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Abstract
Non-centrosymmetry and low-dimensional arrangements, e.g. chains or layers, are very attractive structural characteristics
of crystalline compounds since they are linked to some physical properties including nonlinear optical activity,
ferroelectricity and magnetic frustration. The insertion of a lone-pair cation, equipped with a stereochemically active
electron pair into a compound may increase its structural variety and induce the aforementioned characteristics.

In this thesis some novel oxide and oxohalide compounds are described. They contain a transition metal and also a p-
element lone-pair cation. Relevant synthesis details, crystal structure and physical properties of the compounds will be
presented.

Chemical systems containing iodate ions and either Cu2+ or Sc3+ have been explored in an effort to find new non-
centrosymmetric compounds. The compounds contain also K+ due to its tendency to form highly coordinated asymmetric
units. The new iodates are KCu(IO3)3 and the non-centrosymmetric compounds K3Sc(IO3)6 and KSc(IO3)3Cl.

Only a few oxofluoride compounds that contain lone-pair cations have been reported in the literature, mainly due to
synthetic difficulties. In this work new oxofluoride compounds containing the transition metals Cu2+, Co2+, or Sc3+ and
the lone pair cations Bi3+ or Se4+ have been synthesized, where the transition metal octahedra form low-dimensional
arrangements in form of chains or layers. The electronegative F ̶ anions behave like O2 ̶  and bridge in between different
building blocks. The new oxofluorides are Cu2SeO3F2, CoBi2O2F4 and ScBi2O3F3. The first is a framework-like compound
and the latter two are layered and belong to the Aurivillius family with one perovskite like layer. The inclusion of F made
it possible to broaden this Aurivillius family to contain low-oxidation state transition metals.

The magnetic properties of the new compounds containing Cu2+ and Co2+ were characterised and the Sc3+ containing
non-centrosymmetric iodates were found to show non-linear optical properties.

Keywords: Crystal structure determination, New oxohalide compounds, Lone-pair electrons, X-ray diffraction, Physical
properties.
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1   Introduction 

1.1 The concept of low dimensionality in structural 

arrangements 

 
In order to describe the different structural arrangements in compounds, one 
can think that materials are made of building units. Those units can be isolated 

(0D) or connected to each other to form chains (1D), layers (2D) or three-

dimensional networks (3D) as shown in the simple illustration at Figure 1.1. 

 

Figure 1.1  Different possibilities in structural arrangements. 

 

The fact that structural dimensionality is strongly related to properties can 

be understood just by considering two of the most classical and well known 

materials, two different allotropes of carbon, 2D graphite and 3D diamond, 

see Figure 1.2. Graphite is crystallizing in the hexagonal space group P63/mmc 

and the carbon atoms form angles of 120° and due to the sp2 orbital hybrids 

they have planar arrangement. They form hexagonal rings that expand to 

layers. The fact that graphite is layered with weak interactions in between the 

layers, makes it soft that it can be used for writing since the layers can easily 

slide off. In diamond on the other hand the atoms are tetrahedrally coordinated 

with covalent bonds and sp3 hybridization. It crystallizes in the highly 

symmetrical, cubic space group Fd-3m. It can be formed from graphite if 

exposed to high pressure and is the hardest material in nature. 
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Figure 1.2  Crystal structure of a) graphite and b) diamond. 

  
 

In another very well-known 3D structure, the rock salt structure, there are 

Na+ and Cl ̶   ions in a regular arrangement forming ionic bonds with equal 

Na ̶ Cl distances of 2.815 Å and Na  ̶Cl  ̶Na angles of 90° or 180°.CoO is an 

example of a compound having the rock salt type of structure containing Co2+ 

that form [CoO6] octahedra as building units that are connected to each other 

via corner and edge sharing 1-5 see Figure 1.3.   

 

Figure 1.3  CoO crystallize in rock salt structure, the [CoO6] octahedra 

connect to each other via corner and edge sharing to form the 3D-network.  
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The strategy for designing new low-dimensional materials of e.g. layers or 

chains, see Figures 1.4a and b, can therefore be focused on what type of atoms 

form building units that could possibly “break” or “interrupt” a 3D network 

and induce some kind of anisotropy.  

 

 

Figure 1.4  Low dimensional arrangements, a) chains of corner sharing 

octahedra and b) layers. 

1.2  Physical Properties 

 

It has been reported that low-dimensional arrangements are often linked to 

some kind of anisotropy that may induce interesting physical properties to the 
material. As well as, non-centrosymmetric compounds often exhibit 

interesting physical properties such as ferroelectricity, pyro- electricity or 

optical activity e.g. SHG 6,7. 

 

1.2.1 Magnetic properties 

Magnetic ions containing unpaired electrons such as Cu2+, Ni2+, Co2+, Fe2+, 
Fe3+ will introduce magnetic properties to the synthesized compound. 

Ferromagnetism is displayed by materials with net magnetization where a 

parallel alignment of their spins makes them permanent magnets. 

Ferromagnetism and anti-ferromagnetism are properties rising from parallel 
and anti-parallel alignment of spins respectively8,9. A more exotic magnetic 

property that has attracted scientific interest is magnetic frustration and is 
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linked to a special arrangement of the metal ions e.g. triangular geometry. In 

this case, an anti-parallel alignment of the two spins makes the third indecisive 

when it comes to its direction. Magnetic frustration, was firstly introduced by 
Gerard Toulouse10, 11. Some frustrated materials have a special lattice type 

formed by their metal ions; the so-called kagomè lattice12, see Figure 1.5. This 

lattice type took its name from the Japanese basket weaving pattern made up 

of the special triangular geometries13 as shown in Figure 1.6. An example 
compound can be seen in Figure 1.7 where (Co1-xNix)3Sb4O6F6 has a kagomè 

type magnetic lattice14. 

