.0453

0.0823; 0.0911

Table . The same phenomenon has been noticed for the structure refinements
performed previously [15] as well as for isostructural compounds such as K;FeO,,
(P41212) [15], L13BN2 l83,84], LISI'QCONQ l85] and Lig;CagCuI_g;Ng (P42/mnm) l86]

The origin of this particular feature could be dynamic or static disorder. In order to

distinguish these two possibilities, the structure refinements were performed using
intensity data sets which had been collected at different temperatures (50 K, 75 K,
100 K, 150 K, 200 K, 250 K).

The observed anisotropic displacement parameters, which define the thermal ellip-

soids, i.e. the position probability of an atom, are strongly temperature dependent,
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Table 5.3.: Atomic coordinates and isotropic displacement parameters / A? for a-K;3NiO,.

Atom Site T y Y Ueq

Ni

50 K 4a -0.0061(1) -0.0061(1) 0 0.0005(1)
100 K —0.0057(1) —-0.0057(1) 0 0.0010(1)
298 K -0.0052(1) -0.0052(1) 0 0.0017(1)
K1

50 K 8b —0.0269(1) 0.4722(1) 0.1255(1) 0.0008(1)
100 K -0.0252(1) 0.4738(1) 0.1252(1) 0.0015(1)
298 K —0.0192(1) 0.4788(1) 0.1250(1) 0.0028(1)
K2

50 K 4a 0.4335(1) 0.4335(1) 0 0.0015(1)
100 K 0.4335(1) 0.4335(1) 0 0.0031(1)
298 K 0.4478(2) 0.4478(1) 0 0.0070(1)
O

50 K 8b 0.1984(1) 0.7854(1) 0.0148(1) 0.0009(1)
100 K 0.1990(2) 0.7859(2) 0.1040(1) 0.0017(1)
298 K 0.1997(3) 0.7879(3) 0.0105(1) 0.0029(1)

Table 5.4.: Anisotropic displacement parameters (x10%) / A2 for a-K;NiO,.

Atom U1l Uao Uss Uos Uis Uiz
Ni

50 K 4.3(1) 4.3(1) 6.5(1) -0.1(1) 0.1(1) 0.7(1)
100 K 8.8(1) 8.8(1) 13.3(2) -0.1(1) 0.1(1) 1.3(1)
298 K 15.6(1) 15.6(1) 20.2(1) -0.4(1) 0.4(1) 2.8(1)
K1

50 K 7.7(1) 7.7(1) 7.5(1) -0.3(1) 0.5(1) 0.5(1)
100 K 15.8(2) 14.9(2) 14.5(2) -1.2(2) 0.3(2) 0.7(2)
298 K 28.4(3) 31.0(3) 25.7(2) -2.3(3) 0.9(2) -0.3(3)
K2

50 K 8.6(1) 8.6(1) 27.1(2) -0.4(1) 0.4(1) 4.0(1)
100 K 18.4(2) 18.4(2) 56.9(5) -1.0(3) 1.0(3) 8.6(2)
298 K 48.1(5) 48.1(5) 113(1) -1.4(4) 1.4(4) 34.2(6)
O

50 K 6.8(3) 6.8(3) 12.7(3) 0.3(2) -1.0(2) 1.5(2)
100 K 12.1(6) 11.2(6) 27.1(6) 0.7(5) —-0.5(6) 2.5(4)
298 K 20.3(7) 21.6(7) 45.3(9) 2.4(9) -0.1(9) 7.0(5)

especially the Uq1, Usg, Usz and Uqs parameters for K2.

This tendency is more obviously visible from a plot of the principal mean square
atomic displacements (Uin, Umed, Umaz) for K2 against temperature, as shown
in Figure What can be noticed from this plot is that the U,.in, Umeds Umaz
values are considerably reduced and quite uniform at 50 K, which implies that a
dynamic type of disorder is present in the structure. In order to have a better visual
representation of this trend of the K2 atom thermal motion, the crystal structure

of K4;NiO, is presented in terms of anisotropic parameters at different temperatures

(Figure and Figure . It can be easily seen, that at 50 K thermal oscillations
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Table 5.5.: Crystal data and structure refinement data for 3-K;NiO,.

Space Group, Z P4y /mnm, 2
Cell parameters/A a = 6.0310(9)
¢ = T.156(1)
Temperature/K 500
Cell Volume/A3 511.17(6)
M, /g/mol 260.28(7)
Calculated density/g/cm3 2.702
Crystal form, color Block, transparent red
Crystal size/mm 0.25 x 0.12 x 0.1
Difrfractometer Bruker AXS, APEX SMART CCD
Monochromator Graphite
X-ray radiation/\/A Mo-K o, 0.71073
0 range/° 4.42 to 34.70
Index range -9<h<H9
-9<k<9
S11<I<11
Absorption correction Multi-scan, SADABS [81]
Total no. reflections, N, 3731
Independent reflections N 333
Reflections with I > 20(I), N 262
Absorption coefficient/u/mm~1 5.982
F(000) 202
Refinement method Full matrix least-squares on F2
Weighting Scheme w = 1/[02(Fo?) + (0.0534P)2 + 0.1973P] where P =
(Fo2 + 2F:?)/3
Goodness-on-fit on F2 1.153
R1 (N, N) 0.0371; 0.0458 1
wR2 (N, N) 0.1045; 0.1115

of all atoms present in the structure are uniformly described.

5.1.5. Discussion

Backed by group theoretical considerations, apparent inconsistencies of the coeffi-
cients of thermal motion as determined for K;NiO, have been rationalized. The same
observation of substantially enlarged Uss and U, for one of the two crystallograph-
ically independent potassium atoms was found in previously reported isostructural
K,FeO, (P4,2,2) [15] and related Liz;BN, [83,[84], or LiSr,CoN, [85] (P4s/mnm).
We have shown that at the synthesis conditions of 873 K, K3NiO, forms as the high
temperature polymorph 8-K;NiO, in space group P4,/mnm, and undergoes a phase
transition at 423 K (150 °C) to the ambient temperature form (a-K3;NiO,). Neither
of the two space groups offers any possibility to trace back the enhanced thermal
motion of K2 to causes other than dynamic disorder. This result has been corrobo-
rated by refinements on data sets recorded down to 50 K, which show a substantial

reduction of the anisotropy and the total (U,,) of thermal motion of K2. Thus,
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Table 5.6.: Atomic coordinates and isotropic displacement parameters / A2 for B-K3NiO,.

Atom Site x Yy Yy Ueq

Ni 2b 0 0 0 0.0031(1)
K1 4d 0 1/2 1/4 0.0052(1)
K2 2a 1/2 1/2 0 0.0148(2)
O 4g 0.2054(4) 0.7946(4) 0 0.0055(1)

Table 5.7.: Anisotropic displacement parameters (x103) / A? for B-K3NiO,,.

Atom U1 Uao Uss Uas Uis Ui
Ni 20(1) 29(1) 35(1) 0 0 5(1)
K1 55(1) 55(1) 44(1) 0 0 0

K2 137(3) 137(3) 169(4) 0 0 111(3)
0 40(1) 40(1) 85(3) 0 0 14(1)

Table 5.8.: Interatomic distances and coordination numbers (CN) for / A% for K;NiO,.
Atom 0) CN
Ni (50 K) 1.773 2
Ni (100 K) 1.767 2
Ni (298 K) 1.762 2
Ni (500 K) 1.752 2
K1 (50 K) 2.733 4

2.780

2.781

2.822
K1 (100 K) 2.734 4

2.776

2.781

2.825
K1 (298 K) 2.763 4

2.794

2.796

2.834
K1 (500 K) 2.809 4
K2 (50 K) 2558 2
K2 (100 K) 2.549 2
K2 (298 K) 2.543 2
K2 (500 K) 2.513 2

these numbers reflect thermally induced displacements, the pronounced anisotropy

of which is primarily an intrinsic consequence of the unusual low coordination of K2
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Figure 5.5.: Crystal structure of 8-K3NiO, at 500 K and its presentation in the ab plane.
Displacement ellipsoids are drawn at the 50 % probability level.

by only two oxygen atoms.

5.1.6. Magnetic Measurements

The magnetic susceptibility of a K3NiO, powder sample was measured using a
SQUID - magnetometer, in the temperature range 1.8-400 K at different strengths
of the magnetic field (0.01-7 T). The magnetic susceptibility shows paramagnetic
behavior in the whole temperature range (Figure [5.8), where magnetic behavior of
K4NiO, can be well described with the modified Curie- Weiss law, which contains a

temperature independent positive contribution xq (Eq. .

C
oD = —— 5.2
Xmol T_0 + Xo ( )
exrp

Xome - Measured molar susceptibility
T - temperature

C - Clurie constat

0 - Weiss constant

Xo - temperature independent factor
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a)

Figure 5.6.: Crystal structure of a-K3NiO, and its presentation in the ab plane (a) at 50
K (b) at 100 K (c) at 298 K. Displacement ellipsoids are drawn at the 75% probability
level.
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Figure 5.7.: Principal mean square parameters for the atom K2 in a-K;NiO, as a function
of temperature.
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Figure 5.8.: x - T and 1/x - T Magnetic susceptibility behavior and magnetic field H—
o of for K3NiO,.

In general, the temperature independent factor xy can be described with two

different contributions:

X0 = Xov T+ Xferro(H) (53)

Xov corresponds to the van Vieck-paramagnetism, which is a field independent
contribution. X ferro(H) is a strongly temperature dependent term due to ferro-
magnetic impurities inside the sample. The measured magnetic susceptibility of
K3NiO, exhibits a slight field dependency, which implies the presence of ferromag-
netic impurities. This impact could also be seen from the values of x, evaluated at
different magnetic fields. According to a preliminary investigation of the K-Ni-O
solid state system along the azide-nitrate route, there is a phase equilibrium between
K;NiO, and elementary nickel phases. Therefore, the formation of a small amount
of ferromagnetic nickel impurity can hardly be avoided during the synthesis (these
impurities influences magnetic behavior, even if they are below the detection limit of
XRD powder diffraction). However, the influence of these ferromagnetic impurities
on the proper K;NiQO, susceptibility can be eliminated by the substraction method
of Honda and Owen. With this method the molar susceptibility is being measured
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at different strengths of magnetic fields (H > 1 T) and different temperatures,
and e 1s than extrapolated to infinite magnetic field (1/H— 0). Afterwards, the
extrapolated magnetic susceptibility is ploted against temperature. This correction
is based on the principle that at the infinite high magnetic field it comes to a satu-
ration of ferromagnetic impurities, meaning that the only response being recorded
comes from the sample.

Figure presents the d-orbital splitting in the linear crystal field. Ni(I) having
the d° configuration, should comply with the expectation to have a spin S = 1/2
contribution. Based on the evaluation of the Curie-Weiss law (in the 60-300 K
temperature range), the calculated magnetic moments for K;NiO, are p = 2.22
p1p. These values, in the range of = 1.70-2.20 pp are in a good agreement with
expected magnetic moments for a spin contribution of a d° free ion, with orbital
contribution. The value of the Weiss constant close to 6 ~ —14.4 K indicates to a

presence of antiferromagnetic interactions.

Figure 5.9.: d-orbital splitting in the linear crystal field.

From Figure [5.8]it can also be noticed that a slight change in the susceptibility is
seen in the temperature range 380—400 K. This observation can be good related to the
results obtained from temperature dependent powder X-ray diffraction, indicating a
first-order phase transition. The high-temperature phase (8-K;NiO,) possesses the
higher symmetry, where the [O-Ni-O]*~ dumbbells are totally linear, while at lower
temperatures (in the (a-K;NiO, modification) these dumbbells are slightly distorted

from their linearity. The Ni(I)ion oxygen environment could have an impact on the
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change in the susceptibility.
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5.2. Synthesis, Crystal Structure, Phase Transition
and Magnetic Properties of Rb;NiO,

5.2.1. Synthesis and Thermal Analysis

Starting materials for the preparation of Rb;NiO, were RbN,;, RbNO; and NiO,
and the first step in the synthesis of this material consisted of drying the starting
compounds at 130°C/12h under vacuum (10™% mbar). Rubidium azide was pre-
pared from aqueous HN; and rubidium carbonate. Nickel oxide NiO is obtained as
described in the section The starting compounds were mixed in an agate

mortar in a molar ratio according to the following reaction:

2
8RbN, + RbNO, + 3NiO — 3Rb,NiO, + ?5N2 (5.4)

In this procedure 3 mol of RbN,; were added in excess. Mixed powder was trans-
ported in a silver crucible, provided with the tightly closed steel vessels. In a flow
of argon the following temperature treatment was applied: 398 — 533 K (100 K/h)
533 — 653 K (5 K/h), 653 — 723 K (20 K/h) and subsequent annealing for 50
h at 723 K. The obtained powder was dark red, and because it is very sensitive
to air and moisture it was sealed in a glass ampoule in an argon atmosphere. All
further manipulations were performed in an inert atmosphere of purified argon. The
resulting powders turn black when they are exposed to air. According to TG/DTA

analysis of RbsNiO,, after 823 K, decomposition of the substance occurs.

5.2.2. Phase Transition

Indexing of the XRD pattern of Rb;NiO, at room temperature (referred to in the
following as a-Rb;NiO,) gave a tetragonal solution in the space group P4,2,2, with
the lattice constants for a = 6.264(1) A, ¢ = 14.7419(1) A, where Rietveld refinement
resulted to isostructural a-K;NiO, (Table and [5.10). In situ temperature
dependent X-ray powder diffraction revealed that above 400 K, Rb3NiO, exhibits
a phase transition, where the structure transforms to the space group of a higher
symmetry (5-Rb;NiO,, analogue to 8-K4NiO,). 8-RbsNiO, crystalizes in the space
group P4,/mnm with the lattice constants a = 6.2748(1) A, ¢ = 7.5085(1) A (at
523 K). Rietveld plots of a-RbsNiO, and 5-Rb;NiO, polymorphs form are presented
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Table 5.9.: Crystallographic data for Rb;NiO, (obtained by Rietveld refinement) at tem-
peratures of 398 K and 523 K.

Space Group, Z P4,2,2 (No.92), 4 P4y /mnm (No. 136), 2

Temperature/K 303(5) 523(5)

Cell parameters/A a = 6.2644(1) a = 6.2747(1)
¢ = 14.7419(2) ¢ = 7.5084(1)

Cell Volume/A3 578.52 295.62

Crystal density/g/cm? 3.98 3.90

Wavelength/A 1.540598 1.540598

Range data collection (26/° 10-90 10-90

RBrage/% 2.32 2.81

R, /% 5.32 6.96

Ryp/% 7.16 9.16

in the Figure [5.10|

Table 5.10.: Atomic coordinates and isotropic displacement parameters / A? for a-

Rb3NiO,.
Atom Site T Y Yy Ueq
Ni 4a 0.9966(5) 0.9966(5) 0 0.005(1)
Rb1 4a 0.9836(3) 0.4805(3) 0.1261(2) 0.020(1)
Rb2 8b 0.4548(3) 0.4548(3) 0 0.055(2))
O 8b 0.1931(9) 0.7954(9) 0.0096(5) 0.018(3)

Table 5.11.: Atomic coordinates and isotropic displacement parameters / A2? for j-

Rb3NiO,.
Atom Site T Yy Y Ueq
Ni 2a 0 0 0 0.016(1)
Rb1 4b 0 1/2 1/4 0.031(1)
Rb2 24 1/2 1/2 0 0.102(3)
O 4b 0.1989(9) 0.8011(9) 1/2 0.025(3)

As the initial starting model for both modifications in the refinement, the coordi-
nates of isostructural a- and - K;NiO, were used. Also in the Rietveld refinement
the coordinates for elementary silver (coming from the silver inlay) and nickel were
included, where the calculated amount of these phases was less than 1 %. The phase

transition in Rb;NiO,, is in agreement with the expectations of the group-subgroup
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Figure 5.10.: Experimental and calculated XRD patterns for a-Rb;NiO, (lower picture)
and $-RbsNiO, (upper picture). Black marks experimental, red calculated profile. The
difference between the experimental and theoretical patterns is given in grey. Bragg posi-
tions are given by tick marks.

relations as in K3NiO, (see Figure [5.2)). During the heating, the lattice parameters
of a-RbyNiO, are negligibly changed (Figure . Common to both represen-
tatives, K3NiO, and RbsNiO,, is that during the phase transition coexistence of
both (a- and (-) phases over a certain temperature range is observed, implying a
first order phase transition. In the case of Rb;NiO,, the coexistence of the phases
is observed in the 370-390 K temperature range, which is approx. 20 K lower as

compared with K3NiO,.
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Figure 5.11.: Temperature dependence of the unit cell parameters of Rb;NiO, obtained
from Rietveld refinements.

5.2.3. Crystal Structures of the Low-Temperature (a-Rb;NiO,)
and High-Temperature Modifications (3-Rb;NiO,)

An essential feature of the structures for both modifications are isolated O-Ni—O
([NiO,]37) dumb-bells, formed by Ni(I) ion and oxygen. Orientation and distribution
of O-Ni-O units in a-Rb3NiO, is presented in Figure [5.12] These units exhibit very
small deviations from linearity and they are slightly bent (O-Ni—O = 178.7 °) (Table
, which is in a fair agreement with the published data for K;NiO, compound
(O-Ni-O = 179.6, [15])

The obtained values of Ni-O distances, (Table , are in a good agreement with
the results obtained for isotypic K4;NiO, (175.9 pm) as well as RbNa,NiO, (176 pm)
and KNa,NiO, (177 pm). Rubidium occupies two crystallographically independent
sites, where Rb2 has the coordination number 2. Rbl is coordinated by 4 oxygen
ions, forming distorted tetrahedra where the alkali-oxygen bonds (dRb-O = 285.5
pm, 289.5 pm, 296.9 pm, 297.2 pm) follow the same pattern as in K;NiO, (274.5
pm, 281.3 pm, 281.4 pm, 282.3 pm) [15]. These values are in a good agreement with
the values of Rb—O distances in Rb,O (292 pm, resp. [87]). Each Rbl atom connects
four [NiO,]3~ dumb-bells, of which only two are lying in one plane (Figure .

Coordination number 2 for Rb2 is to low, as well as the Rb2-O distances (269.5
pm). This fact implies that Rb2 follows the same thermal oscillation in the z-

direction as for the case of potassium ion (K2) in K;NiO,.
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Table 5.12.: Interatomic distances (in A), coordination numbers (CN), and mean fictive

ionic radii (MEFIR) for a-RbsNiO,, and S-Rb3NiO,,.

(0] CN Denoted angles Angles/°
a-Rb,NiO,
Ni 1.767 2 O-Ni-O 178.7
Rb1 2.879 4 O1-Rb1-02 107.4
2.927 O1-Rb1-03 115.7
2.938 O1-Rb1-04 102.0
2.950 02-Rb1-03 101.2
02-Rb1-04 110.7
03-Rb1-04 119.5
Rb2 2.695 2 O-Rb2-O 165.1
B-RbyNiO,
Ni 1.771 2 O-Ni-O 180.0
Rb1 2.941 4 O-Rb1-O 180.0
Rb2 2.666 2 O-Rb2-O 180.0

The crystal structure of 5-RbsNiO, is shown in Figure [5.14] where the Rb2 atom
is schown with the anisotropic displacement parameters (50 % probability level).
B-RbsNiO, is isostructural to 5-K;NiO,. During the phase transition from a- to
[S-form it can be seen that the / O-Rb2-O changes from 165.1° to 180.0° and thus
creating totally linear [FO-Ni-O-Rb2-O-Ni-O—| chains. The smaller values of the
£/ O-K2-0 angle (162.2°) in the potassium representative brings out the fact that
with the incorporation of the bigger alkali ion in the structure, the distortion from
the linearity of the [-O-Ni-O-Rb2-O-Ni-O—| chain is smaller.

5.2.4. Magnetic Measurements

The magnetic susceptibility has been measured on a powder sample in the temper-
ature range from 2400 K, at magnetic fields of 1-7 T. The measured magnetic sus-
ceptibility exhibits a small field dependency. In Figure the magnetic behavior
of Rb3NiO, is shown (corrected for diamagnetic contributions of the closed electronic
shells and for traces of ferromagnetic impurities by the Honda-Owen extrapolation).
The diamagnetic contribution of the closed electronic shells were estimated using

the increments: Rb™ = 25 x 107% cm?/mol, Ni™? = 15 x 107¢ ¢cm?®/mol, O*~ = 15
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Figure 5.12.: Primary and secondary structure of RbsNiO,.

Figure 5.13.: Crystal structure of RbsNiO,.
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Figure 5.14.: Crystal structure of 3-Rb;NiO,. Displacement ellipsoid is drawn at the 50
% probability level.
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Figure 5.15.: x - T and 1/x - T Magnetic susceptibility behavior and magnetic field H—
oo for Rb3NiO,.

x 1075 cm®/mol [46].

The magnetic susceptibility of Rb;NiO, shows paramagnetic behavior over the
whole temperature range. The magnetic moment was derived with the help of the
Curie-Weiss law from the corrected values of magnetic susceptibility data (Figure
. Obtained values of the magnetic moment is 4 = 2.11 pup are in good agreement
with a magnetic moment as expected for a d? free ion [46], including a slight orbital

contribution. The negative value of the Weiss contant 6 ~ —9.37 K indicates the
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presence of small antiferromagnetic interactions.

For the magnetic behavior, in the temperature range 350-400 K, it can be noticed
that it comes to a slight change in the susceptibility. In the same temperature range
it comes to a phase transition where the coexistence of both (v and ) phases occurs.
This phenomenon is in a good correlation with the structural phase transition in
RbsNiO,.
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5.3. Synthesis, Structure and Magnetic Properties of
Cs;NiO,

5.3.1. Synthesis and Thermal Analysis

Starting materials for the preparation of Cs;NiO, were CsNj;, CsNO; and NiO,
which were first dried at 373 K/12h under vacuum (1072 mbar). The synthesis of
caesium azide and nickel oxide is described in sections and [4.3.1] The starting
compounds were mixed in an agate mortar in a molar ratio according to the following
reaction:
8CsN; 4+ CsNO4 + 3NiO — 3Cs3NiO, + 275N2 (5.5)
In this procedure 2 mol of CsN; were added in excess. The mixed powder was
transported to specially designed container provided with the silver inlay (section
. In a flow of argon the following temperature treatment was applied: 298 —
533 K (100 K/h) 533 — 653 K (5 K/h), 653 — 723 K (100 K/h), and subsequent
annealing for 30 h at 723 K. The obtained powder was dark red, and because it
is very sensitive to air and moisture it was sealed in a glass ampoule in an argon
atmosphere. All further manipulations were performed in an inert atmosphere of

purified argon. The thermal analysis revealed that the sample is thermally stable
up to ~ 823 K.

5.3.2. Structure Solution from X-ray Powder Diffraction -

Rietveld Refinement

Phase pure powder of Cs;NiO, was obtained according to equation Indexing of
obtained X-ray powder pattern suggested that Cs;NiO, crystallizes tetragonal with
the lattice constants a= 6.4337 A and c= 8.0798 A. Rietveld refinement of Cs;NiO,
at room temperature showed the compound to be isostructural to S-K3NiO,. Tem-
perature dependent X-ray powder measurements of Cs;NiO, were performed up to
433 K. However, there were not any hints for changing in the phase composition.
The crystallographic data of the final Rietveld refinement (Figure are listed
in Table the coordinates are given in Table [5.14] A selection of interatomic
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Figure 5.16.: Experimental and calculated XRD patterns for Cs;NiO,. Black marks -
experimental, red - calculated profile. The difference between the experimental and theo-
retical patterns is given in grey. Bragg positions are given by tick marks.

Table 5.13.: Crystallographic data for Cs3NiO, (obtained by Rietveld refinement) at tem-

peratures of 398 K and 523 K.

Space Group, Z
Temperature/K
Cell parameters/A

Cell Volume/A3

Calculated density/g/cm?
Wavelength/A

Range data collection (26/°
R1/%

R,/%

Ryp/%

P45 /mnm (No. 136), 2
298(5)

a = 6.4336(3)
¢ = 8.0844(4)
334.6

4.86

0.7093

4-40

2.72

3.73

5.21

distances and angles is given in Table [5.15]

Cs3NiO, crystallizes isostructurally to the 5-A3NiO, (A = K, Rb) members of
the family, in the space group P4,/mnm. Since the isotropic parameters of the
Cs2 ion in the structure are increased (Table [5.14)), it was possible to refine them

anisotropically as well. The crystal structure of Cs;NiO, is presented in the Figure
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Table 5.14.: Atomic coordinates and isotropic displacement parameters / A2 for Cs3NiO,.

Atom Site T Yy Yy Ueq

Ni 2a 0 0 0 0.009(3)
Csl 4b 0 1/2 1/4 0.052(2)
Cs2 2a 1/2 1/2 0 0.137(4)
(0] 4b 0.194(2) 0.806(2) 0 0.077(2)

Table 5.15.: Interatomic distances (in A) and coordination numbers (CN) for Cs;NiO,,.

O CN Denoted angles  Angles/°
Ni 1.762 2 O-Ni-O 180.0
Csl 3.085 4 0-Cs1-0O 180.0
01-Cs1-02(4)  98.2
01(2)-Csl-  115.4
03(4)
Cs2 2.787 2 0-Cs2-0 180.0

where the occupation of the Cs2 ion is displayed with the anisotropic thermal
tensors. It can be seen that the ratio of the thermal oscillations of the caesium ion

correspond to those in potassium and rubidium oxonickelate(I) (Figures and
5.14]).

Figure 5.17.: Crystal structure of Cs3NiO, (left); Projection of the Cs3NiO, in the ab-
plane.Displacement ellipsoid is drawn at the 50 % probability level.
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5.3.3. Magnetic Measurements

Magnetic susceptibility measurements were performed on the powder sample us-
ing a SQUID magnetometer at different strengths of the magnetic field (1-7 T).
Cs3NiO,, exhibits paramagnetic behavior over the whole temperature range, where
the susceptibility can be well described with the Curie-Weiss law in the temperature
range (60-300 K). However, the Honda-Owen correction had to be applied due to

the presence of ferromagnetic impurities.
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Figure 5.18.: x - T and 1/x - T magnetic susceptibility behavior and magnetic field H—
o of for Cs3NiO,.

The effective magnetic moment amounts to p = 2.15 pp per nickel atom, which is
very close to the value expected for the effective magnetic moment of a d° free ion,
with an orbital contribution. The Curie-Weiss value close to —30.5(1.5) K indicates
strong antiferromagnetic interactions in this system, the highest in the A;NiO,

family of compounds.

5.4. Discussion of the A;NiO, Family of Compounds

In this work we showed that the azide/nitrate route has proven to be a convenient
method in the synthesis of alkali-metal oxonickelates(I), for obtaining both a good

quality single crystal (in the case of K;NiO,) and phase pure powders.
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Thanks to the azide-nitrate route we have managed to synthesize two new alkali-
metal oxonickelates(I), where in the case of a-Rb;NiO,, it was found that the room-
temperature and high-temperature modification is isostructural to a-K;NiO, and -
K3NiO,. The phase transition from the a- to the - polymorph is not accompanied
by big changes in the local structure elements. The only difference observed is the
formation of (totally) linear [O-Ni~O]*~ units in the a-form, as well as change of
the O-A2-0O angle from 162.3° (for K2, 298 K) and 165.1° (for Rb2, 298 K) to 180°.
In Cs3NiQO,, the incorporation of the Cs ion leads to a linear O-Cs2-O angle already
at room temperature. Temperature dependent X-ray analysis of the a-polymorph
of the rubidium and potassium analogues, revealed that displacements of atoms are
increasing with lowering the temperature (considering the corresponding S-forms as
undistorted), where the largest displacement is noticed for the A2 ion (A = K, Rb)
(Figure [5.19] the analysis was performed using the program AMPLIMODES [88]).

064 K3NiOy / RbyNiO,
. = @/ O -K2/Rb2
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Figure 5.19.: Temperature dependent atomic displacement in a-K4;NiO, and a-Rb;NiO,.
Full symbols - single crystal data of a-K;NiO,, half-full symbols - powder data of a-
K3NiO,, empty symbols - powder data of a-RbsNiO,.

Table m gives the Madelung part of the lattice energy for oxonickelates(I)
(at room temperature). The values obtained are in a good agreement within the

analogues.
The magnetic susceptibilities of all three family members exhibit similar temper-
ature dependences (Figure [5.8 [p.15 and [5.18). The evaluation of the magnetic
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Table 5.16.: Madelung Part of Lattice Energy, MAPLE in kcal/mol for K3NiO,, RbsNiO,,
and Cs3;NiO, at room temperature.

K,NiO, Rb,NiO, Cs,NiO,
Al 180.1 184.1 191.7
A2 104.7 100.1 94.6

Ni 97.8 91.4 86.6

0 416.1 401.3 386.0

) 1319.5 1278.2 1239.6

data according to the Curie-Weiss law alowed magnetic moments as expected for
a Ni(I)-3d? system. The magnetic moments as determined are about 2.2 up for
all three representatives which indicates a substantial orbital contributions. This
result agrees with the g-values of 2.3 as observed and calculated by A. Méller [89)
for K53NiO,. The inverse magnetic susceptibility curves of K3NiO, and Rb;NiO, ex-
hibit a slight shift in the 370 — 400 K temperature range, which corresponds to the
structural a- to - phase transition. The inverse magnetic susceptibility of Cs;NiO,

exhibits linear behavior in the whole temperature range (4 — 350 K).
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6.

Cs,NiO, Revisited: Crystal Structure
and Magnetic Properties

6.1. Introduction

Linear molecules may be assumed to arise from tetragonal MX,Z, by removing the
equatorial (X) ligands to infinity. The most investigated linear transition metal
complexes are transition metal dihalides, which are studied either in the gas phase
or in the matrix isolation studies [58]. The electronic and geometric structure of this
type of compounds is still challenging for both, experimental and theoretical chem-
istry. Linear coordination geometries are usually a characteristic structural feature
in the chemistry of transition metals with nd'®(n+1)s?(n+1)p° electron configura-
tion. However, linear [X—M-X] anions are also quite common for Fe, Co and Ni in low
oxidation states. In addition to the dihalides, new alkali-metal oxometalates were
synthesized containing the O-Ni-O linear units (K,NiO,, Rb,NiO,, Cs,NiO, [1]).
The discovery of this type of compounds has opened a new challenge towards in-
vestigation of their physical properties as well as electronic structure. Potassium
and rubidium representatives have been well characterized and re-investigated with
respect to their magnetic and optical properties [89,90]. However, knowledge about
Cs,NiO,, has still remained rudimentary. In this chapter, the growth of single crys-
tals and a structure determination from single crystal data are reported, as well as
the magnetic properties of a single phase sample.

Parts of this chapter are included in the publication ”Cs,NiO, Revisited: Crystal
Structure and Magnetic Properties” [91].
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6.1.1. Synthesis and Thermal Analysis

Starting materials for the preparation of dicaesium nickelate(IT) were caesium azide,
caesium nitrate (Riedel-De Han AG Seelze Hannover 99.5 %) and NiO, prepared by
decomposition of NiC,0, -2 H,O (Alfa Aesar, 98 %) in a flow of oxygen at 623 K
for 20 h. The caesium azide was synthesised from aqueous HN; and CsCO, (Sigma
Aldrich, 99 %). The starting compounds were dried under vacuum (10~% mbar) at
393 K over night, mixed and thoroughly ground in an agate mortar in a glove box,
and placed under argon in a tightly closed steel container, provided with a silver
inlay [92].

5CsN; + CsNO4 + 3NiO — Cs,NiO, + 8N, (6.1)

Green microcrystalline samples of Cs,NiO, were obtained from stochiometric mix-
tures of the reactants according to reaction [6.1] and applying the following temper-
ature treatment: 298 — 533 K (100 K/h) 533 — 653 K (5 K/h), 6563 — 773 K (20
K/h) and subsequent annealing for 30 h at 773 K.

Single crystals of Cs,NiO, were obtained when an excess of azide and nitrate as
related to equation was used (30 % molar excess for CsN, and 150 % excess for
CsNO,) and the mixture heated with the following temperature program: 298 —
533 K (100 K/h), 533 — 653 K (5 K/h), 653 — 723 K (20 K/h), with a subsequent
annealing for 100 h at 723 K.

The obtained powders as well as the single crystals are very sensitive towards air
and moisture, thus they were sealed in glass ampoules under argon atmosphere, and
all further manipulations were made in an inert atmosphere of purified argon.

Due to high sensitivity to air and moisture, separation of the Cs,NiO, single
crystal was performed with the help of the dried Schlenck technique method (as
explained in the Chapter 2, Figure [2.7).

According to the thermal analysis its decomposition starts close to 923 K, where
above approx. 1073 K NiO is left as the only solid residue (Figure [6.1).

6.1.2. X-ray Single Crystal and Powder Analysis

The crystal structure determination and refinement were performed on X-ray single-

crystal data collected at 298 K [91]. Details of the solution are given in Tables
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Figure 6.1.: Thermal analysis of Cs,NiO,.