 

 

 

Figure 1.5   Illustration of a magnetic frustrated lattice. Drawing according 

to Yin et al.  
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Figure 1.6   Japanese basket from which the kagomè lattice took its name.  

 

 

 
Figure 1.7   Pseudo-kagome type of lattice formed in the compound 

(Co1-xNix)3Sb4O6F6 containing the lone pair element Sb3+.  
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1.2.2 Ferroelectricity  

 

A pyroelectric material possesses a spontaneous dipole moment when it 

experiences changes in temperature (heating or cooling) and usually 

undergoes several changes as e.g. atomic displacement as can be seen in 

Figure 1.8 or changes in the dimensions of the crystal’s unit cell after the phase 

transition. The studies of pyroelectric materials lead subsequently to the 

discovery of piezoelectricity, a phenomenon where the relevant material’s 

polarity changes with mechanical stress. 

Ferroelectricity is a subset of pyro-electricity and can be described as 

temperature dependent spontaneous polarization which can be redirected by 

an applied electric field. A full reverse of its direction is called switch. 

Although the term ‘Ferro’ originates from iron, several ferroelectric materials 

do not contain iron.  

Ferroelectricity is related to non-centrosymmetry. There are 32-point 

groups out of which 11 are centrosymmetric and they cannot in general cases 

exhibit ferroelectric properties. The rest of the classes of materials show 

piezoelectric effects except of those crystallizing in the 432-point group. 

There are 10 out of the 20 piezoelectric crystal classes that display pyro-

electricity. 

 In a ferroelectric material, a phase transition occurs from the paraelectric 

phase to the ferroelectric phase at a specific temperature, the Curie 

temperature. A hysteresis loop as shown in Figure 1.9 shows the non-linear 

correlation between applied electric field and net polarization. The o̎a  ̎and ̎ob  ̎

correspond to the magnitude of the spontaneous polarization and the ̎oc  ̎

and ̎od ̎ to the field strength. The slope in the absence of electric field 

corresponds to the susceptibility of the material. The hysteresis loop can be an 

outcome of several phenomena as e.g. the growth of new or already existing 

antiparallel domains15-17. 
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Figure 1.8   An illustration of the transition from a centrosymmetric to a 

pyroelectric phase. 

 

 

Figure 1.9   Illustration of a typical Polarization (P)  ̶ Electrical field (E) 

hysteresis loop. 
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1.2.3  Optical properties- Second Harmonic Generation  

 

Polarization is strongly related to optical phenomena. In principle, a non-linear 
phenomenon as second harmonic generation (SHG) occurs when the 

frequency of a coherent light (laser) doubles when passing through a medium.  

The phenomenon of SHG was first reported by Franken et al. in 1961 when a 

(3472 Å) beam’s energy doubled when it passed through crystalline quartz. It 
has also been stated that non-linear dielectric coefficient and transparency are 

two important requirements for a non-linear phenomenon (as SHG) to occur18. 

Later, Bloembergen and Pershan confirmed theoretically that the reported 
experimental results are related to second harmonic generation of a wave 

when it interacts with a crystal lacking a center of symmetry19.  

Properties as ferroelectricity or optical activity and their relevant 

technological applications, make the non-centrosymmetric crystalline 

materials scientifically attractive. On 1998 Halasyamani et al. categorized 500 

non-centrosymmetric oxides and related their optical activity with their point 

group20 as it is shown in Figure 1.10. Optically active crystals can be used in 

applications e.g. laser pointers or SHG imaging 21,22.  

The same symmetry requirements for optical activity are applied also in 

piezoelectric effects. A non-centrosymmetric material shows change of its 

electrical state when mechanical stress is applied. A mechanical deformation 

leads to proportional change in the polarization which makes the piezoelectric 

materials useful for applications e.g. in sensors for measuring pressure23.  
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Figure 1.10  Interrelationships of noncentrosymmetric crystal classes in 

Hermann-Mauguin symbols (Drawing according to Halasyamani et al.)   
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 1.3 Designing new compounds 

1.3.1 The asymmetric building units of lone pair cations (L) 

 

Cations with electronic configuration ns2np0, so called “lone pair” (L) cations, 

comprise a lone electron pair (E) that most of the times is active and occupies 
space14. Elements in this category e.g. Te4+, Se4+, S4+, Bi3+, I5+, are metalloids 

that have attracted scientific interest due to their rich structural chemistry. 

They tend to adopt one side coordination geometries and form asymmetric 
building units with their anionic ligands such as trigonal pyramids, see-saw 

coordination or distorted cubes (Paper I). 

An L cation has a non-bonding electron pair in the valence shell that can 

be described as a charge cloud that occupies space and excludes other 

electrons from that space. The electrons arrange themselves in a way that 

maximizes their average distance to bonding electron pairs, this model is 

known as valence shell electron pair repulsion approximation (VSEPR). An 

example is shown in Figure 1.11 where S4+ forms a see-saw coordination in 

SF4
24 and the I5+ a square pyramidal coordination in IF5

25. The E resides in a 

domain that can have different size and shapes. Except for the simplest 

spherical domain approximation, there are parameters that can influence the 

electron pair domain e.g. the number of ligands26. 