[6.2] According to the results of single crystal refinement, Cs,NiO, crystallizes
tetragonal in the space group I4/mmm (Z = 2, a = 4.4090(6), ¢ = 13.576(3) A).
This outcome is in good agreement with the previously published results obtained
from powder data [1]. Cs,NiO, crystallizes isostructurally with A,NiO, (A = K,
Rb) and can be regarded as a stuffed XeF, structure. The green color of this
compound originates from the unusual linear O-Ni-O units (d(Ni-O) = 1.68 A,
Figure , which are aligned parallel to the [001] crystal axis. The electronic
spectra of potassium and rubidium representative have been already published [89]
90].

The caesium ion is surrounded by five oxygen atoms, forming a tetragonal pyra-
mid. Adjacent CsO,—pyramids are connected through their basal edges, which leads
to the formation of infinite 2 CsO— double sheets. Each of these oxygen atoms is
thus common to four pyramids in a 2 CsO-sheet, and at the same time they are
positioned above those of the pyramids of the adjacent sheet (Figure [6.2b). In-
terconnection between these double layers is attained through the O-Ni—-O units,
whose oxygen atoms occupy the apical positions of the CsO, pyramids.

K,NiO,, Rb,NiO, and Cs,NiO,, display identical Ni-O distances (within the mar-
gins of experimental error, Table . However, with the incorporation of the bigger
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Table 6.1.: Crystal data and structure refinement data for Cs,NiO,.

Space Group, Z I4/mmm, 4
Cell parameters/A a = 4.4090(6)
¢ = 13.576(3)
Temperature/K 298
Cell Volume/A? 263.91(7)
M, /g/mol 356.53
Calculated density/g/cm3 4.49
Crystal form, color Block, transparent green
Crystal size/mm 0.25 x 0.12 x 0.1
Difrfractometer Bruker AXS, APEX SMART CCD
Monochromator Graphite
X-ray radiation/\/A Mo-K , 0.71073
0 range/° 3.00 to 31.57
Index range -6<h<6
-6<k<6
-20<171<20
Absorption correction Multi-scan, SADABS [81]
Total no. reflections, N,y 2922
Independent reflections N 158
Reflections with I > 20(I), N 157
Absorption coefficient /;1/mm™1 17.1723
F(000) 308
Refinement method Full matrix least-squares on F2
Weighting Scheme w = 1/[0?(Fo?) + (0.0516 P)? + 0.5355P]
where P = (Fo? + 2F.2)/3
Goodness-on-fit on F2 1.459
Ry (N, N) 0.0364; 0.0389
wRy (N, N) 0.0831; 0.0930

Table 6.2.: Atomic coordinates and anisotropic displacement parameters / A% for Cs,NiO,
(Unn = Uz, Ura = U1z = Uaz = 0).

Atom Site z Y Y Ueq U1 Uss

Cs 4e 0 0 0.3478(1) 0.0316(6) 0.0318(6) 0.0310(7)
Ni 2a 0 0 0 0.0247(6) 0.0245(6) 0.025(1)
O 4e 0 0 0.1242(9) 0.044(2) 0.045(3) 0.041(6)

76



6.1. Introduction

Table 6.3.: Lattice constants and interatomic distances(A) in A2NiO, (A= K, Rb, Cs)

compounds.
K,NiO, [1] Rb,NiO, [1] Cs,NiO,
a 3.953 4.166 4.4069*
c 12.853 13.146(2) 13.561(1)*
d(Ni-O) 1.68 1.67 1.68
d(A-O) 2.72 2.87 3.03
d(A-0) 2.82 2.97 3.14

* Lattice contstanst were refined from the powder data

Table 6.4.: Crystallographic data for Cs,NiO, obtained by Rietveld refinement.

Space Group, Z
Temperature/K
Cell parameters/A

Cell Volume/A3

Crystal density/g/cm?
Wavelength/A

Range data collection (26/°
RBragg/%

R, /%

Rup/%

I4/mmmm (No. 139), 2
298(5)

a = 4.4069(3)

¢ = 13.561(1)
263.37(4)

4.49

MoK a1, A = 0.559421
5-40

2.02

7.46

9.56

alkali anion in the structure of A,NiO, (A = K, Rb, Cs) and the increasing size of the

unit cell, the Ni-Ni distances are also expanded, with the consequence that the Néel

temperature within this family of compounds is expected to be lowest for Cs,NiO,.

In order to investigate the magnetic properties of Cs,NiO,, phase pure microcrys-

talline powder was synthesized. The phase purity of the powder was analyzed by

the methods of X-ray powder analysis (Rietveld method), according to which the

only second phase noticeable was silver in traces (< 1 %), due to the silver inlay.

Rietveld plots of the refinement are shown in Figure [6.3] parameters related to the

Rietveld refinements are given in Table [6.4]
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Figure 6.2.: Crystal structure of Cs,NiO, presented in different views.
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Figure 6.3.: Experimental and theoretical XRD pattern for Cs,NiO,; black marks: experi-
mental, red: theoretical pattern. The difference between the experimental and theoretical
pattern is given in gray. Bragg positions are given by thick marks.

6.1.3. Magnetic Measurements

The magnetic susceptibility of Cs,NiO, was investigated at different strengths of
magnetic field (1, 3, 5 and 7 T). Figure presents the magnetic behavior of
Cs,NiO, corrected for diamagnetic contributions of the closed electronic shells
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and for traces of ferromagnetic impurities. A weak magnetic field dependency indi-
cates the presence of small ferromagnetic impurities. Assuming a saturation of the
magnetization of the ferromagnetic impurities a correction was made by plotting
x against 1/H and extrapolating linearly to 1/H = 0 (Honda-Owen plot). From
the magnetic susceptibility data, it can be seen that above 20 K Cs,NiO, exhibits
paramagnetic behavior which can be well described according to the Curie-Weiss

law. At 20 K, Cs,NiO, orders antiferromagnetically.
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Figure 6.4.: Magnetic susceptibility and inverse magnetic susceptibility for Cs,NiO,. Red
curves correspond to the fitting by the Curie-Weiss law. Black squares correspond to
published data [1].

Even though the Ni-Ni distances are surprisingly large (4.4090 A, Table , they
are ruling out the direct interactions. An effective magnetic moment of © = 2.89 upg
(0 =-30.8 K) was derived from the measurement in the highest magnetic field, which
is in good agreement with a magnetic moment as expected for a d® free ion [46],
including a slight orbital contribution, as well as with the magnetic susceptibility
data obtained by Rieck and Hoppe [1]. The expected magnetic behavior for the
Cs,NiO,, would be that it is a diamagnetic compound due to a distribution of d®
electrons in the linear crystal field (Figure [5.9) (zy, 22 -4)*, (22, y2)*,(*)°). However,
the antiferromagnetic ordering close to 20 K brings the new point of view in this
observation.

In previous reports the electronic structure of K,NiO, was determined with the

help of spectroscopic studies of [NiO,?7] in K,NiO,, as reported by Hitchmann
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et.al [90]. In their course of research they found that the ground state of K,NiO,
corresponds to the electron configuration (zy, 22-y°)*,(z2, y2)3,(2*)!. These results
can be also related to isostructural Cs,NiO,, whose Curie-Weiss fit from magnetic
behavior results in the magnetic moment for a spin S = 1 contribution (u = 2.89
[B)-

Following this result, it can be assumed that peak broadening in Cs,NiO, close to
20 K corresponds to antiferromagnetic ordering, which originates from the distribu-
tion of 3d® electrons as in K,NiO,. Among the other members of the A,NiO, family,
only for Rb,NiO, low temperature magnetic susceptibility data are available [89].
As a striking, still unresolved discrepancy with our result, no antiferromagnetic
ordering for Rb,NiO, has been observed [89].
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7.

Synthesis and Characterization of
new Quasi-One-Dimensional

Alkali-metal oxometalates

Dimensionality plays a key role in solid state magnetism. Reduction of a systems
dimensionality leads to various interesting physical properties which are usually ex-
plained using concepts from statistical mechanics and quantum mechanics. Applying
three-dimensional theoretical models to lower dimensional systems is not at all triv-
ial and tends to fail in many cases [93]. For instance, the separation of spin and
charge excitations is a fascinating quantum feature related to the dimensionality of
the system. The magnetism in three dimensions can be understood in the context
of classical formalism. However, it is more challenging to understand the magnetic
interactions in lower dimensions due the quantum effects. For example, quantum
fluctuations are responsible for the absence of a long-range ordered state at finite
temperatures in the two-dimensional S = % Heisenberg antiferromagnet and in all
one-dimensional quantum magnets [93].

Cuprate based insulators can be highlighted as the best realization of quantum
magnets providing a wide variety of low-dimensional magnetic structures as well as
wide spectrum of fascinating physical phenomena. With no doubt, the most promi-
nent example is high temperature superconductivity in doped lanthanum cuprates
exhibiting a two-dimensional substructure of CuO, units. The interplay between
the magnetic and electric properties of cuprates has recently been the subject of

intense research. Since theoretical methods are well established in one dimension,
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compounds with quasi-one-dimensional structures are particulary suitable as model
systems to obtain a detailed understanding of this interplay. Nevertheless, research
on the effect of doping in copper oxide chain compounds has been limited due to
the lack of materials that feature significant densities of holes in the chains. In the
past few years, most of the attention was focused on the so-called ”telephone num-
ber compounds” such as (La,Sr);4—,Ca,CugsOy4; which contain the chain and ladder
structural motives based on edge sharing CuO, plaquettes (Figure .
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—t

4@~ chains
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Figure 7.1.: Structure of the (Sr,Ca,La)14Cu240y4; system.

For this type of compounds, experiments have revealed intricate charge and spin
ordering patterns of the chains, which depend strongly on the degree of doping
content. Although they possess interesting physical properties, the introduction of
dopants to the lattice makes their structures rather complicated (Figure [7.1]). The
coexistence of two different structural motives (chain and ladder) adds additional
complexity as a model. Structurally simpler quasi-one-dimensional copper oxides
such as CuGeO; [94], SrCuO, [95], and Sr,CuO, have also been widely studied,
but attempts to introduce mobile charge carriers into the copper oxide chains have
thus far been unsuccessful.

Thanks to the recently developed azide/nitrate route for the synthesis of alkali-
metal oxometalates a whole new series of quasi-one-dimensional compounds (Na,CuO,
A, MnO, ) has become accessible. Employing the route, a new family of

+2/43 mixed-valent quasi-one-dimensional oxomanganates KygMn,;0,,, Rb;; MngO,g,
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Cs,Mn;0q4 [21] and Cs3Mn,O, [97] have been successfully synthesized. The signifi-
cance in the synthesis of these low-dimensional manganates arises from the mixed-
valent manganates (III/IV), which are in the focus of research due to their colossal
magnetoresistance properties they [9§].

The discovery of a new class of copper oxides with quasi-one-dimensional struc-
tures such as Na;Cu,0,, NagCu;0,, and Na;Cu;0 reveals a new vantage point for
a more detailed investigation of the interplay between magnetism and charge order
in the cuprates. These compounds exhibit specific charge ordering patterns, which
classify them as first clear manifestations of Wigner crystals [23,/99]. Furthermore,
they are regarded as model systems for the cuprate superconductors.

In this chapter, a new quasi-one-dimensional alkali-metal oxocuprate(ILIII) K;Cu,O,,
as well as new crystal structures of alkali-metal oxonickelates(II,III) are presented,

together with the characterizations of their physical properties.

85



7. Synthesis and Characterization of new Quasi-One-Dimensional Alkali-metal oxometalates

7.1. Synthesis and Physical Properties of New

One-Dimensional oxocuprate K;Cu,0,

In order gain more insights into the observations made on the sodium oxcuprates,
analogous cuprate chain compounds containing potassium as a bigger alkali metal
cation have been synthesiszed. From the potassium cuprates known so far (KCuO,
K,Cu0O, [53], K;Cu;0, |100], KCuO, [101], only KCuO, features one-dimensional
! CuO, chains. However, the oxidation state of copper in this compound is +3 and
does not exhibit any unpaired spins. Here, the synthesis of K;Cu,0, is presented,
together with the crystal structure determination and magnetic characterization.
Magnetic data show K;Cu,O, as a one-dimensional AFM Heisenberg chain with
uniform nearest neighbor spin interaction between Cu?t—Cu?" cations, viz. between
next-nearest neighboring copper sites along the | CuO, strand.

Parts of this chapter are included in the publication ”Synthesis, Crystal Structure,
and Physical Properties of the New Chain Alkalioxocuprate K;Cu,O,” [2].

7.1.1. Synthesis, Thermal Analysis and X-ray Powder Diffraction

Starting materials for the preparation of the potassium cuprate were potassium
azide, potassium nitrate (Riedel-De Haen AG Seelze, Hannover, 99.5 %) and CuO.
The synthesis of CuO and KNj; has been described in the chapter and [.1]
respectively. The starting compounds were dried under vacuum (1072 mbar) at 393
K overnight, mixed thoroughly in an agate mortar in a ratio according to equation

and placed under argon in a closed steel container, provided with a silver inlay.

TKN, + 2KNO, + 6Cu0 — 3K,Cu,0, + 23/2N, (7.1)

Black needle-shaped single crystals of K;Cu,0O, were obtained when the following
temperature schedule was applied 298 — 533 K (100 K/h), 533 — 673 K (5 K/h),
673 — 923 K (600 K/h), and subsequent annealing for 50 h at 923 K.

Although the azide nitrate route was shown to be successful in obtaining the
K,Cu,0, single crystals of sufficiently good quality for structural analysis (Figure
, the obtained product always contained potassium cuprates(I) in addition. Syn-

thesis of the phase pure powder was necessary in order to investigate the physical
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properties. To overcome this difficulty the synthesis of single phase K,Cu,0, powder
mentioned, an alternative approach was chosen according to equation [7.2 Phase
pure KCuO, was prepared according to the route proposed in [101] and K,O was

prepared from purified potassium by oxidation with molecular oxygen [102].

K,0 + KCuO, + CuO — K;Cu,0, (7.2)

Mixtures, including 2 mol. % excess of K,O, were transferred to a gold ampoule,
closed under argon atmosphere and treated at 723 K for 30 h. The obtained black
powder, being very sensitive to air and moisture, was sealed and stored in glass
ampoules under argon atmosphere, and all further handling was made in an inert
atmosphere of purified argon. The collected powder diffraction pattern for K;Cu,O,
is shown in Figure [7.3] and the results obtained from the Rietveld refinement are
given in Table [7.I] For the Rietveld refinement atomic coordinates obtained from

the single crystal analysis were used.

Figure 7.2.: Single crystals of K;Cu,0,.

The thermal analysis of K;Cu,O, (Figure did not reveal any chemical re-
action or phase transformation during heating up to 923 K, where decomposition

occurs.
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Figure 7.3.: X-ray powder diffraction data of K;Cu,O,, observed (triangles), theoretical
pattern (grey solid line) and difference between experimental and calculated patterns (un-
derneath line). Bragg positions used to calculate the theoretical pattern of K;Cu,O, are
marked by ticks.

Table 7.1.: Crystallographic data for K;Cu,0, obtained from Rietveld refinement.

Space Group, Z Cmem(No. 63), 2
Temperature/K 298(5)
Cell parameters/A a = 6.1234(1)

b = 8.9826(2)

¢ = 10.8620(2)
Cell Volume/A? 597.46(4)
Crystal density/g/cm? 3.42
Wavelength/A CuK a1, A = 1.540598
Range data collection (26/° 10-90
RB'ragg/% 3.27
R, /% 4.86
Rup/% 6.56
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Figure 7.4.: Thermal analysis of K;Cu,0,.

7.1.2. Single Crystal Analysis and Crystal Structure Description

The crystal structure of K;Cu,0, was determined from single crystal data collected
at room temperature. It was found that K;Cu,O, crystallizes orthorhombic in the
space group Cmem (No.63) [2]. Details and results of the single crystal structure
refinement are given in Tables [7.4] Interatomic distances and coordination
numbers (CN), for K;Cu,O, are presented in Table [7.5]

Single crystal analysis revealed that K;Cu,O, is isostructural to K;Ni,O, and
K,Pt,0, [103], and shows a fully charge ordered copper partial structure. The most
prominent structural feature are wave-like one-dimensional 1 CuO, chains which are
constructed from planar, edge-sharing CuO, units (Figure . From the structural
analysis of the Cu—O bond lengths, valence states of either +2 or 4+3 can be precisely
assigned to each copper atom (d(Cu?t-0) = 1.939(3) A, (d(Cu**-0) = 1.851(3)
A). The one-dimensional chains in K;Cu,0, are extended along the c-axis, where
the O-Cu-O angles in the CuO, square units are diverging from the ideal 90 ° due
to variation of oxidation states of copper, as well as due to the way, how these units

are connected. The dihedral angle between two CuO, square units is 155.7 °. This is
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Table 7.2.: Crystal data and structure refinement data for K;Cu,0,.

Space Group, Z
Cell parameters/A

Temperature/K

Cell Volume/A3

M, /g/mol
Calculated density/g/cm3
Crystal form, color
Crystal size/mm
Difrfractometer
Monochromator
X-ray radiation/\/A
0 range/°

Index range

Absorption correction

Total no. reflections, N,y
Independent reflections NV
Reflections with I > 20(I), N
Absorption coefficient/p/mm™
F(000)

Refinement method
Weighting Scheme

1

Goodness-on-fit on F2
Ry (N, N)
wRy (N, N)

Cmem, 4

a = 6.1275(4)

b = 8.9908(7)

¢ = 10.8708(8)

298(2)

598.88(8)

308.38

3.42

Needle, black

0.25 x 0.10 x 0.08

Bruker AXS, APEX SMART CCD
Graphite

Mo-K 4, 0.71073

3.42 to 36.85

-9<h<9

-14<k<14

17 <1 <17

Multi-scan, SADABS [81]

4609

725

704

9.110

588

Full matrix least-squares on F'2
w = 1/[0%(Fo?®) + (0.0190P) 4 8.8769P]
where P = (Fo? + 2F.:2)/3
1.376

0.0429; 0.0439

0.1066; 0.1070

in contrast to the sodium cuprates (Naj,CuO,) obtained also by the azide nitrate

route, where the 1 CuO, chains are nearly flat with dihedral angles between two

CuQ, square units approaching 180°.

The one-dimensional | CuO, chains are distributed among the honey-comb lattice

of potassium ions (Figure [7.5]). The potassium ions occupy two crystallographically

independent sites, exhibiting different coordination environment (Figure [7.6]). K1

with the coordination number 6, connects three | CuQ, chains, maintaining bonds

to two oxygen atoms from each chain forming distorted prism (Figure . K2 is
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Table 7.3.: Atomic coordinates and isotropic displacement parameters / A2 for K;Cu,0,.

Atom Site T Y z Ueq

Cul 4a 0 0 0 0.0165(2)

Cu2 4c 0 0.0607(1) 1/4 0.0148(2)

K1 8f 0 0.3476(2) 0.0676(1) 0.0236(3)

K2 4c 0 0.6943(2) 1/4) 0.0226(3)

01 16h 0.2952(5) 0.4377(4) 0.8859(3) 0.0234(6)
Table 7.4.: Anisotropic displacement parameters /x10~2 /A? for K;Cu,0,.

Atom U1 U2 Uss Uas Uis Uiz

Cul 1.15(4) 2.41(4) 1.39(4) 0 0 —-0.37(3)

Cu2 1.27(4) 1.69(4) 1.49(4) 0 0 0

K1 1.98(5) 2.38(5) 2.74(6) 0 0 0.055(5)

K2 1.69(7) 2.59(8) 2.49(8) 0 0 0

01 1.2(1) 4.2(2) 1.7(1) -0.2(1)  -0.1(1)  -0.7(1)

Table 7.5.: Interatomic distances (in A) and coordination numbers (CN) for K,;Cu,O,.

Atom O CN
Cul 1.851 4
Cu2 1.938 4
K1 2.693 6
2.798
2.901
K2 2.619 4
CN 6

equidistant to 4 oxygen atoms of two neighboring | CuO, chains, forming a pyramid

where K2 is situated on the top of the pyramid.

7.1.3. EPR-Spectroscopy

In order to determine the g-factor, the EPR measurements were carried out on
K;Cu,0, polycrystalline samples. Figure presents the EPR-spectrum obtained,

which is typical for a compound containing Cu?* coordinated by an elongated oc-
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Figure 7.5.: Crystal structure of K;Cu,0y,.

tahedron of oxygen atoms.
The principal g-factors are found to be:
gL:2.O6 and gl = 2.21

giving an average powder g-factor of:

291 +g
Tpwd = —LB I — 912 (7.3)

7.1.4. Magnetic Measurements

The magnetic susceptibility of K;Cu,0, was measured at different strengths of mag-
netic fields in the range from 1 to 7 T, where it was found that they are independent
on the field strength in the temperature range 15 - 400 K, indicating paramagnetic

behavior and negligible saturation of ferro- or ferrimagnetic impurities.
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Figure 7.6.: Coordination environments for K1 and K2 ions in K;Cu,0,.
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Figure 7.7.: Room temperature X-band EPR powder spectrum of K;Cu,0, with principal
g-factors indicated. Measurements and interpretation were made by Dr. R. Kremer [2].

The low-temperature susceptibility features a broad maximum centered close to
65 K, which is a strong indication of the antiferromagnetic short range ordering

consistent with the low-dimensional behavior as expected from the crystal structure.

The high temperature susceptibility (at T > 200 K) can be fitted with the modified
Curie-Weiss law (Figure , consisting of the temperature dependent susceptibility
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Xspin(T) and the temperature independent contribution xo:

X(T) = Xspin(T) + X0 (7.4)

where the spin susceptibility is :

C
Xspin = T—8 (7.5)
with the Curie constant:
NagpipS(S+1)
C= (7.6)
3kp

and the Curie-Weiss temperature . The temperature independent susceptibility
Xo contains the diamagnetic susceptibilities of the closed shells, which are according
to Selwood [104] summed up to ~110x107% cm?® /mol, and the Van Vleck contribution
which are positive and of the same order of magnitude as the diamagnetic contri-
butions. The van Vleck contributions can be estimated from the energy differences
of the orbitals and the spin-orbit coupling constant and are found to be typically of
the order of the diamagnetic contribution (40-60 x 107¢ cm?®/mol). In the fitting
equation the fitting parameters g, xo and 6 are strongly correlated, and meaningful
results cannot be obtained without fixing one of them [105]. xo was used as a fitting
parameter and checked for its consistency. During fitting, the g-factor was fixed
to the powder average of 2.12 as determined in the EPR measurements. Fitting
in this way results in the following parameters: 0 = —105(1) K; xq = —4(7)x1077
cm?/mol; g = 2.12; pepp = 1.84 pp. The negative Curie-Weiss temperature is an
indication for predominantly antiferromagnetic interactions. The refined value for
Xo is in good agreement with the expected value compensated by the diamagnetic

and the Van-Vleck temperature independent susceptibility.

Heisenberg model - Measurements and interpretation were made by Dr. R.
Kremer [2]

The low dimensional behavior was also analysed in terms of a linear chain Heisenberg

model. In this work the fittings were performed with the spin S = 1/2 antiferro-
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Figure 7.8.: Inverse magnetic susceptibility and CurieWeiss fit (red line) for
K4Cu,0,.Measurements and interpretation were made by Dr. R. Kremer [2].

magnetic (AF) Heisenberg Hamiltonian:
H=> J(i,j)S" S8 (7.7)
tj

where J;; is the Heisenberg exchange interaction between spins S; and S; and
the sum is over unique exchange bonds. J;; will be assumed to be only relevant for
nearest neighbors and is denoted as J,,,,.

To account for a diverging contribution of a Curie-type of susceptibility of im-
purities (Curie tail), we subtracted from the experimental susceptibility a Curie
contribution of ~ 1 % spin S = 1/2 entities and obtained x*(T") = Xeup(T)-Ximp
where x*(T') was fitted to an equation x(7') = fXspin(T)-X0, Where Ypin( 1) is given
by the susceptibility of a S = 1/2 Heisenberg model as proposed by Johnston [106].
In addition to this model, the linear scaling factor f (0.784(4)) was added as a ne-
cessity to obtain appropriate fits. Divergence from the ideal fit can be due to the
wave-like nature of the linear | CuO, chains. During the fitting, the g-factor has
been fixed to the powder average determined from the EPR experiment [60].

The experimental data can be well described by a uniform Heisenberg chain with
an AFM nearest-neighbor Cu?"—Cu?" intrachain interaction J,,, of ~ 101 K (Figure

. The broad short-range ordering maximum peak at ~ 65 K is in good agreement
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Figure 7.9.: Presentation of the J,, (nearest neighbor intrachain interaction) and J,,,
(next nearest neighbor intrachain interaction) in K5Cu,O,.
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Figure 7.10.: (Main frame) Magnetic susceptibility of K,Cu,0, (o) fitted to the suscepti-
bility of a S = 1/2 Heisenberg chain with uniform nearest-neighbour Cu?*Cu?* intrachain
spin exchange interaction (solid line).The lower inset displays the (uncorrected) suscepti-

bility of K3Cu,0O, (0) vs. the inverse temperature. Measurements and interpretation were
made by Dr. R. Kremer [2].
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with the ratio T,../J = 0.6408 as given by Johnston et al |106].

There is, however, disagreement between the magnitudes of the experimental and
computed susceptibilities at T',,.,. Theoretically, one expects a value which is about
20 % higher than the one found in experiment. Efforts to attribute this discrepancy
to an additional next-nearest neighbour intrachain spin exchange interaction (J,,,,,)
by introducing a mean field type renormalisation of the susceptibility were not con-
clusive. A comparison of the experimental data with the exact diagonalisation re-
sults by Heidrich-Meissner et al. [107] indicated a ratio of —0.25 < o = Jypn/J <
0.25, with a clear preference to o = 0, i.e. negligible next-nearest neighbour interac-
tion. This results supports the fit of the spin susceptibility with a nearest neighbour

Heisenberg chain model and proves the non-magnetic state of the Cu* cations.

7.1.5. Specific Heat Measurements

The heat capacity of K;Cu,0, is presented in Figure in log-log plot, where
it is shown that there is no indication of long-range magnetic ordering at low tem-
peratures with a A-type anomaly. However, there are some small deviations from a
T3-Debye law at low temperatures, most likely due to magnon contributions to the
heat capacity.

Following the analysis of the magnetic susceptibility, we can assume that for a
Heisenberg chain at temperatures 7' small compared to the intrachain spin exchange,
Jintra, the magnon contributions are linear in 7" and can be represented by:

2 T

-R
3 Jintra

where R is the molecular gas constant. With J;,;., as found from the analysis of

C"mag -

(7.8)

the magnetic susceptibility, one expects Cyay/ T ~ 0.055 J/molK? which is in fair
agreement with the observed value of ~ 0.03 J/molK? [2].

7.1.6. Discussion

When K;Cu,0, is compared with the other one-dimensional sodium cuprates syn-
thesized along the azide/nitrate route (Nay;Cu,O,, NagCuyO,,, Na;Cu,0y), it can
be seen that substitution of a potassium ion influences the dihedral angles between

adjacent CuO, square units, which leads to the formation of undulating ! CuO,
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Figure 7.11.: Specific heat measurements for K;Cu,0,. Measurements and interpretation
were made by Dr. R. Kremer [2].

chains in K3;Cu,0,. The new oxocuprate(ILIIT) K;Cu,0, can be realized as a mem-
ber of the compositional series K;,CuO, with x = 0.5, and with the end member
KCuO, (x = 0) |101].

Figure 7.12.: Comparison of the crystal structures of (a) K4Cu,0, and (b) KCuO,,.

Structurally, both compounds have comparable chain arrangements as well as
nearly the same distribution of cation sites which are filled with potassium ions in
different ways (Figure . As can be seen from the figures, the potassium ions
form layers of trigonal prisms, where its repetition in both compounds is different.
In KCuO,, in the layer, each second void is empty, and in K;Cu,0, each third and

fourth. K2 atoms in K;Cu,0, can be incorporated between the } CuO, chains, due
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to their different orientation and distribution as in KCuO,.

K;Cu,0, is isostructural to K3Ni,O, and K;Pt,0, [103] and the shortest Cu—
Cu distance between two | CuO, chains is ~ 5.4 A, which is in agreement with the
respective value in K;Ni,O,4. In K ;Pt,0,, these distances are just slightly higher (5.5
A). Although all three compounds have the same chain arrangement, and contain
transition metal ions with unpaired spins, only K;Cu,0O, shows low-dimensional

magnetic behaviour.

The analysis of the magnetic susceptibility proves that K;Cu,O, realizes a S =
1/2 chain system. Inclusion of nearest neighbor spin-exchange interactions suffices
to describe the temperature dependence of the susceptibility adequately. There is
no indication for sizeable next-nearest neighbor interactions. In view of the crystal
structure, which indicates an ordered Cu?*—Cu?*t-Cu*-Cu?* arrangement along
the chain, the nearest-neighbor spin exchange couples Cu®" entities (Figure [7.9).
The magnitude of the spin exchange interaction is somewhat lower than the one
found for the analogue compound Na;Cu,O, (about 40 %). Like for Na;Cu,O,, next-
nearest neighbor spin exchange (/4 in the notation of [14]) appears to be negligible.
It amounted to about 10 % for Na;Cu,O,. In contrast to Na;Cu,O,, which exhibits
long-range ordering at ~ 23 K, [108] according to our heat capacity data K;Cu,O,
shows no indication of long-range three-dimensional magnetic ordering down to 2
K. This can be understood as due to the increased interchain interaction through
the shortest Cu-Cu distances in K;Cu,0,, ~ 5.4 A as compared to ~ 4.2 A in
Na;Cu,0,. Additionally, as already pointed out by Horsch et al., [99] the interchain
coupling is strongly affected by geometrical frustration, which can suppress long-
range ordering, since the ! CuQ, chains are arranged in a honeycomb lattice in
the a,b plane (Figure . There is an apparent discrepancy between the high-
temperature behavior of the magnetic susceptibility, characterized by a Curie-Weiss
temperature of ~ 105 K and a g-factor of 2.12, and the low-temperature behaviour,
which is in good agreement with the susceptibility of a S = 1/2 Heisenberg chain
with nearest-neighbour AFM spin interaction. The spin-exchange found by fitting
the susceptibility to the Heisenberg chain theory indicates an AFM spin-exchange
of ~ 101 K. This leads, in case of a uniform chain with two neighbors for each spin,

to a Curie-Weiss temperature of
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o= %zJS(S +1) (7.9)

where z presents the number of nearest neighbors (2), and thus giving the result of
the Weiss constant a value of § = —J,,,/2 ~ 50 K. The respective required interchain
interactions appear to be too small to move this value significantly towards the Curie-
Weiss temperature found by fitting the high-temperature susceptibility. Such large
interchain interactions would lead to long-range ordering at elevated temperatures,

which has not been observed experimentally.
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7.2. Synthesis and Physical Properties of New

One-Dimensional Oxonickelate K;Ni;O,

7.2.1. Synthesis, Thermal Analysis and X-ray Powder Diffraction

Starting materials in the preparation of the potassium nickelate were potassium
azide, potassium nitrate (Riedel-De Haen AG Seelze, Hannover, 99.5 %) and NiO.
The synthesis of NiO and KN; has been described in the section and
respectively. The starting compounds were dried under vacuum (1073 mbar) at 393
K overnight, mixed thoroughly in an agate mortar in a ratio according to equation

[7.10] and placed under argon in a closed steel container, provided with a silver inlay.

TKN, + 2KNO, + 6NiO — 3K,Ni, O, + 23/2N, (7.10)

1

A powder sample containing K4Ni,O, was obtained according to equation [7.10]
when the following temperature profile was applied: 298 — 533 K (100 K/h), 533
— 673 K (5 K/h), 673 — 873 K (600 K/h), and subsequent annealing for 30 h at
873 K (reaction [7.10). The sample was transferred to a silver crucible, sealed in
a quartz ampoule under argon atmosphere and additionally annealed at 873 K for
500 h where the K4Ni, O, single crystals were obtained. However, due to the longer
annealing, NiO was left in the mixture with K;Ni,O,. The batch obtained (with
the single crystals of K;Ni,O, and NiO) was transferred to a corundum crucible and
treated in an oxygen stream at 873 K for 100 h (reaction , which led to the

formation of K,;Ni;O4 single crystals.

The thermal analysis revealed that the product K,Niz;Oy is stable up to ~ 923 K.
The obtained powder samples were checked for the purity and were characterized by
the means of X-ray diffraction, where for the Rietveld refinement (Figure the
coordinates from the single crystal solution were used. The details obtained from
the Rietveld refinement are given in the Table

101



7. Synthesis and Characterization of new Quasi-One-Dimensional Alkali-metal oxometalates

© ao

cowo
[eole)
0 000 00 @

Intensity (a.u.)

"
Y Y

O T

T T T T T T 1

T
20 40 , 60 80
20/

Figure 7.13.: X-ray powder diffraction data of K,Ni;Oy, observed (circles),theoretical pat-
tern (grey solid line) and difference between experimental and calculated patterns (un-
derneath line). Bragg positions used to calculate the theoretical pattern of K,NizO are
marked by ticks..

Table 7.6.: Crystallographic data for K,Ni;Og4 obtained from Rietveld refinement.