 

 

Figure 1.11  a) SF4 showing see-saw and b) IF5 showing square pyramidal 

arrangement due to the presence of a lone pair.  
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1.3.2  The stereochemical activity of the lone electron pair (E) 

  

Several theories have been proposed in order to investigate the E activity. As 
previously described, the presence of the E plays an important role when it 

comes to shaping the building units of the L cations. Gillespie and Nyholm 

reported 1940 that the repulsion between two E is greater than the repulsion 

between electron pairs that participate in valence bonds27. 
 

The same year Sidgwick and Powell also stated that the E can be compared 

with the bonded electron pair and that the electrons arrange themselves in a 

way to lower their electrostatic repulsion. The comparative repulsion between 

a lone electron pair and a valence electron pair is the following28: 

 

Lone pair – lone pair > lone pair – valence electrons > valence electrons 

– valence electrons 

 

Orgel in 1959 stated that mixing the s and p orbitals of L cations lowers its 

energy and leads to an asymmetric displacement which can be described as a 

second order Jahn-Teller effect. The non-similarity of the s and p orbitals 
makes the L cation with the sp hybridized orbitals keener to occupy a non-

centrosymmetric site29. Andersson et al. reported that the volume of E can be 

compared with the volume of an O2 ̶ or an F ̶ anion with the difference that L ̶ 

E distances are shorter than a relevant anion – cation bond distance. As a 
result, E makes the L cation to take an off-centric position in the 

polyhedron30,31. The latter can explain the formation of asymmetric building 

units by the L cations. Those asymmetric building units can be linked to a 
possible induced anisotropy in compounds comprising L cations. 

 

Additionally, Galy supports that the atomic number of the cation also plays an 
important role. Heavier L cations such as Bi3+ or Pb2+ attract E more strongly 

in comparison to lighter L cations such as Se4+, Te4+, or I5+. This results in less 

active E occupying less space and to a shorter L-E distance. The heavier 

elements have therefore most of the times a higher coordination number. 
Different coordination possibilities of a selected lighter and heavier L cation, 

Se4+ and Bi3+ respectively, can be seen in Figure 1.12. Galy et al., considering 

that the L cation resides in the barycentre of the polyhedron, calculated the L  ̶
E distance values in Å30 as can be seen in the Table 1.1.  
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Table 1.1  Calculated L – E distances. 

  
 

  P3+ 

1.25 

S4+ 

1.46 

Cl5+ 

1.50 

  

Ga1+ 

0.95 

Ge2+ 

1.05 

As3+ 

1.26 

Se4+ 

1.22 

Br5+ 

1.47 

  

In1+ 

0.86 

Sn2+ 

0.95 

Sb3+ 

1.06 

Te4+ 

1.25 

I5+ 

1.23 

Xe6+ 

1.49 

Tl1+ 

0.69 

Pb2+ 

0.86 

Bi3+ 

0.98 

Po4+ 

1.06 

    

 

 

Figure 1.12  Different influence of the lone pair when comparing a light 

ion Se4+ and a heavier ion Bi3+.  

 

 

Another important factor is the type of ligands surrounding the L cation, 

since the same cation in the same oxidation state can comprise active or 

inactive E depending on the ligands.  

For example, Sn2+, in SnO crystallizing in the litharge structure (of PbO), 

adopts one side coordination geometry and its E shows pronounced 

stereochemical activity while SnS crystallizes in the rock salt structure and 

Sn2+ seems to have an inactive lone pair and does not distort the coordination 

polyhedron around Sn2+.  
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Walsh et. al. developed a revised model to explain the former example. The 

relevant computational studies showed that the E effect depends on the 

interaction strength between the cation s states and the ligand’s p states. A 

stronger interaction leads to a more pronounced distortion effect. At the same 

time, the closer the orbitals are in energy, the stronger the interaction. This is 

the case when L cations with low in energy s orbitals bond with e.g. O atoms 

having p orbitals that are also low in energy. This leads to formation of 

compounds with pronounced L distortion, see Figure 1.13 as e.g. in PbO, 

Bi2O3 and Sb2O3. In PbS there is a weak interaction between the low energy 

6s states of Pb and the high energy 3p states of S. According to Walsh et. al., 

this vanishes the E stereochemical effect and therefore the PbS crystallizes in 

the rocksalt type of structure32,33. 

 

 

Figure 1.13  Energy levels in PbO showing the interaction between close in 

energy cation – anion orbitals. (Drawing according to Walsh et al.) 
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1.3.3  Low Dimensional compounds and structure related 

properties 

Several low dimensional compounds have attracted scientific interest because 

of the exotic properties that they exhibit. Magnetic frustration, second 

harmonic generation and high temperature superconductivity are some 

physical properties of high importance due to their possible technological 

applications. Although magnetic frustration is an exotic property which is 

mostly studied theoretically there are some recent studies reporting its possible 

application in e.g. data processing device34. The following examples show that 

those physical properties can be directly linked to special structural 

characteristics.  

A compound that shows magnetic frustration due to its two-dimensional 

(2D) Shastry–Sutherland type lattice is SrCu2(BO3)2. It crystallizes in the 

tetragonal space group I-42m and consists of square planar [CuO4] groups 

which connect via edge sharing to each other and to [BO3] groups in a way 

that form Cu  ̶Cu dimers. The inter-dimer and intra-dimer interactions cause 

magnetic anisotropy, see Figure 1.14a. The layers are separated by Sr2+ ions 

as shown in Figure 1.14b35. 
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Figure 1.14   a) Cu-Cu dimers and their interactions in a Shastry–

Sutherland lattice b) A view of the layers and the intermediate Sr2+ ions along 

the b-axis. 