Space Group, Z C2/m, 4

Temperature/K 298(5)

Cell parameters/A a = 8.9660(3)
b = 6.1027(2)
¢ = 7.7877(2)

= 91.662(2)

Cell Volume/A? 427.37( )

Crystal density/g/cm? 3.33

Wavelength /A CuK a1, A = 1.540598

Range data collection (26/° 10-90

RBrage/% 7.73

R,/ % 5.13

Rup/% 8.10
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7.2.2. Single Crystal Analysis and Crystal Structure Description

Single crystal analysis revealed that K,Ni;O, crystallizes in the monoclinic space
group C2/m. The details of the structure refinement are given in Table -
The most prominent structural feature are one-dimensional ! NiO, chains (Figure
7.14). The elementary building block of the chains are square planar NiO, units.
From the analysis of Ni-O distances it was not possible to deduce the oxidation
state of nickel to +2 or +3 (dNil-O = 1.8524 A, dNi2-O = 1.8389 A). However,
from the crystallographic point of view, due to electroneutrality, Nil being on the
position 2a suggests an oxidation state to +2, and the Ni2 being on the position 4i

suggests an +3 oxidation state, respectively.

Along the ! NiO, chain, every Ni**—Qy, is connected through edge sharing with
one Ni?*—Qy (dihedral angle 139.3°) and another Ni3*—Oy unit (dihedral angle 180°),

whereas every Ni?t—Q, unit connects to two Ni**—O, units.

‘Ni

L Ni2 .

. Nizg Nt
b +3 +2

+3

Figure 7.14.: Presentation of a } NiO, chain in K,NizOy.

The one-dimensional chains are aligned in a honey-comb lattice of potassium ions
(Figure . The potassium ions occupy two independent crystallographic sites
K1 and K2, both of which are coordinated by 6 O atoms, forming trigonal prisms.
Figure [7.16|shows that these prisms are ordered as double layers in the structure;
these double layers of K1 and K2 atoms can be easily distinguished: The K1 double
layers have their prisms connected through faces and edges, while the prism of the

K2 double layers are connected to each other only by face sharing.
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Table 7.7.: Crystal data and structure refinement data for K,Ni;Og.

Space Group, Z C2/m, 2
Cell parameters/A and © a = 8.9933(14)
b = 6.1010(10)
¢ = 7.7910(13)
= 91.660(2)
Temperature/K 298( )
Cell Volume/A3 427.30(12)
M, /g/mol 428.53
Calculated density/g/cm3 3.33
Crystal form, color Needle, black
Crystal size/mm 0.24 x 0.16 x 0.12
Difrfractometer Bruker AXS, APEX SMART CCD
Monochromator Graphite
X-ray radiation/\/A Mo-K ,,, 0.71073
0 range/° 2.62 to 34.84
Index range - 14<h<14
0<k<9
0<i<12
Absorption correction Multi-scan, TWINABS [109]
Total no. reflections, N,y 4813
Independent reflections NV 1762/ R(int)=0.043
Reflections with I > 20(I), N 1712
Absorption coefficient/p/mm~! 8.474
F(000) 416
Refinement method Full matrix least-squares on F2
Weighting Scheme w = 1/[0?(Fo?) + (0.0533P)% + 0.7878P)]
where P = (Fo? + 2F.?)/3
Goodness-on-fit on F2 1.120
Ry (N, N) 0.0297; 0.0304
wRy (N, N) 0.0871 ; 0.0877

Table 7.8.: Atomic coordinates and isotropic displacement parameters / A2 for K;NizO.

Atom Site T Yy z Ueq

Nil 2a 0 0 0 0.0013(1)
Ni2 41 0.0372(1) 0 0.3309(1) 0.0014(1)
K1 44 0.3205(1) 0 0.6251(1) 0.0021(1)
K2 2a 0.3507(1) 0 0.1098(1) 0.0025(1)
01 4d 0.0706(1) 0.2012(2) 0.1581(2) 0.0017(1)
02 2a 0 0.2000(4) 1/2 0.0030(1)
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Table 7.9.: Anisotropic displacement parameters / A% 710 for K NizO.

Atom Ui Uao Uss Uss Uis Uio
Nil 17(1) 10(1) 13(1) 0 2(1) 0
Ni2 18(1) 10(1) 15(1) 0 4(1) 0
K1 23(1) 16(1) 23(1) 0 2(1) 0
K2 18(1) 20(1) 39(1) 0 5(1) 0
01 26(1) 11(1) 14(1) 0(1) 2(1) 0
02 53(1) 14(1) 23(1) 0 19(1) 0

Table 7.10.: Interatomic distances (in A), and coordination numbers (CN) for K,NiyOy.
Lattice constants from the powder data were used.

O CN
Nil-0O1 1.838 4
Ni1-0O1 1.838
Nil-O1 1.838
Ni1-0O1 1.838
Ni2-0O1 1.852 4
Ni2-O1 1.852
Ni2-02 1.834
Ni2-02 1.834
K1-01 2.652 6
K1-01 2.652
K1-02 2.645
K1-02 2.645
K1-02 3.246
K1-02 3.246
K2-01 2.704 6
K2-01 2.704
K2-01 2.830
K2-01 2.830
K2-01 2.874
K2-01 2.874

7.2.3. Magnetic Measurements

The magnetic susceptibility data of K,Ni;O4 were collected at different magnetic
field intensities (0.1-7 T), where it was found that the susceptibility is independent
of field strength in the temperature range 20-400 K, indicating paramagnetic be-

havior in this temperature range. The magnetic susceptibility is characterized by a
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D
/ Bb

Figure 7.16.: Ordering of K104 and K204 polyhedra in the K Ni;O4 structure.

strong peak close to ~ 5 K, indicating antiferromagnetic ordering in the structure
(Figure . The inverse magnetic susceptibility was evaluated according to the
Curie-Weiss law xy = C(T — 0)~! in the temperature range 175 — 400 K, resulting
in a magnetic moment p = 2.09 ppg, and a Weiss constant § = — 29.5 K, indicat-
ing antiferromagnetic interactions. The calculated magnetic moments are higher
than expected for a spin only value (1.73 upg), implying some orbital contribution.
However, according from the y~! curve it seems that some intermediate magnetic
ordering in the structure takes place close to 160 K. The evaluation of the Curie
Weiss law in the 20-160 K temperature range gives a similar value of the magnetic
moment. However, the evaluation gives a positive value for the Weiss constant (15.0

K), which suggest the presence of ferromagnetic interactions in the system. Accord-
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ing to this, above 160 K the antiferromagnetic interactions are dominating in the

system, whereas below 160 K ferromagnetic interactions prevail.
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Figure 7.17.: Magnetic susceptibility of K,Ni;O4 at 1T.

The magnetic susceptibility in the temperature range 2 — 20 K exhibits field
dependency where at higher magnetic field (higher than 1 T) the antiferromagnetic

ordering is suppressed (Figure [7.18)).

The field dependence of the magnetization was taken at different temperatures,
below and above the Néel temperature (2 K, 50K and 292 K Figure . The
measured M-H curves, do not show any obvious hysteresis loops at any temperature,
indicating paramagnetic behavior. Below the Néel temperature (at 2 K) the field
dependency of the magnetization is larger when compared with the other curves
taken at higher temperatures, where above 7 T the magnetization tends to saturate.
The magnetic data at 2 K show linear paramagnetic behavior until about ~ 1 T,
where probably the re-orientation of the magnetic moments happens. Above 3 T,
the magnetization linearly increases and then reaches almost a constant value of 0.8
ptp. This value is in a good agreement with the saturation moment theoretically

expected for the low spin Ni(III) ion.
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Figure 7.18.: Hysteresis of K,Ni;Og.
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Figure 7.19.: Hysteresis of K,Ni;Og.
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7.2.4. Specific Heat Measurements

Figure [7.20| shows the temperature dependency of the specific heat for K,Ni;O.
The data show the A-type of anomaly close to ~ 4.92 K, indicating the occurrence
of the long range antiferromagnetic ordering of Ni** ions. The magnetic entropy

(Siag) due to the magnetic ordering was calculated by using the following equation:

T
0

in which the magnetic specific heat was calculated from the graph Cp/T depending
on temperature. The lattice contributions to specific heat were neglected. The
entropy change due to the magnetic transition is obtained to be close to 3.82 J /molK,
which is in a fair agreement with the theoretical value RIn(25+1) = 5.76 J/molK,
as expected for the S = 1/2 systems.

2.0+

_0-0-0-0-0-0-0-0.0-0-0-0-0-0-0.,
0000 ©-000.0.0

=
(63}
1

=
o
1

p

C /T / J/molK?®

o
a1
1

0.0 T T T T T T T T T T T 1
0 20 40 60 80 100 120

Temperature / K

Figure 7.20.: Specific heat measurements of K,Ni;Oy.
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7.3. Synthesis and Physical Properties of New

One-Dimensional Oxonickelate KNa,Ni,O,

7.3.1. Synthesis, Thermal Analysis and Powder X-ray Diffraction

The starting materials used for the preparation of the KNa,Ni,O, were NaN;, KN,
NaNO;, KNO4 and NiO. The synthesis of NiO and KNj has been described in the
section [4.3.1] and [4.1], respectively. All starting components were dried at 373
K/12 h under vacuum (107® mbar) and mixed in an agate mortar in a molar ratio
according to equation [7.13]

2KN, + KNO, + 5NaN, + NaNO, + 6NiO — 3KNa,Ni,O, + 23/2N,  (7.13)

Single crystals as well as phase pure powders were obtained when the following
temperature program was applied 298 — 533 K (100 K/h), 533 — 673 K (5 K/h),
673 — 873 K (600 K/h), and subsequent annealing for 30 h at 873 K ([7.13). Due to
air and moisture sensitivity, further storage and handling of the samples was done
in an inert atmosphere of argon. The thermal analysis showed that the product is
approximately stable until 1023 K.

The phase purity of the product was analyzed by means of powder X-ray diffrac-
tion with Rietveld refinement (Figure [7.21)), with initial atomic coordinates taken
from the single crystal solution (section . Results obtained from the Rietveld
refinement are listed in the Table [Z.11]

7.3.2. Single Crystal Analysis and Crystal Structure Description

The results obtained from the single crystal analysis are presented in the Tables
. Interatomic distances (in A) and coordination numbers (CN), are given
in table [.15

The single crystal analysis of KNa,Ni, O, revealed that it crystallizes in the mon-
oclinic P2;/n space group, and its essential structural feature, like in K,Ni;Og, are
one-dimensional ! NiO, chains, formed by NiO, square plaquettes. The essential

repetition unit in the ! NiO, chains is made from four plaquettes (Figure [7.22),
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Figure 7.21.: X-ray powder diffraction data of KNa,Ni,O,, observed (circles),theoretical
pattern (grey solid line) and difference between experimental and calculated patterns (un-
derneath line). Bragg positions used to calculate the theoretical pattern of KNa,Ni,O,
are marked by ticks..

Table 7.11.: Crystallographic data for KNa,Ni,O, obtained from Rietveld refinement.

Space Group, Z P2y/n, 4

Temperature/K 298(5)

Cell parameters/A a = 5.7396(2)
b = 10.7271(1)
¢ = 8.4541(1)
B = 102.92(1)

Cell Volume/A3 507.34(1)

Crystal density/g/cm? 3.48

Wavelength /A CuK o1, A = 1.540598

Range data collection (26/° 10-90

RBmgg/% 1.54

R, /% 4.37

Rup/% 6.26

where combining of these units leads to undulating chains. The incorporation of

sodium as a smaller atom in the structure leads to the formation of less undulating
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Table 7.12.: Crystal data and structure refinement data for KNa,Ni,O,.

Space Group, Z P2, /n, 4
Cell parameters/A and © a = 5.7381(11)
b = 10.731(2)
¢ = 8.4526(17)
B = 102.910(3)
Temperature/K 296(2)
Cell Volume/A? 507.32(17)
M, /g/mol 266.50
Calculated density/g/cm3 3.489
Crystal form, color Needle, black
Crystal size/mm 0.25 x 0.14 x 0.11
Difrfractometer Bruker AXS, APEX SMART CCD
Monochromator Graphite
X-ray radiation/\/A Mo-K , 0.71073
0 range/° 3.12 to 28.14
Index range -7T<h<T7
0<k<14
0<i<11
Absorption correction Multi-scan, TWINABS [109]
Total no. reflections, N, 7124
Independent reflections N 2149
Reflections with I > 20(I), N 1980
Absorption coefficient /p1/mm ™! 8.320
F(000) 516
Refinement method Full matrix least-squares on F2
Weighting Scheme w = 1/[0?(Fo?) + (0.0533P)% + 0.8815P)]
where P = (Fo? + 2F.?)/3
Goodness-on-fit on F? 1.081
Ry (N, N) 0.0378; 0.0411
wRy (N, N) 0.1045; 0.1078

1D-chains as compared with the K3Ni,O, and K,Ni;O4. From the analysis of the
Ni-O bonds in the KNa,Ni,O,, it was not possible to distinguish between 3+ and
2+ oxidation state for the Ni-ions (Table [7.15).

The ! NiO, chains are aligned in a honey-comb lattice of the potassium and
sodium ions, extending along the b-axis (Figure . Up to now date there are
no other reports concerning mixed valent sodium 1D-oxonickelates(IL,IIT). The two
sodium atoms occupy two independent positions where, with coordination number
5, they form square pyramids. The organization and distribution of these pyramids

is presented in Figure [7.24] The potassium ion with the coordination number 6
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Table 7.13.: Atomic coordinates and isotropic displacement parameters / A? for

KNa,Ni, O,.

Atom Site z Yy z Ueq

Nil de 0.2601(1) 0.4174(1) 0.8007(1) 0.0012(1)
Ni2 de 0.2461(1) 0.6666(1) 0.7398(1) 0.0012(1)
K1 de 0.2818(1) 0.3896(1) 0.4542(1) 0.0022(1)
Nal de 0.2193(2) 0.4209(1) 0.8947(2) 0.0017(1)
Na2 de 0.2373(2) 0.2961(1) 0.1226(2) 0.0020(1)
01 4e 0.0655(4) 0.2844(2) 0.8394(3) 0.0016(1)
02 4e 0.4574(4) 0.5422(2) 0.7523(3) 0.0019(1)
03 de 0.0335(4) 0.7906(2) 0.7295(3) 0.0019(1)
04 de 0.0583(4) 0.5510(2) 0.8204(3) 0.0016(1)

Table 7.14.: Anisotropic displacement parameters / A2 £ 10° for KNa,Ni, O,.

Atom U1 Uaz2 Uss Uas Uis Uiz
Nil 13(1) 5(1) 20(1) 0(1) 6(1) 0(1)
Ni2 12(1) 5(1) 20(1) 1(1) 6(1) 1(1)
K1 23(1) 20(1) 22(1) 1(1) 6(1) 1(1)
Nal 16(1) 11(1) 25(1) 0(1) 5(1) o(1)
Na2 20(1) 16(1) 24(1) 0(1) 6(1) -2(1)
01 16(1) 9(1) 25(1) 1(1) 8(1) 1(1)
02 18(1) 9(1) 32(1) 3(1) 10(1) 3(1)
03 16(1) 10(1) 31(1) 3(1) 8(1) 0(1)
04 16(1) 9(1) 26(1) 2(1) 8(1) 2(1)
5

Figure 7.22.: Projections of a (1>ONiO2 chain in KNa,Ni,O,.

forms distorted trigonal prisms, which are connected through the corners and the
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Table 7.15.: Interatomic distances (in pm) and coordination numbers (CN) for KNa,Ni,O,.

0) CN
Ni1-O1 1.885 4
Ni1-02 1.857
Ni1-03 1.859
Ni1-04 1.873
Ni2-0O1 1.881 4
Ni2-02 1.790
Ni2-03 1.794
Ni2-04 1.868
K-01 2.790 6
K-02 2.644
K-02 2.985
K-0O3 2.852
K-0O3 2.858
K-04 2.753
Nal-0O1 2.319 )
Nal-0O2 2.364
Nal-O3 2.337
Nal-0O4 2.308
Nal-O4 2.398
Na2-01 2.319 5)
Na2-02 2.364
Na2-03 2.337
Na2-04 2.308
Na2-04 2.398

edges (Figure [7.25).

7.3.3. Magnetic Measurements

The magnetic data were collected at different strengths of the magnetic field (0.01-

7T), where it was found that the susceptibility is independent of the magnetic field

in the temperature range 30 — 300 K.

The plot of magnetic susceptibility as well as inverse susceptibility is shown in
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Figure 7.24.: Distribution of NaOs square pyramids in the KNayNi,O,.

K
2Na ¢ ¢ ¢ ¢
¢ ¢ _|C C
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Figure 7.25.: Distriubution of KOg prisms in the KNayNi, O,,.