 

Another example of a chain (1D) compound is Sr2(CuO3). The compound 

crystallizes in the orthorhombic space group Immm and consists of corner 

sharing [CuO4] groups connected to each other to form chains along the a-

axis. Layers of isolated chains are separated by Sr atoms and expand in parallel 

to the ab-plane as shown in Figure 1.15a. The interlayer ̶ interchain super 

exchange is frustrated, see Figure 1.15b. On the other hand, the intralayer   ̶

interchain interaction is not frustrated but expected to be weak due to the 

absence of a connecting oxygen36,37. Nevertheless, the Cu-O-Cu intrachain 

interaction is dominating, and the system can be characterised as an almost 

ideal spin-1/2 Heisenberg Antiferromagnetic chain with the magnetic 

interactions to occur only within the chain38.  
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Figure 1.15  a) Overview of the chains running towards the a-axis. b) 

Frustrated but weak interlayer ̶ interchain interaction. 

 

The layered superconductor YBa2Cu3O7, which is crystallizing in the 

orthorhombic space group Pmmm, is one of the most well-known compounds 

that proves the structure – property dependence. Its structure overview is 

presented in Figure 1.16. It consists of square planar [CuO4] and square 

pyramidal [CuO5] groups connecting to each other via corner sharing while Y 

and Ba atoms reside in the structure in a way that lead to formation of 

perovskite layers39. 

 

 

Figure 1.16  Structure of the high temperature superconductor YBa2Cu3O7. 
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 Although low dimensionality is very often related to exciting properties, 

there are very different types of compounds showing such topology. In this 

study a strategy to include L cations to open up crystal structures and to 

increase the possibility to achieve low dimensionality will be presented. 

1.3.4 Combining Transition metals with L cations to form 

low dimensional oxides and oxohalides  

Transition metals or so-called d-elements may give special characteristics to 
a compound. Depending on the oxidation state of a d-element, those 

characteristics can be related to structure or to properties. More specifically, 

the transition metals form building units of different coordination geometries 
as it is shown in Figure 1.17 where Cu2+ is used as an example. This opens up 

for formation of low dimensional structural arrangements or some kind of 

structural anisotropy as e.g. absence of centro-symmetry.    

Figure 1.17  Different coordination geometries of Cu2+ a) square planar, 

b) square pyramidal, c) distorted octahedra. 

 

The importance of the oxidation state can be understood by considering the 

example of magnetic Cu2+ and non-magnetic Cu+. Therefore, magnetic 

properties can be introduced to a compound, by including ions that comprise 

unpaired electrons with net magnetic moment such as Co2+, Ni2+, Cu2+ or Fe2+.  

As well as, for designing optically active compounds, the structure should lack 

a centre of symmetry and ions that do not absorb light should be selected such 

as Sc3+, Ti4+ or Nb5+.  

 

The previously described characteristics of transition metal ions should be 

considered in the designing process of new materials. Going back to what can 

‘‘break’’ the regular connection of the building units, it has been proved that 

including an L-cation into a crystal structure, increases the probability of 

forming low-dimensional characteristics as chains (1D) or layers (2D). An 

example of a chain compound is FeSeO3F
40. This compound crystallizes in the 
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monoclinic space group P21/n and consists of [FeO4F2] octahedra connected 

to each other via edge sharing to form zig-zag [FeO3F]∞ chains along the b-

axis. The Se4+ ion forms [SeO3] trigonal pyramids due to its lone pair activity. 

The Se atoms do not polymerize but form bridges that connect the zig-zag 

chains as can be seen in Figure 1.18. 

 

Figure 1.18  Overview of the 1D compound FeSeO3F, [FeO4F2] 

octahedra form chains due to edge sharing and connect also to [SeO3] trigonal 

pyramids. 

 

 

Another low dimensional compound is the layered (2D) NbSbO4 oxide 

containing Sb3+. It crystallizes in the non-centrosymmetric space group Pna21. 

Its structure consists of [NbO6] octahedra that connect to each other via corner 

sharing to form [NbO4]∞ layers and [SbO4] groups that connect to each other 

via edge sharing to form chains towards the a-axis. The [SbO4] groups are 

further connected to the [NbO6] octahedra via corner sharing to keep the layers 

together as it is shown in Figure1.19. This non-centrosymmetric compound 

shows optical activity such as SHG41. 
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Figure 1.19  Layers of the NbSbO4 expanding through the ab-plane. 

 

Not all halide ions behave in the same way. The more electronegative F ̶ 

anions have a similar behaviour to O2 ̶   while the bigger halides as Cl ̶ or Br ̶ 

act in a different way. An example that shows this difference is the FeTe2O5X 

oxohalide where X=Cl, Br. The way that those halide ions (Cl ̶ or Br ̶) reside 

in the structure create non-bonding ends. Additionally, the E of the Te4+ in 

combination with the halide ions are separating the layers as shown in Figure 

1.20a. The FeTe2O5X crystallizes in the space group P21/c with building units 

[TeO3], [TeO2X] and [FeO6] octahedra. The edge sharing [FeO6] octahedra 

form magnetically frustrated lattice42 as it is shown in Figure 1.20b. 
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Figure 1.20  a) Overview of the crystal structure for FeTe2O5X b) Edge 

sharing [FeO6] octahedra forming magnetic frustrated triangles. Fe atoms: 

green, O atoms: red, Cl atoms: blue. 
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 1.4 Aurivillius compounds 

 

Aurivillius phases constitute a special family of layered compounds that were 

first reported by the Swedish chemist Bengt Aurivillius. The compounds 

contain Bi3+ and comprise so called Aurivillius layers of [Bi2O2]
2+ alternating 

with perovskite-like layers43, see Figure 1.21. 