Figure where it can be seen that the susceptibility indicates an antiferromag-
netic transition close to 5 K. The high-temperature (30-300 K) magnetic behavior
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Figure 7.26.: (Upper picture)xy - T and 1/x - T Magnetic susceptibility behavior for
K,;Niz;O4. The Curie-Weiss fit is given with solid line.(Lower picture) Low temperature
magnetic susceptibility at different magnetic field strengths.

can be well evaluated with the Curie Weiss law y = C/(T — ), resulting in a
magnetic moment of u = 1.96 pup and a positive Weiss constant § = 7.65 K. The
magnetic moment is higher than expected for the S = 1/2 spin contribution (1.73
ip), due to orbital contributions. The positive Weiss constant implies the pres-
ence of ferromagnetic Ni-Ni interactions in the system, while the overall coupling is

antiferromagnetic.

The field dependency of the susceptibility is observed at lower temperatures (2-30
K). Figure presents magnetic susceptibilities at different magnetic fields (0.01
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Figure 7.27.: Magnetization as function of magnetic field for KNa,NI,O,.

T,1T,3T).

The long-range magnetic ordering with applied magnetic field can result in a spin
re-orientation which is characteristic for both metamagnetism and spin-flop tran-
sitions. In order to observe how the magnetization is influenced by the magnetic
field, hysteresis curve were measured at temperatures below and above the transition
temperature (Figure [7.27). The low-temperature (2 K) data show linear antiferro-
magnetic behavior until the field reaches the value of ~ 1 T, where the reorientation
of magnetic moments occurs. The obtained hysteresis loop is in good agreement
with the antiferromagnetic to ferromagnetic ordering at 1 T at 2 K. The spin re-
orientation appears in the magnetic hysteresis measurements at temperatures below
the Néel magnetic transition, while it vanishes above the magnetic transition point.
The hysteresis loop exhibits a zero coercive field, which is consistent with the obser-
vation that KNa,Ni, O, orders antiferromagnetically. Above 3 T, the magnetization
linearly increases and reaches almost a constant value of 0.8 ug. This value is in

good agreement with the saturation moment theoretically expected for the low spin

Ni(III) ion.
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Figure 7.28.: Specific heat measurement for KNa,Ni,O,,.

7.3.4. Specific Heat Measurements

In order to see whether a 3d long magnetic ordering take place, low-temperature
specific heat measurements were performed. Figure presents the specific heat
of KNa,Ni,O,, where it can be seen that the magnetic phase transition close ~ 5 K
is characterized by a A\-type anomaly. It can be assumed that the Ni—Ni interaction
within the chain are antiferromagnetically coupled, with an additional ferromagnetic
interchain interaction.

The phonon contribution is negligible at low temperatures, which allows the mag-
netic contribution to the specific heat to be determined experimentally (according
to equation . The entropy change due to the magnetic transition is obtained
to be close to 4.52 J/molK, which is in fair agreement with the theoretical value
RIn(25+1) = 5.76 J/molK, as expected for the S = 1/2 systems.
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8.

Preparation of Solid State Solutions
by the Azide/Nitrate Route

8.1. Preparation of a Li;Ni;_,Cu,0, Solid State

Solution

Li,CuQ, is one of the most frequently studied compounds belonging to the family of
edge-shared spin chain cuprates. One of the main reasons for the many studies on
this class of materials is that these compounds feature ideally planar CuO, chains.
Due to this fact they are considered as good models for a quasi-one-dimensional
frustrated spin system, thus making them appropriate reference systems for high-
T'. superconductors. In almost all quasi-one-dimensional copper chain compounds,
the spins which are localized on Cu?' ions are expected to be coupled along the
chain via nearest neighbor (J,,) ferromagnetic interactions and next-nearest neigh-
bor (J,n,) antiferromagnetic interactions. It is widely accepted that to study such
systems, one-dimensional extendend anisotropic Heisenberg model with ferromag-
netic (FM) nearest neighbor interactions and antiferromagnetic (AF) next-nearest
neighbor one should be used [110]. The FMNN interactions (/,,) strongly depend
on the Cu—O—Cu bond angle. Upon increasing this angle, the AFM superexchange
interactions increases, where consequently J,, changes from FM to AFM inter-
ractions. Due to the induced frustration, FM and spiral in-chain correlations are
competing. Since in the one-dimensional model the ground state is governed by the
ratio « =— J ./ Jnn, the actual three-dimensional model depends on the strengths

of the inter-chain coupling and anisotropy. The magnetic structure of Li,CuO, has
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already been described by earlier neutron diffraction experiments [111], where it was
has been found that the magnetic moments within the CuO, planes are ferromagnet-
ically (FM) ordered, whereas neighboring planes are coupled antiferromagnetically
(AFM) along the c-axis. Ortega et al. [112] observed at temperatures below 2.8
K the appearance of a ferromagnetic component along the direction of the applied
magnetic field.

In order to gain a proper understanding of the quasi-one-dimensional cuprates,
several other system has been extensively studied such as LiCu,0O,, NaCu,O,,
LiCuVO,. In this chapter we report how efficient the azide/nitrate route can be
in the preparation of the LisNi;_,Cu,O, solid state solution. Furthermore, we show
the influence on magnetic properties by introducing the Ni?>* oxidation state in the

Li,CuO, crystal lattice.

8.1.1. Experimental Part

The starting components in the preparation of the LigNi;_,Cu,O, solid solution
were LiN, (Sigma Aldrich, 20 % water solution), LiINO; (Alfa Aesar, 99.98 %) NiO
and CuO. The synthesis of NiO and CuO has been described in the section [4.3.]]
and [4.3.2] respectively. LiN; water solution was left to dry on a sand bath on 338
K and treated further under the vacuum at 1072 (overnight) in the schlenk tube.
The starting mixtures were grounded in agate mortar, in a molar ratio as in the

following reactions:

5LiN, 4 LiNO, + 3Cu0O — 3Li,CuO, (8.1)
5LiN, + LINO, + 2.1Cu0 + 0.9NiO — 3LiyCug7Nig 50, (8.2)
5LiN, + LiNO4 + 1.5Cu0 + 1.5NiO — 3LiyCug sNig 505 (8.3)
5LiN, + LINO, + 0.9CuO + 2.1NiO — 3Li,Cug3Nig705 (8.4)
5LiN, 4 LiNO, + 3NiO — 3Li,NiO, (8.5)
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In each reaction a 5 % molar excess of LiN; and LiNO5 was used. The mixtures
were transferred in specially designed containers with silver inlays, and the following
temperature treatment was applied: 298 — 353 K (100 K/h), 353 — 673 K (5 K/h),
673 — 873 K (20 K/h), and subsequent annealing for 50 h at 873 K.

Additionally, an alternative approach was pursued in the preparation of the
LisNi;_,Cu,O, solid state solution. CuO-NiO precursor mixtures were prepared
by the solution methods in order to secure better mixing of the Ni and Cu content.
Equivalent amounts of Ni(NO,), - 6H,0O (Alfa Aesar, 99.985 %) and Cu(NO,), - xH,O
(Alfa Aesar, 99.99 %) were weighted out (n(Ni)/N(Cu) = 1) and dissolved in H,O.
Afterwards, an equivalent amount of H,C,0, -2 H,O (Chemika, Fluka 99.5 %) was
added to the solution under stirring, and the solution was left to precipitate. The
precipitate was filtered on the Biichner funnel, left to dry and later was treated in
the oxygen stream at 623 K for 20 h. The NiO/CuO precursor obtained was mixed
with LiN; and LiNO, according to equation and treated using the temperature
program mentioned above. The ICP analysis of obtained product revealed that the
molar ratio Cu to Ni in LisNij;_,Cu, Oy Ni: Cu = 0.56 : 0.46 (z = 0.46).

Although the lithium oxonickelates and cuprates are relatively stable in air, at
least for relatively short times, due to safety reasons they were stored under the
argon in glass ampoules. The color of the samples varied from green (Li,NiO,) to
ocher color (Li,CuQO,). The azide-nitrate route was proved as a good method in the
synthesis of Li;Ni;_,Cu,Os (x = 0, 0.3, 0.5, 0.53, 0.7, 1) solid solution.

8.1.2. X-ray Powder Analysis

The phase purity of the powders was examined by the means of powder X-ray
diffraction. A Rietveld plot of the synthesized LisNi;_,Cu, Oy (x = 0.46) is presented
in Figure [.2] where only a small amount of the LiNiO, was present (less than 4
%). The Li,NiO, and Li,CuO, crystallize isostructurally in the orthorhombic space
group Immm (Figure [8.2), and due to the similar ionic radii of Cu** and Ni** ions
they easily tend to form solid solutions. The calculated lattice parameters obtained
from the Rietveld refinement for all the compositions LioNi;_,Cu,Os (x = 0, 0.3,
0.5, 0.7, 1), are plotted as function of the Ni/Cu ratio in Figure [8.3] It can be
seen that increasing of the Cu content in the system leads to an increase of the

lattice parameters b and ¢, while the a parameter decreases. These data are in good
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8. Preparation of Solid State Solutions by the Azide/Nitrate Route

Figure 8.1.: Crystal projection for LisNi,_1Cu,Os.

Intensity / a.u.

Figure 8.2.: X-ray powder diffraction data of LisNips4Cug4602, observed (trian-
gles),theoretical pattern (grey solid line) and difference between experimental and calcu-
lated patterns (underneath line). Bragg positions used to calculate the theoretical pattern

marked by ticks..

agreement with previously published results by Imanishi et.al. [113]. The decrease
of the lattice parameters in the b and ¢ direction is possibly due the lower ion radius

of the Ni?* ion (0.69 A), compared with the Cu®* ion (0.79 A). The Ni** ion having
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8.1. Preparation of a LiyNi;_,Cu, O, Solid State Solution
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Figure 8.3.: Lattice parameters a, b and c, calculated from the Rietveld refinements of
X-ray diffraction powder patterns as a function of the Ni/Cu ratio in LioNi;_,Cu,Os.

an electronic configuration dgrdgz_yg shows a greater tendency to take the square

planar coordination than Cu®* ion (d%-d)._.). The distance along the a-axis
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8. Preparation of Solid State Solutions by the Azide/Nitrate Route

between the chains increases under the stronger effect, and thus Ni?* enrichment

leads to an increase in the a-axis length [113].

8.1.3. Magnetic Measurements

Magnetic susceptibility measurements were performed for all powder samples at
different strengths of the magnetic field (0.1 — 7 T). The magnetic susceptibility of
Li,CuO, suggests antiferromagnetic ordering close to 9.8 K (Figure , and the
evaluation of the Curie-Weiss law resulted in the magnetic moment pu = 2.11 ug
and a Weiss constant close to —47.5 K. These results are in good agreement with the
data reported in the literature [110]. In contrast, all the samples of the following
compositions LioNi;_,Cu,Os (x = 0.3, 0.5, 0.7) exhibit paramagnetic behavior in
the whole temperature range and the hysteresis loop shows linear behavior for all
magnetic field strengths.

The only exception noticed was for Li;Ni;_,Cu,O (with x = 0.46). As can be
seen from Figure the magnetic susceptibility is independent of the magnetic
field strength above ~ 250 K. Below 250 K, the sample exhibits irreversibility be-
tween the FC (field cooled) and ZFC (zero field cooled) magnetic susceptibilities
indicating ferromagnetic behavior. The Curie temperature obtained is close to 210
K, which correponds to the temperature at which dM/dT is maximum. From the
ZFC measurements of the susceptibility at 0.1 T it can be noticed, that small peak
near 200 K is present, while at higher magnetic fields no difference between the ZFC
and FC magnetic susceptibilities is observed.

In addition, hysteresis curves were taken at temperatures below and above the
Curie temperature. At temperatures 5 and 77 K it can be seen that LisNi;_,Cu,O-
(x = 0.53) exhibits similar values for the coercive field (H, = 1300 Oe), while

the remanent magnetization have different values (0.021 emu/mol, 0.032 emu,/mol,
respectively, Figure [8.6)).

8.1.4. Conclusions

The azide nitrate route has proven to be a good tool in the synthesis of Li;Ni;_,Cu, O,
(z= 0.3, 0.5, 0.53, 0.7, 1) solid solutions. The introduction of the Ni** ion into the

Li,CuO, crystal lattice results in an increase of the a lattice parameter, and a de-
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8. Preparation of Solid State Solutions by the Azide/Nitrate Route

crease in the b and ¢ lattice parameters. Susceptibility of the end member of the
family (Li,CuO,) is characterized with antiferromagnetic ordering close to ~ 10 K.
However, the magnetic susceptibilities of the samples of the following composition
LisNi; _,Cu, Oy (x = 0.3, 0.5, 0.7) showed paramagnetic behavior in the whole tem-
perature range (2-298 K). The exception was Lip;Ni;_,Cu, Oy (x = 0.46), showing
ferromagnetic behavior with Curie temperature close to 210 K. A possible expla-
nation on these observations might be different preparation procedure of NiO/CuO
precursor powders. It could be noticed that employing the preparation of highly
homogenous starting mixtures of CuO and NiO, had impact on the magnetic sus-
ceptibility behavior of the final product for following representative (LiaNi;_,Cu,Oo
(x = 0.46).
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9.

Synthesis of Alkaline-Earth Metal
Nickel Oxide

9.1. Synthesis and Thermal Analysis

The starting components in the preparation of barium nickelate were Ba(N,), and
NiO. Ba(N,), was obtained from the reaction between the HN; and BaCO;. NiO was
obtained by the decomposition of Ni(C,0,)-2H,0 at 623 K in the oxygen stream.
Ba(N;), and NiO were thoroughly mixed in an agate mortar according to equation
and afterwards transferred to the specially designed containers [2.2.1]

Ba(N,), + 2NiO — "BaNi,0,” + 3N, (9.1)

The following thermal treatment was applied: 298 — 378 K (100 K/h), 378 —
673 K (5 K/h), 673 — 873 K (100 K/h), and subsequent annealing for 50 h at 873
K.

Thermogravimetrical analysis did not reveal any phase transformation until 1273

K.

9.2. X-ray Powder Diffraction

The X-ray powder pattern contained the new compound and three known admix-
tures: elementary nickel (icsd646087), NiO (icsd76669) and BaNiO, (icsd30660).
The indexing and structure solution were complicated by pseudosymmetry of the

new structure. Indexing was performed using the program Topas4.1 [35] and led to
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9. Synthesis of Alkaline-Earth Metal Nickel Oxide

a primitive cubic unit cell. Determination of the real space group was not trivial,
since several cubic groups were possible: Pn3m and its subgroups P43m, P4,32,
Pn3, P23. All these space groups are non-centrosymmetric, and the lattice trans-
formation matrix between all groups are trivial: unity rotational matrix and zero

origin shift. The group-subgroup relation between these five space groups is shown
on Figure [0.0]

<\ Pn3m >'
/ \

/ Y
Pi3m

Pn3

P4932

wf; ;-
\____ S

Figure 9.1.: Group-subgroup ralation between space group Pn3m and its subgroups P43m,
P4532, Pn3, P23.

The new structure was solved in four space groups Pndm, P43m, P4,32, and
Pn3 from available powder data and resulted in the chemical formula BagyNiy,Og,
(equivalently, BaNij 75019375, or Ba;4Ni;,O4,) and was subsequently validated by
Rietveld refinement with refined atomic positions. At first, the structure was solved
by simulated annealing using the program Topas 4.1 [114,]115]. Furthermore, almost
all atoms in the structure (except positions of O4 and O5) were found ab-initio by
the charge flipping method [116,,/117] as implemented in Topas [118] and completed
by simulated annealing. The presence of two oxygen atoms O4 and O5 with small
occupancy of position was confirmed also by calculation of Fourier maps using Topas
4.1: both oxygen atoms O4 and O5 were removed from the structure, the Fourier
map, based on the Rietveld refinement without these two atoms, clearly revealed
both of them to be present in the structure.

Although the structure is indistinguishable in all space groups Pn3m, P43m,
P4,32, Pn3 and P23 careful consideration of the chemical and crystallographical

aspects of the structure revealed the space group P4,32 as the most probable true
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9.2. X-ray Powder Diffraction

space group. This conclusion is based on the chemical and crystallographic analysis
of the results of structure solution in all five space groups. Especially based on the
analysis of six membered Ni-based rings NigO,, (Figure [0.3).