 

Figure 1.21  Zig-zag Bi-O chains forming Aurivillius-type layers. Bi 

atoms: yellow, O atoms: red. Figure reproduced from Paper II. 

 
 

 

 

Several oxides of this family are reported in literature, they all follow the 

general formula, (Bi2O2)(An-1BnO3n+1) where A can either be Bi3+ or a highly 

coordinated alkaline earth metal such as Mg2+, Ca2+, or Sr2+ and the B site is a 

6-coordinated ion, usually a transition metal e.g. Nb5+, Ti4+ or W6+ . The value 

of n in the formula, determines the number of perovskite-like layers as for 

example in the case of n=1 the general formula can be simplified to 

(Bi2O2)(BnO3n+1). An example for n=1 is Bi2WO6 and Bi3TiNbO9 for or n=2, 

see Figures 1.22a and b. 
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Figure 1.22  a) The unit cell of the compound Bi2WO6 with Aurivillius 

layers alternating the n=1 single perovskite-like layers b) The unit cell of 

Bi3TiNbO9 where M=Nb, Ti, double perovskite-like layers (n=2) alternate 

with the Aurivillius layers and the A site is occupied by Bi atoms. 

 

In addition to the Aurivillius oxide phases also oxo-fluorides have been 

reported by replacing some oxygen atoms with fluorine. In general, O2 ̶ and F ̶ 

anions can be mixed due to their similar size. This substitution makes it 

possible to include transition metals having a lower oxidation state compared 

to those in the Aurivillius oxides. The replacement ratio is inversely 

proportional to the oxidation state of the transition metal, see Table 1.2. More 

specifically, this means that replacement of one O by one F can lead to the 

compound NbBi2O5F or VBi2O5F containing Nb5+ or V5+ respectively and, the 

replacement of 2O by 2F can lead to the compound TiBi2O4F2 containing Ti4+ 
44-48. Furthermore, by replacing 3O by 3F and 4O by 4F the new compounds 

ScBi2O3F3 and CoBi2O2F4 [Paper II] containing Sc3+ and Co2+ respectively 

have been synthesized. Details of the latter will be presented in the results part.  
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Table 1.2  Aurivillius oxofluorides with n=1 comprising transition metals of 

different oxidation states. 

 

O:F ratio Transition Metal 

oxidation state 

Compound 

5:1 5+ NbBi2O5F 

4:2 4+ TiBi2O4F2 

3:3 3+ ScBi2O3F3 

FeBi2O3F3  

2:4 2+ CoBi2O2F4  

 

1.5 Bond Valence Sum calculations (BVS) 

 

Bond valence sum calculation is a tool that can be used as an indirect 
confirmation of a proposed crystal structure model and to support the relevant 

chemical formula49. Brown and Alternatt have proposed an empirical equation 

to calculate the oxidation state of the participating ions. The method is based 
on that there is an electrostatic flux between the central atom and its ligands 

that can be indirectly quantified by the bond valence Sij (eq. 1). In the equation 

below, Ro and B are constants where the latter usually takes the value 0.37. Rij 

is the observed bond length and Ro is an average value which is described as 
a unit valence bond length.  For a given ion pair, Ro is calculated by fitting 

values found in the data base, Rij, in (eq. 1) with Sij =1.  

 

The summation of the bond valences Vi  (eq. 2) should give a value close to 

the oxidation state of the central atom. If the calculated oxidation state 

deviates a lot from the expected one, then either the atom assignment or the 

coordination geometry might be wrong. 

 

 𝑆𝑖𝑗 = exp[(𝑅𝑜  −  𝑅𝑖𝑗)/𝑏]    (eq. 1) 

 

𝑉𝑖  = ∑ 𝑆𝑖𝑗𝑗            (eq. 2) 

 

Anions from elements that are close in atomic number, e.g. O2– and F ̶, 

scatter similarly during X-ray diffraction experiments and are therefore 

difficult to distinguish in between. Bond valence sum calculation can help in 

such a case to suggest the correct atom assignment50. 
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There are also cases during a structure solution when the number of ligands 

is to be determined e.g. for the highly coordinated ions K+, Rb+, and Na+ or 

for lone pair cations such as Te4+, Se4+ or Bi3+ etc. Brown suggested an 

operational definition of a bond so that a ligand must contribute with at least 

4% to the valence of the central atom to be considered to belong to the primary 

coordination sphere51. Therefore eq. (1) can be modified accordingly so that 

the maximum acceptable bond distance is deduced. More specifically, if Sij 

has to be at least 0.04 then the maximum Rij acceptable bond distance value 

between two atoms can be calculated since all other parameters such as Ro and 

B are known. 

 

 

 

1.6 Aim and scope 

 

Designing materials that exhibit interesting properties such as magnetic 

frustration, piezoelectricity and SHG has been of high importance the last 

decades because several such properties can find applications in e.g. 

electronics, sensors or lasers52,53,23. It has been proven that those fascinating 

properties are directly linked to structural characteristics, for example 

magnetic frustration is often related to the geometry of the compounds as well 

as SHG and piezoelectricity are displayed by compounds where their crystal 

structures lack a centre of symmetry42,54.  

 

Nevertheless, there are no design strategies developed that promise 

compounds with such properties. However, combining a metal (M) with L 

cations into an M  ̶L̶ O system, where M=Cu2+, Co2+, Fe3+, Sc3+ etc. and L= 

Bi3+, Se4+, or I5+ can be an efficient strategy towards low dimensionality due 

to the rich structural chemistry of such compounds. More specifically the L-

cations due to their (most of the times) stereochemically active lone-pair adopt 

asymmetric coordination geometries. Therefore, including such an L-cation 

into a system will increase the probability for the compound to show low-

dimensional arrangements, such as chains or layers or induce some kind of 

structural anisotropy such as non-centrosymmetry. Exploring some such 

chemical systems and relating crystal structures to physical properties are the 

aim of this work. 

 

The partial replacement of O atoms in the M  ̶L̶ O system with one of the 

halide ions F ̶ or Cl ̶ opens up for more synthetic and structural possibilities. 

Nevertheless, not all halides behave in the same way. The electronegative F 

act more as the bridging O atoms. On the other hand, inclusion of the less 

electronegative Cl ̶ anion results in that non-bonding regions can be created 



25 

due to that Cl ̶ is less bridging than F ̶ and very often form only one bond and 

that bond is most often to the M-cation and not to the L-cation. Both the lone-

pair of the L cation and the Cl ̶   anions then act as chemical scissors to open 

up the crystal structure55. As a result, structures with open cavities, 

frameworks or low dimensional arrangements such as layers or chains may be 

formed. 

 

Furthermore, the insertion of bigger ions such as alkali metals, e.g. K+, Na+, 

Rb+, could add more structural variety to an M  ̶L̶ O system, since those large 

cations are most of the time highly coordinated and form asymmetric building 

units with their ligands. 
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2  Experimental 

 

2.1 Methodology 

 

There are several techniques that can be used for synthesizing new inorganic 
compounds. Some examples are chemical transport reactions (CTR), solid 

state reactions, and hydrothermal synthesis. Hydrothermal synthesis has 

proven to be a suitable technique for the type of compounds discussed in this 
thesis due to its simplicity, safety and the low temperature conditions applied. 

The hydrothermal method is one of the most common and successful methods 

for synthesizing crystalline compounds. It has been described as a 

heterogeneous reaction in aqueous media where the temperature exceeds 
100 °C and the pressure exceeds 1 bar.  

Reactants that are otherwise difficult to dissolve can become more soluble 

under hydrothermal conditions. Some of the advantages of this method are: 

i. An increased probability to form compounds containing transition 

metals in rare oxidation states via hydrothermal technique such as 

e.g. CrO2 containing Cr4+ 

ii. It is a low temperature method so it could be considered as 

environmentally friendly 

iii. It is safe and suitable for difficult synthesis containing highly reactive 

ions such as F ̶ 

 

Several studies have been employed in order to investigate the conditions 

that occur during hydrothermal reactions. Many oxides, carbonates, fluorides, 

and iodides were synthesized with this technique and many minerals have 

been synthesized in nature under hydrothermal conditions56. At hydrothermal 

temperatures, above 100°C, many crystalline materials can be synthesized 

including also metastable phases that can be kinetically favoured57.  

 

 

 



27 

2.1.1 Synthesis of new compounds containing L cations 

 

For this study, hydrothermal synthesis was the main method used for 

synthesising new compounds such as oxofluorides and iodates, see Table 2.1. 

The reaction takes place in a Teflon-lined sealed autoclave see Figure 2.1a 

with a cell volume of 23 ml. The reaction temperature was in the range 200°C 

to 230°C and the time at plateau was 3 or 4 days. Subsequently the cells were 

cooled down from the plateau temperature to room temperature within 10 

hours. At 230 °C the pressure inside the 23 ml cell reaches 250 bar when filled 

with 2.5 ml of water so the reaction occurs in the liquid phase as shown in 

Figure 2.1b.  

 

It is important that the starting materials are insoluble or at least sparingly 

soluble in water at room temperature. For the synthesis of the oxofluoride 

compounds, acidic environment was crucial and obtained by a small HF 

addition. This helped the crystallization process since the F atoms can act as 

transporting agents. Crystals of the synthesized compounds, were observed by 

using high resolution optical microscopy and some relevant examples are 

presented in Figure 2.2. Further, scanning electron microscope (SEM) and 

energy dispersive spectroscopy (EDS) were used and examples are presented 

in Figure 2.3 and 2.4. 
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Figure 2.1   a) Stainless steel autoclave with a Teflon lined tube. b) Part of 

the phase diagram for water according to Zhang et al. 58. 
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Table 2.1  The newly synthesised compounds and the synthesis conditions. 