The structure of Ba;4Ni;5Os; in the high-symmetrical space group Pn3m should
be considered as a pseudosymmetrical structure. In this structure there is only
one crystallographically independent position for the Ni atom. The charge balance
cannot be fulfilled neither by assuming that the nickel atom has a valence charge
2+, nor by assuming that the nickel atom has a valence charge 3+. The only one
possibility to fulfill the charge balance is to suggest the alternation of Ni** and
Ni** atoms in the 6-membered Ni-rings. In this case the structure in space group
Pn3m is a pseudosymmetrical structure, where we ignore the difference in the bond
lengths between Ni** — O and Ni**— O. Such small differences in distances are
usually impossible to refine from powder data, and often the pseudosymmetrical
space groups are considered as true space groups. In the space groups P43m and
Pn3, the structure has also only one crystallographycally independent position for
the Ni atom, and this two space groups also should be rejected. Additionally, all
Wyckoff positions of the space group Pn3, are the special positions in the space
group Pn3m. As a result, all atoms in the structure of Ba,4Ni;;O5, occupy the
same position in both space groups Pn3m and Pn3, and the transformation of the
structure between these two space groups is trivial.

Two crystallographically independent positions for the Ni atom, allowing the al-
ternation of Ni?* and Ni** atoms in the 6-membered Ni-rings, were found only in
space group P4,32 and its subgroup P23. The presence of both Ni*™ and Ni**
atoms confirmed the right charge balance in the structure of Ba,3Ni;;O5,. The un-
constrained Rietveld refinement fully validates the structure solution of Ba,4Ni;,O4;
in space group P43m.

The space group P23 is a subgroup of P4,32, and the transformation of the
structure of Ba;4Ni;,O4, from space group P4,32 to space group P23 results in
the splitting of both Wyckoff positions 24m and 8¢ occupied by Ba atoms, two
positions of oxygen atoms 24m from planar coordination of Ni atoms, and two other
oxygen positions with Wyckoff symbols 8¢ and 2a. The unconstrained Rietveld
refinement of this model is not possible due to the big parameter/data ratio. Using
the new solved structure in the space group P4,32, it was possible to carry out the

quantitative phase analysis of the synthesized powder (25 % Ni, 7 % BaNiO,, 5 %
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9. Synthesis of Alkaline-Earth Metal Nickel Oxide

NiO, 63 % new compound). The results obtained from Rietveld refinemet are shown
in Tables 0.2) and the Rietveld plot is given in Figure [0.2l The calculated

distances as well as coordination numbers are given in Table [0.3]

o experimental
theoretical

difference

I Bragg peaks

Intensity / a.u.

T T T T T T T
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20/°

Figure 9.2.: X-ray powder diffraction data of Ba,3Ni;,O5,, observed (triangles),theoretical
pattern (grey solid line) and difference between experimental and calculated patterns (un-
derneath line). Bragg positions used to calculate the theoretical pattern marked by ticks.

Table 9.1.: Crystallographic data for Ba,4Ni;,O3; obtained from Rietveld refinement.

Space Group, Z P45,32, 2
Temperature/K 120(5)

Cell parameters/A a = 12.4899(3)
Cell Volume/A3 1948.4(1)
Molar mass/g/mol 6794.95
Absorption coefficient/;/mm~!  Crystal 5.7910(3)
density/g/cm?

Wavelength /A CuK a1, A = 1.540598
Range data collection (26/° 4-45
RBragg/% 2.52

R,/% 3.74

Ryp/% 4.99
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9.2. X-ray Powder Diffraction

Table 9.2.: Atomic coordinates and isotropic displacement parameters / A% for

Ba;gNi;5Og;.
Atom Site x Yy z Ueq
Bal 8¢ 0.8512(1)  0.1488(1)  0.1488(1)  0.66(5)
Ba2 24m 0.3518(1)  0.107(4) 0.107(4) 0.77(4)
Nil 12k 0.607(4) 0.25 0.107(4) 0.47(8)
Ni2 121 0.75 0.394(4) 0.106(4) 0.47(8)
01 4b 1/4 1/4 1/4 2.98(9)
02 24m 0.489(1) 0.78(2) -0.78(2) 1.7(3)
03 24m 0.097(7) -0.6199(9) 0.897(7) 1.7(3)
04 8¢ 0.1244(8)  0.1244(8)  0.1244(8)  3.7(8)
05 2a 0 0 0 4(2)
Table 9.3.: Selected bond lenghts/A Ba 4Ni ,0,;.

Atom O CN
Bal 2.883 10

3.025

3.219

3.445
Ba2 2.562 8

2.637

2.755

2.765

2.821

2.829

2.850

3.346
Nil 1.859 4

1.899
Ni2 1.893 4

1.930
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9. Synthesis of Alkaline-Earth Metal Nickel Oxide

9.3. Crystal structure description

As discussed in the previous section, the correct solution of the structure of
Ba,4Ni;,O4, was validated by Rietveld refinement in the space group P4,32. Only
this structural model will be discussed further. The projection of the crystal struc-
ture of the new Ba;4Ni;,O4 compound is presented in Figure [9.3] where it can be
seen that the essential feature of the structure are isolated NigO,,-rings composed
from the six NiO, units. The unit cell contains 4 of these NizO,,rings. Because
of the way how these units are connected as well as due to the alternating oxi-
dation state of nickel (42 and +3), the NiO, units are distorted from their usual
square plane arrangement. The Ba?' jons exhibit increased values of coordination
numbers (CN = 10 and 8) compared to BaO. Similar building units were found in
NaBa,Ni;Og [119], where Ni atoms also present in two different oxidation state 2+
and 3+. Analogous CuyO,,-rings were also found in [119-122] with Cu atoms in
two different oxidation states 2+ and 3+. Also PdO,,-rings in CaBa,Pd;O

with Pd atoms in two oxidation states 2+ and 3+ are known.

Figure 9.3.: Crystal structure of Ba,4Ni;,O5; presented in different directions.

9.4. Conclusions

Employing the Ba(N,), in the synthesis of ternary metal oxides has proved to be

an efficient tool in discovery of new Ba,4Ni;,O3;, exhibiting new crystal structure.
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9.4. Conclusions

Essential structural feature of Ba,4Ni;,O3; are unusual NigO,,-rings composed from

six NiO, units.
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10.

Summary

During this PhD thesis, azide/nitrate route has been confirmed to be an efficient
tool in the synthesis of alkali-metal oxometalates. As a particularly beneficial fea-
ture, azide/nitrate route enables to approach such metastable oxometalates, which
are not in reach via classical oxide-acid-base reactions. Especially, with this method
it was possible to synthesize new ternary oxides containing low valences and un-
common coordination numbers (CN) of the respective alkali ions (K, Rb, Cs) and
transition metal (Ni). Most significantly, this method allows to precisely fix the oxy-
gen content of the target compound, and thus the valence state of transition metal,
by the starting azide/nitrate ratio. Along this approach, we have been able to
synthesize two families of low dimensional, intrinsically doped oxocuprates(I1/III)
and oxonickelates(IT/IIT). In addition, the influence of the kind of alkalimetal on
the secondary structure as well as physical properties of the one dimensional poly-
oxometalate anion was examined. Also, introduction of the alkaline earth metal
azides in the azide/nitrate route has resulted in a the new phase displaying unusual

structural features.

In agreement with previously published results, the K3NiO, crystal structure at
room temperature has been found to posses the tetragonal unit cell with lattice
constants a = 6.0337(1) A, ¢ = 14.0623(1) A, and space group P4,2,2. Essen-
tial feature of the structure are isolated [NiO,]|>~ units. The crystal structure is
characterized by unusual low coordination numbers, not just of nickel (2) but also

for potassium as well (2 and 4). One of potassium ions exhibit increased values of
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10. Summary

ADP (Uss and Ujs). Temperature dependent single crystal analysis revealed that
the observed anisotropic displacement parameters are strongly temperature depen-
dent. The plot of principal mean square atomic displacement parameters shows that
the Ummin, Umed, Umaz values are considerably reduced and quite uniform at 50 K,
which implies that it comes to a dynamic type of disorder in the structure. Ini-
tial refinement in the space group P4;2;2 resulted in a Flack parameter of 0.53(5),
implying the presence of a racemic twin (P4,2,2/P432,2)) with approximately the

same portion of both enantiomorphic forms.

B-K;NiO,

For K;NiQO, a reversible structural phase transition occurs close to 400 K, as con-
firmed by temperature dependent X-ray powder and single crystal analysis. Single
crystal X-ray analysis at 500 K has shown that the high temperature modification
crystallizes in the P4,/mnm space group (Z = 2, a = 6.0436(1) A, ¢ = 7.1485(2))
Phase transition to f-K;NiO, is not accompanied in big changes in the local struc-
ture where the volume discontinuity and coexistence of both phases (hysteresis)
point to a first order phase transition. The structural relationship within the A;NiO,
family is analyzed and displayed as a Barnighausen tree. Magnetic susceptibility
indicates paramagnetic behavior in the whole temperature range (60-300K) where
evaluation of the Curie-Weiss law resulted in a magnetic moment of y = 2.22 upg
(0 = -14.4(6) K). Inverse magnetic susceptibility curves of K;NiO, exhibit a slight
shift in the 370 und 400 K temperature range, which corresponds to the a —

phase transition.

New Rb;NiO, was synthesized from RbN;, RbNO; and NiO as precursors. The
crystal structure of Rb;NiO, was solved and refined by X-ray powder methods. The
room temperature form was found to be isostructural to a-K3NiO, (P4,2,2, Z = 4,
a = 6.2651(2) A, b = 14.7438(3) A; R,,= 6.30%). Crystal structure is composed
from almost linear NiO, dumbbells [NiO,|>~ units. Rb2 ion is positioned between
two [NiO,]*~ units leading to the formation of infinite [-Ni-O-Rb2-O-Ni-] linear
chains, where the (O-Rb2-0O) angle of 165.1(2)° leaves Rb2 slightly shifted off the
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linear chain.

3-Rb,;NiO,

Temperature-dependent X-ray powder analysis of Rb;NiO, revealed that at ~ 390 K
Rb4NiO,, exhibits a phase transition from the lower symmetry space group P4;2,2 to
the higher symmetric space group P4y /mnm (Z = 2, a = 6.2750(2) A, b = 7.5088(3)
A; Ryp = 7.85 %). Phase transformation to the high temperature modification §-
Rb3NiO, is generating totally linear [-Ni-O-Rb2-O-Ni-] chains (/ O-Rb2-O =
180 °). The phase transition monitored complies with the expectations according to
the groupe-subgroup relations reported for K;NiO,. Magnetic susceptibility exhibit
paramagnetic behavior in the whole temperature range (60-300K) where evaluation
of the Curie-Weis law resulted in a magnetic moment of y = 2.19 pup (0 = -14.0(4)
K). Inverse magnetic susceptibility curves of Rb;NiO, exhibit a slight shift in the
370-400 K temperature range, which corresponds to the o — [ phase transition.

Cs;NiO,

Cs3NiO, was synthesized for the first time from stoichiometric ratio of starting ma-
terials (CsNj, CsNO; and NiO) at 723 K for 30 h. Rietveld refinement of Cs3NiO,
at room temperature data showed it to be isostructural to S—K3;NiO, (P4y/mnm,
7 =2, a=06.4336(3)A ¢ = 8.0844(4) A, R,, = 5.21 %)) Temperature dependent
X-ray powder measurements of Cs;NiO, were performed up to 433 K. However, not
any hint for change in the phase composition was obtained. Magnetic susceptibility
indicates paramagnetic behavior in the whole temperature range, where its evalua-
tion according to Curie-Weiss law lead to calculated magnetic moments of y = 2.15
up (0 =-30.5(1.5) K)

Cs,NiO,

Single crystals as well as microcrystalline powders of Cs,NiO,, were obtained via the
azide/nitrate route from appropriate mixtures of CsN;, CsNO; and NiO. The single-
crystal structural analysis confirmed that Cs,NiO, crystallizes in the tetragonal
space group I4/mmm (Z = 2, a = 4.4090(3), ¢ = 13.576(3) A, R, = 0.036, wR,
= 0.093). Above 45 K, Cs,NiO, is paramagnetic and an analysis based on the
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10. Summary

Curie-Weiss law has resulted in p = 2.89 pup paramagnetic unit, § = -30.8 K where
Cs,NiO, orders antiferromagnetically at Ty = 20 K.

K;Cu,0,

Single crystals of new K;Cu,O, were prepared by the azide/nitrate route from re-
spective stoichiometric mixtures of KN5, KNO4 and CuO, at 923 K, whereas powder
samples were synthesised by solid state reaction of K,O, KCuO, and CuO, sealed
in gold ampoules and treated at 723 K. According to the single crystal structure
analysis (Cmem, Z = 4, a = 6.1234(1), b = 8.9826(2), ¢ = 10.8620(2) A, R, =
0.044, Ry = 0.107), the main structural feature are undulating ! CuO, chains built
up from planar, edge sharing CuO, square units. From an analysis of the CuO bond
lengths, the valence state of either +2 or 4+3 can be unambiguously assigned to each
copper atom. The magnetic susceptibilities show the dominance of antiferromag-
netic (AFM) interactions. At high temperatures, the magnetic behaviour can be
fitted with the CurieWeiss law (u = 1.84 up , 6 = —105 K). The experimental data
can be very well described by a uniform Heisenberg chain with a nearest-neighbour
spin intrachain interaction (J,,) of ~ 101 K. Specific heat measurement did not

revealed any long range 3d-magnetic ordering.

K,Ni,O,

Single crystals as well as phase pure powders of the new K,Ni;O4 were obtained in a
two step synthesis. First part includes preparation of K;Ni,O, from stoichiometric
mixture of KNy, KNO,; and CuO, which were treated at 873 K in an argon stream.
Second part includes the treatment of the obtained K;Ni,O, in oxygen stream at
873 K. Single crystal analysis revealed that K,Ni;O, crystallizes monoclinic in the
space group C2/m (Z = 2; a = 8.9933(14)A, b = 6.1010(10) A, ¢ = 7.7910(13) A,
B = 91.660(2) ° Ry = 0.0304, Ry = 0.0877). The essential feature of the structure
are undulating ! NiO, chains, aligned in a honey-comb lattice of potassium ions.
Magnetic susceptibility indicates paramagnetic behavior with an antiferromagnetic
ordering close to 5 K. Evaluation using the Curie-Weiss law resulted in p = 2.09
g, and a Weiss constant 8 = — 29.5 K, indicating antiferromagnetic interactions.

Specific heat measurements revealed that 3d long range magnetic ordering takes
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place close to ~ 5 K, as characterized by a A-type anomaly.

KNa,Ni,0,

The starting materials used for the preparation of the new KNa,Ni,O, were NaNj,
KN;, NaNO;, KNO4 and NiO. The single crystal analysis of KNa,Ni,O, revealed
that it crystallizes in a monoclinic P2n space group (Z = 4, a = 5.7381(11) b =
10.731(2) A, ¢ = 8.4526(17) A, B = 102.910(3)°, R, = 0.0411, R, = 0.1078), and
its essential structural feature are, like in K,;Ni;Og, one-dimensional 1 NiO, chains,
formed by NiO, square plaquettes. Antiferomagnetic ordering was monitored to
order close to 5 K. The high-temperature (30-300 K) magnetic behavior can be well
evaluated using the Curie-Weiss law x = C'/(T — ), resulting in a magnetic moment
of p = 1.96 up and a positive Weiss constant § = 7.65 K. The magnetic moment
is higher than expected for a S = 1/2 spin contribution (1.73 ug), due to orbital
contributions. The positive Weiss constant implies the presence of ferromagnetic
Ni—Ni interactions in the system, while the overall coupling is antiferromagnetic.
Specific heat measurement revealed that the magnetic phase transition close to ~ 5

K is characterized by a A-type anomaly.

LiQNil,wCuxOQ

The azide/nitrate route has proven to be an efficient tool in the synthesis of
LisNi;_,Cu,Os (z =0, 0.3, 0.5, 0.7, 1) solid state solution. Magnetic susceptibility
of the end member of the family (Li,CuO,) is characterized by antiferromagnetic
behavior. Evaluation of the Curie-Weiss law resulted in the magnetic moment p =
2.11 pp and a Weiss constant close to —47.5 K. These results are in good agreement
with the data reported in the literature. In contrast, all the samples of the following
compositions LisNi;_,Cu, O, (x = 0.3, 0.5, 0.7) exhibit paramagnetic behavior in
the whole temperature range and the hysteresis loop shows linear behavior for all
magnetic field strengths. The only exception noticed was for LisNi;_,Cu, Oy (with
x = 0.46). The magnetic susceptibility is independent of the magnetic field strength
above ~ 250 K. Below 250 K, the sample exhibits FC and ZFC splitting of the
magnetic susceptibilities indicating ferromagnetic behavior. Hysteresis curves were

taken at temperatures below and above the Curie temperature. At temperatures
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5 and 77 K it can be seen that LisNi;_,Cu,Os (x = 0.53) shows similar values for
the coercive field (H. = 1300 Oe), while the remanent magnetization have different

values (0.021 emu,/mol, 0.032 emu/mol, respectively).

Ba;sNi;;, 05,

The starting components in the preparation of barium nickelate Ba,4Ni;,O4, were
Ba(N,;), and NiO. The product nickelate where the respective nickelate was obtained
after thermal treatment at 873 K. Thermogravimetrical analysis of the as obtained
product did not reveal any phase transformation until 1273 K. The structure was
solved from X-ray powder data by simulated annealing using the program Topas 4.1.,
and refined by the Rietveld procedure in space group P4532 (Z = 2, a = 12.4899(3),
Rup = 4.99 %). Essential feature of the structure are isolated six member NigO,
rings composed from NiO, plaquettes, where the Ba ion also build unusual polyhedra
in the structure (CN = 8 and 10).
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11.

Zusammenfassung

Im Rahmen der vorliegenden Dissertation wurde gezeigt, dass die Azid-Nitrat-
Route ein effizientes Werkzeug zur Synthese von Alkalimetal-oxometallaten darstellt.
Ein besonders herauszustellender Vorteil dieser Methode ist die moglich gewor-
dene Synthese metastabiler Oxometallate welche nicht durch die klassische Oxid-
Saure-Base-Reaktion hergestellt werden konnen. So war es moglich neue ternare
Oxide, mit ungewohnlicher Koordinationszahl (CN) der Alkali- (K, Rb, Cs) sowie
der Ubergangs-metalle (Ni und Cu) und ungewohnlich niedriger Oxidationszahl des
Nickels, darzuste-llen. Das Bedeutsame dieser Methode stellt vor allem die genaue
Einstellung des Sauerstoffgehalts und somit der Oxidationszahl des Ubergangsmet-
alls, tiber das Verhéltnis von Azid zu Nitrat, in der Zielverbindung dar. An-
hand dieses Vorgehens war es uns moglich zwei Klassen niederdimensonaler, intrin-
sisch dotierter Oxocuprate (II/III) und -nickelate (II/III) darzustellen. Zusitzlich
wurde der Einfluss des jeweiligen Alkalimetalls auf die Sekundarstruktur wie auch
die physikalischen Eigenschaften des eindimensionalen Polyoxometallatanions unter-
sucht. Ebenso fiihrte die Verwendung von Erdalkalimetallaziden in der Azid-Nitrat-

Route zu einer neuen Phase mit ungewohnlichen strukturellen Eigenheiten.

In ﬂbereinstimmung mit den zuvor publizierten Ergebnissen kristallisiert K;NiO, in
der tetragonalen Raumgruppe P4,2,2, mit den Gitterkonstanten a = 6.0337(1) A,
¢ = 14.0623(1) A. Im Wesentlichen besteht die Struktur aus isolierten [NiO,)*~
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11. Zusammenfassung

Einheiten. Charakteristisch fiir die Kristallstruktur sind ungewohnlich niedrige
Koordinationszahlen, nicht nur von Nickel (CN = 2), sondern auch von Kaliums
(CN = 2 und 4). Ein Kaliumkation zeigt erhohte anisotrope Auslenkungsparame-
ter. Temperaturabhéngige Messungen am Einkristall bewiesen, dass die Auslenkung
stark temperaturabhéingig ist. Die Auftragung des einfachen mittleren quadratis-
chen Fehlers der atomaren Auslenkungspara-meter zeigt bei 50 K einen deutlich re-
duzierten und gleichméafligen Wert von Ui, Umed, Umaz Welcher darauf schlieen
lasst, dass es zu einer dynamischen Fehlordnung innerhalb der Struktur kommt.
Anfangliche Verfeinerung in der Raumgruppe P4,2,2 resultierte in einem Flack-
Parameter von 0.53(5), welcher die Anwesenheit einer racemischen Verzwillingung
(P41212/P432,2)) mit annéhernd gleichen Anteilen beider enantiomorphen Formen

impliziert.

5-K,NiO,

Fiir K5;NiO, konnte, durch temperaturabhangige Pulver- und Einkristallmessungen
belegt, eine reversible Phasenumwandlung bei 400 K beobachtet werden. Messun-
gen an Einkristallen bei 500 K haben gezeigt, dass die Hochtemperaturphase in
der Raumgruppe P4,/mnm kristallisiert (Z = 2, a = 6.0436(1) A, ¢ = 7.1485(2))
ist. Die Phasenumwandlung zu S-K3;NiO, geht nicht mit einer grofien Anderungen
der lokalen Struktur einher, wobei die Diskontinuitidt des Volumen und Koexis-
tenz beider Phasen (Hysterese) auf einen Ubergang erster Ordnung hindeuten. Die
strukturelle Verwandtschaft zur Klasse der A;NiO, wurde analysiert und als Barn-
inghausendiagramm dargestellt. Messung der magnetischen Suszeptibilitt deutet
auf paramagnetisches Verhalten im gesamten Temperaturbereich (60 — 300 K), die
Auswertung mit Hilfe des Gesetzes von Curie-Weiss resultiert in einem magnetischen
Moment von p = 2.22 pup (0 = -14.4(6) K). Die leichte Verschiebung der inversen
magnetischen Suszeptibilitat zwischen 370 und 400 K kann der Phasenumwandlung

von a-K43NiO, in -K3NiO, zugeschrieben werden.

Das neue RbsNiO, wurde aus den Vorlaufern RbN;, RbNO3; und NiO dargestellt.
Die Kristallstruktur des Rb;NiO, wurde durch Pulvermethoden gelést und verfein-
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ert. Die Raumtemperaturform ist isostrukturell zur a-K4NiO, Phase (P4,2,2, Z
=4, a = 6.2651(2) A, b = 14.7438(3) A; R,,= 6.30%). Die Struktur ist aus na-
hezu linearen [NiO,]*~ Hanteln aufgebaut. Ein Rubidiumkation (Rb2) befindet sich
zwischen zwei [NiO,]?>~ Einheiten. Dies fithrt zu einer unendlichen linearen Kette
[-Ni-O-Rb2-O-Ni-|, wobei der (O-Rb2-O) Winkel 165.1(2)° betrigt, weshalb das
Rb2 ein wenig auflerhalb der Ebene der linearen Kette liegt.

3-Rb,NiO,

Durch temperaturabhangige Pulvermessungen des Rb;NiO, konnte gezeigt wer-
den, dass die Phasenumwandlung bei 390 K von der Raumgruppe P4;2:2 mit
geringer Symmetrie zur hoher symmetrischen Raumgruppe Pds/mnm (Z = 2, a
= 6.2750(2) A, b = 7.5088(3) A; R,, = 7.85 %) fiihrt. Die Umwandlung zur
f—Rb3NiO, Hochtemperaturphase erzeugt vollstdndig lineare [-Ni-O—Rb2-O-Ni-]
Ketten. Die Phasenumwandlung folgt den Voraussagen die bereits auf Grund der
Gruppe-Untergruppe-Beziehung fir K;NiO, dargestellt wurde. Die magnetische
Suszeptibilitat zeigt paramagnetisches Verhalten im gesamtem Temperaturbereich
(60 — 300 K), die Auswertung mit Hilfe des Gesetzes von Curie-Weiss resultiert in
einem magnetischen Moment von p = 2.19 up (0 = -14.0(4) K). Die leichte Ver-
schiebung der inversen magnetischen Suszeptibilitat zwischen 370 — 400 K kann der

Phasenumwandlung von o — [ zugeschrieben werden.

Cs,;NiO,

Cs3NiO, wurde im Rahmen dieser Dissertation erstmals aus einem stochiometrischen
Gemenge der Edukte CsN;, CsNO; and NiO bei 723 K dargestellt. Rietveld Ver-
feinerung an Raumtemperaturdaten zeigt, dass Cs;NiO, als isostrukturell zu -
K;NiO, (Pdy/mnm, 7Z = 2, a = 6.4336(3)A ¢ = 8.0844(4) A, R,, = 5.21 %)) ist.
Temperaturabhangige Rontgenmessungen am Pulver wurden bis 433 K durchgefiihrt.
Jedoch wurde kein Hinweis fiir eine Phasenumwandlung gefunden. Die magnetische
Suszeptibilitat zeigt paramagnetisches Verhalten im gesamtem Temperaturbereich
an, die Auswertung mit Hilfe des Gesetzes von Curie-Weiss fithrt zu einem mag-
netischen Moment von p = 2.15 ug (6 = —-30.5(1.5) K).
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11. Zusammenfassung

Cs,NiO,

Messungen von Einkristallen wie auch am mikrokristallinem Pulver konnte von
Cs,NiO,, das durch adaquate Mischungen von CsNy, CsNO; und NiO ber die Azid-
Nitrat-Route dargestellt wurde, durchgefiihrt werden. Die Einkristallstrukturanal-
yse bestétigt, dass Cs,NiO, in der tetragonalen Raumgruppe I4/mmm (Z = 2, a =
4.4090(3), ¢ = 13.576(3) A, Ry = 0.036, wRy = 0.093) kristallisiert. Uber 45 K zeigt
Cs,NiO, Paramagnetismus und die Analyse basierend auf dem Curie-Weiss Gesetz
resultiert in einem magnetischen Moment von p = 2.89 pup und 6 = -30.8 K. Bei

Ty = 20 K liegt eine antiferromagnetische Ordnung des Cs,NiO, vor.

K;Cu,0,

Einkristalle des neuen K;Cu,O, konnten iiber die Azid-Nitrat-Route aus stochio-
metrischen Mischungen von KN;, KNO; und CuO, bei 923 K erhalten werden.
Pulverproben wurden durch Festkorperreaktion von K,0O, KCuO, und CuO, in ver-
schlossenen Goldampullen, bei 723 K dargestellt. Die Einkristallanalyse (Cmem, Z
= 4, a = 6.1234(1), b = 8.9826(2), ¢ = 10.8620(2) A, R, = 0.044, R, = 0.107)
zeigt, dass das Hauptstrukturelement aus gewellten ! CuO, Ketten, aufgebaut aus
quadratisch-planaren, kantenverkniipften CuO, Einheiten, besteht. Durch die Anal-
yse der Cu-O Bindungslinge konnte der Oxidationszustand jedes Kupferatomes
(II/III) eindeutig zugeordnet werden. Die magnetischen Messungen zeigen das
Vorliegen von antiferromagnetischen Kopplungen. Bei hohen Temperaturen kann
das magnetische Verhalten dem Curie-Weiss Gesetz (¢ = 1.84up , 6 = 105 K)
angepasst werden. Die experimentellen Daten konnen sehr gut iiber eine gleich-
formige Heisenbergkette, mit nachstliegender Nachbar-Spin-Intraketten Wechsel-
wirkung (¢ = 1.84up mit Weiss-Konstante § = —105 K) beschrieben werden. Mes-

sungen der spezifischen Warme offenbarte keine magnetische 3d Fernordung.

K,Ni,O,

Einkristalle wie auch phasenreines Pulver des neuen K,Ni;O4 wurde durch eine
zweistufige Synthese erhalten. Zuerst wurde K;Ni, O, aus einer stochiometrischen
Mischung aus KN;, KNO; und CuO bei 873 K im Argonstrom erhalten. Im An-
schluss wurden Einkristalle des K3Ni,O, in Sauerstoffstrom bei 873 K behandelt.
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Messungen am Einkristall offenbarte, dass K,Ni;O, in der monoklinen Raumgruppe
C2/m (Z = 2; a = 8.993(2)A, b = 6.101(1) A, ¢ = 7.791(1) A, B = 91.660(2)°
Ry = 0.0304, Ry = 0.0877) kristallisiert. Das Hauptstrukturelement besteht aus
gewellten ! NiO, Ketten die sich in einem honigwabenartigen Gitter, bestehend
aus Kaliumkationen, befinden. Messungen der magnetischen Suszeptibilitit lassen
auf Paramagnetismus schliefen mit antiferromagnetischer Ordnung nahe 5 K. Die
auswertung mit Hilfe des Curie-Weiss-Gesetzes zeigen ein magnetisches Moment von
@ = 2.09 pup und einer Weiss-Konstante § = — 29.5 K, die auf antiferromagnetis-
ches Verhalten schlieflen lassen. Messungen der Spezifischen Warme lassen auf eine
magnetische Fernordnung bei ~ 5 K schlielen, die als A-artige Anomalie klassifiziert

werden konnte.

KNa,Ni,0,

Als Ausgangsmaterialien fiir die Synthese des neuen KNa,Ni,O, wurde NaN;, KN,
NaNO,;, KNO; und NiO verwendet. Einkristallanalyse des KNa,Ni,O, offenbarte,
dass die Verbindung in der monoklinen Raumgruppe P2;/n Z = 4, a = 5.738(1)
b = 10.731(2) A, ¢ = 8.453(2) A, 8 = 102.910(3)°, R, = 0.0411, Ry = 0.1078)
kristallisiert, und das Hauptstrukturmerkmal, wie in K,Ni;Og, eindimensionale ! NiO,
Ketten, die aus quadratisch-planaren NiO, Einheiten bestehen, darstellt. Das Ver-
halten der magnetische Suszeptibilitat weist eine antiferromagnetische Ordnung
nahe 5 K auf. Das magnetische Verhalten bei hoherer Temperatur (30 — 300 K)
kann gut mit dem Curie-Weiss-Gesetz x = C'/(T — 0) ausgewertet werden, es resul-
tiert ein magnetisches Moment von p = 1.96 pp mit einer positiven Weisskonstante
von # = 7.65 K. Das magnetische Moment ist hoher als der erwartete Beitrag eines
Systems mit Spin S =1/2 (1.73 pp), dies ist auf Bahnmoment zuriickzufiihren.
Die positive Weisskonstante impliziert das Vorhandensein von ferromagnetischer
Ni-Ni Wechselwirkung innerhalb des Systems, obwohl die insgesamt resultierende
Kopplung antiferromagnetischer Natur ist. Messungen der spezifischen Warme legen
nahe, dass der magnetische Phasentibergang bei ca. ~ 5 K ein Kennzeichen einer

A-artige Anomalie ist.
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11. Zusammenfassung

LigNi1_$Cu102

Die Azid-Nitrat-Route hat sich auch als Methode zur Darstellung von festen Losun-
gen wie LisNij;_,Cu,Oy (z = 0, 0.3, 0.5, 0.7, 1) bewéhrt. Die magnetische Suszep-
tibilitdt des Schlussgliedes der Klasse (Li,CuQO,) ist gekennzeichnet durch antifer-
romagnetisches Verhalten. Auswertung des Curie-Weiss-Gesetzes endet in einem
magnetischen Moment von p = 2.11 pp und eine Weiss-Konstante nahe —47.5 K.
Dies ist in guter Ubereinstimmung mit den in der Literatur berichteten Werten.
Im Gegensatz dazu zeigen alle Verbindungen der folgenden Zusammensetzungen
LisNij;_,Cu, Oy (x = 0.3, 0.5, 0.7) paramagnetisches Verhalten im gesamten Tem-
peraturbereich. Die Hystereseschleife weist lineares Verhalten bei allen magnetis-
chen Feldstérken auf. Die einzige Ausnahme zeigte LioNi;_,Cu,Os (with x = 0.46).
Uber ~ 250 K ist die magnetische Suszeptibiltit unabhéngig von der angelegten
Feldstarke. Unterhalb 250 K zeigt die Probe Irreversibilitat zwischen der magnetis-
chen FC und ZFC Suszeptibilitat, dies impliziert ferromagnetisches Verhalten. Bei
Temperaturen zwischen 5 und 77 K werden fiir LisNi;_,Cu,Oy (x = 0.53) gleiche
Werte bei eingeschranktem Feld (H. = 1300 Oe) beobachtet, da die zuriickbleibende

Magnetisierung verschiedene Werte annimmt (0.021 emu/mol, 0.032 emu/mol).

Ba;sNi;;, 05,

Als Edukte fiir die Synthese des Bariumnickelates Ba,;Ni;,O4; wurde Ba(N,), und
NiO eingesetzt, wobei das Nickelat nach thermischer Behandlung bei 873 K erhal-
ten wurde. Thermogravimetrische Analyse zeigte keine Phasenumwandlung unter-
halb 1273 K. Die Struktur wurde mittels Simulation mit dem Programm Topas 4.1
gelost. Die Strukturlosung des Ba,4Ni;,O5; wurde mittels Rietveldverfeinerung in
der Raumgruppe P4532 (Z = 2, a = 12.4899(3), Ry, = 4.99 %) bestétigt. Haupt-
strukturmerkmal stellen isolierte sechsgliedrige NigO,,~Ringe bestehend aus NiO,
Untereinheiten dar, wobei die Bariumkationen ein ungewohnliche Polyeder in der
Struktur ausbilden (CN = 8 und 10).
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