 

Compound Paper Starting Materials ratio Conditions 

Oxofluorides 

Cu2SeO3F2 I CuF2/SeO2/2-3 

drops HF 

2:1 200°C for 4 days 

and 10hrs cooling 

CoBi2O2F4 II CoF2/Bi2O3/2-3 

drops HF 

1:1 230°C for 3 days 

and 10hrs cooling 

ScBi2O3F3 

  FeBi2O3F3 

 

Sc2O3/Bi2O3/10 
drops HF 

FeF3/Bi2O3/5 

drops HF 

0.5:1 

 

1:1 

  230°C for 3 days 
and 10hrs cooling 

Iodates 

KCu(IO3)3 III KIO3/CuF2 3:1 230°C for 3 days 

and 10hrs cooling 

K3Sc(IO3)6 IV KIO3/I2O5/Sc2O3 3:1.5:0.5 230°C for 3 days 

and 10hrs cooling 

KSc(IO3)3Cl IV KIO3/I2O5/ScCl3 1:1:1 230°C for 3 days 
and 10hrs cooling 
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Figure 2.2   High resolution light microscopy images of some of the new 

compounds a) Cu2SeO3F2 b) CoBi2O2F4, single crystals. (The photos were 

taken with help of Silvia Müllner during my visit at TU Braunschweig, 

Germany). 

 

Figure 2.3   Images of CoBi2O2F4 single crystals obtained with the scanning 

electron microscope TM3000 Hitachi. 
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Figure 2.4   a) High resolution SEM image of the CoBi2O2F4 crystal and 

EDS analysis b) mapping, c) spectra. 

 

2.2  Characterization Techniques 

2.2.1  Single Crystal X-ray Diffraction (SCXRD) 

Single crystal X-ray data were collected on a Bruker D8 Venture 

diffractometer using Mo Kα radiation (λ=0.71073Å). The instrument is 

equipped with a Photon II CPA detector, see Figure 2.5. 

 

The Bragg reflections were integrated by using the software SAINT59 and 

a multi-scan absorption correction was performed with the program 

SADABS60 both supplied by the manufacturer. The crystal structures of the 

new compounds were solved by dual space methods (SHELXT) using the 

SHELXT-2014/7 software61 and refined by full matrix on F2 using the 

SHELXL-2014/7 program62 or refined by full matrix on F2 using the software 

JANA200663. 
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Figure 2.5   Bruker D8 Venture single crystal diffractometer. 

2.2.2 Powder X-ray Diffraction (PXRD) 

Confirmation of the phase purity of the synthesised crystalline samples was 

made using a Panalytical X’Pert PRO diffractometer see Figure 2.6. A 

comparison was made with the calculated PXRD pattern from the single 

crystal determination by simple peak matching. Rietveld refinement was done 

by using the software FullProf to calculate the percentage of impurity phases 

present64. The purity confirmation was important when the material was going 

to be used for physical properties characterization, especially for 

measurements of magnetic susceptibility or optical activity. 
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Figure 2.6   A Panalytical X’Pert PRO diffractometer. 

 

2.2.3 Scanning Electron Microscopy (SEM) 

 

Both a  JEOL JSM-7000F and a table top Hitachi TM3000 scanning electron 

microscope see Figure 2.7a,b were used to investigate e.g. crystal size. Those 

instruments were equipped with energy dispersive spectrometers (operating at 

an accelerating voltage 20kV) for preliminary analysis of the chemical 

composition of the newly synthesized compounds.  
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Figure 2.7  a) JEOL JSM-7000F scanning electron microscope and b) table 

top Hitachi, TM3000. 
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 3  Results and Discussion 

3.1 The new 2D Aurivillius oxofluoride CoBi2O2F4 

(Paper II)  

 

The Aurivillius oxofluoride compounds follow the general formula 

(Bi2O2)(An-1BnO3n+1). O in the formula represents the sum of the O and F atoms 

and B is a six-coordinate metal ion (M).  Compounds with n=1 have been 
synthesised in this work. In this chapter the structure and properties of the 

CoBi2O2F4 compound will be presented. It belongs to M˗L˗O˗F system with 

L=Bi3+ and M=Co2+ respectively. Aurivillius oxofluoride  compounds consist 

of perovskite-like layers of corner sharing [M(O,F)6] octahedra alternated by 

[Bi2O2]
2 ̶

∞ layers, so called Aurivillius layers, which are illustrated in Figure 

3.1. 

 

To the best of our knowledge there are previously three Aurivillius 

oxofluoride compounds reported in literature; VBi2O5F, NbBi2O5F and 

TiBi2O4F2 
47,48. As described in the introduction part, the O:F ratio depends on 

the oxidation state of the transition metal. This means that replacing more than 

two O atoms by F makes it possible to include an M having a low oxidation 

state, in the M˗Bi3+˗O˗F system such as Co2+, Sc3+ or Fe3+. If no O atoms are 

replaced by F an M (B-cation) having an oxidation state of +6 is needed. That 

is the case for Bi2WO6, and BiMoO6 which contain M= W6+ or Mo6+ and 

crystallize in the space group P21ab, Pca21 respectively45,65.  

 

The series of Aurivillius oxofluorides containing transition metals of 

different oxidation states, from Nb5+ via Ti4+ to Co2+, due to the O2˗ 

replacement by F˗, is completed by the Sc3+ and the Fe3+ containing 

compounds, ScBi2O3F3 and FeBi2O3F3 respectively. The relevant unit cell 

parameters, determined from single crystal X-ray diffraction data, are 

presented in Table 3.1. Due to the poor sample quality, only a few single 

crystals could be isolated from the Sc3+ and the Fe3+ analogues for the single 

crystal X-ray diffraction experiments, so further characterization e.g. 

magnetic measurements could not be conducted.  
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Compound Space 

group 

a,b (Å) c (Å) 

CoBi2O2F4 I-4 3.843(2) 16.341(8) 

ScBi2O3F3 I-4 3.874(1) 17.234(3) 

FeBi2O3F3 I-4 3.843(1) 16.637(3) 

 

Table 3.1 Crystallographic information of the Aurivillius oxofluorides 

synthesized within this work. 

 

 
The structure of CoBi2O2F4  

 

The new Aurivillius oxo-fluoride CoBi2O2F4 crystallizes in the non-

centrosymmetric space group I˗4 and a simplified average structure is shown 

in Figure 3.2. 

 

 
Figure 3.1   Bi (yellow)–O (red) zig-zag chains forming [Bi2O2]

2 ̶
∞ 

Aurivillius layers. Figure reproduced from Paper II. 
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Figure 3.2   Average structure of CoBi2O2F4 with [CoF6] octahedra aligned 

to form perovskite-like layers in between the Aurivillius layers. Figure 

reproduced from Paper II. 

 

The structure of the CoBi2O2F4 oxofluoride was solved from room 

temperature single crystal X-ray and shows a split of the F atoms and thus a 

disordered arrangement of them. A chain of [CoF6] octahedra based on the 

average position of the F atoms is shown in Figure 3.3a, however, the 

octahedra actually tilt when forming chains as shown in Figure 3.3b. In the 

latter figure one of the four possible tilt positions of the octahedra is selected 

for the sake of simplicity. The F atoms of the [CoF6] octahedron show a four-

fold split so that the Bi  ̶ F bond length values lie within the range 2.40(6)  ̶

2.49(6) Å, see Figure 3.4a and b. The latter values are in agreement with the 

Bi ̶ F distances reported for the BiF3
66. It is difficult to distinguish between O 

and F with X-ray diffraction data since they are so close in the periodic table. 

The stoichiometry doesn’t allow all O, F atoms to be refined in 50% mixed 

positions so the assignment of the O and F was conducted by bond valence 

sum (BVS) calculations. The CoBi2O2F4 structure is shown in Figure 3.5. The 

previously reported oxofluorides VBi2O5F, NbBi2O5F and TiBi2O4F2 and 

show similar tilting of octahedra47,48 as in CoBi2O2F4. 
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Figure 3.3    a) Simplified average alignment of the [CoF6] octahedra. b) 

One out of four actual tilting possibilities of the octahedra at room 

temperature. Co atoms: blue, F atoms: green. Figure reproduced from (Paper 

II). 

 

 
 
Figure 3.4   a) [CoF6] octahedron along the c-axis, the F atoms split in four 

possible positions. b) The F atoms try to reach all four neighbouring Bi atoms 

that is the reason for the split and the tilting octahedra. Co atoms: blue, F 

atoms: green, Bi atoms: yellow, O atoms: red. The Figure is reproduced from 

Paper II. 
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Figure 3.5   Overview of the CoBi2O2F4 structure at room temperature. This 

figure represents the real situation at room temperature where the octahedra 

tilt in between four possible positions due to the four-fold split of F. Figure 

reproduced from Paper II. 
 

Raman scattering spectra where collected at different temperatures and 

support that the disorder is temperature dependent as shown in Figure 3.6. The 

phonons appear sharper with decreasing temperature that indicates the 

disorder decreases with temperature. Magnetic properties have been explored 

and the compound shows long range antiferromagnetic ordering at 40 Κ. The 

inverse susceptibility follows the Curie–Weiss law above 150 (K) with a 

Curie ̶ Weiss temperature of -142(2) K, see Figure 3.7.  
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Figure 3.6   Raman spectra that correspond to heavy atom groups such 

as [CoF6] and [BiO4F4], the phonons sharpen as temperature decreases 

showing disorder/order transition. Figure reproduced from Paper II. 
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Figure 3.7  Inverse magnetic susceptibility of CoBi2O2F4 measured at 

several fields. The red solid line represents the Curie-Weiss law. Figure 

reproduced from Paper II. 

 

 

3.2 The new framework-like Cu2SeO3F2 compound 

(Paper I) 

 

The compound Cu2SeO3F2 belongs to the M˗L˗O˗F system with M=Cu2+ and 
L=Se4+. It has a framework-like structure with [CuO3F3] octahedra connecting 

to each other via edge sharing alternating at O2 and F1 atoms to form 

[CuO2F2]∞ chains along the c-axis. Those chains are further connected via 
corner sharing to form layers parallel to the ac plane, see Figure 3.8. The layers 

are also connected via corner sharing at the O1 atom so that tunnels are created 

that extend along the a-axis.  
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Figure 3.8   a) Edge sharing [CuO3F3] octahedra forming chains that expand 

along the c-axis b) Layers parallel to the ac plane form by connecting chains 

via corner sharing c) Overview of the Cu2SeO3F2 structure, the layers connect 

via corner sharing along the b-axis. Figure reproduced from Paper I. 

 

The Se4+ ions and their active lone pairs reside in the tunnels as shown in 

Figure 3.9. Single crystals of the Cu2SeO3F2 compound were synthesised via 

the hydrothermal method and the structure was solved from singe crystal 

X-ray diffraction data.  

 

 

Figure 3.9   Overview of the crystal structure of Cu2SeO3F along the a-axis. 

Figure reproduced from Paper I. 
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Since O and F are difficult to distinguish in between from X-ray diffraction 

data, 2D NMR studies have been employed and a 19F aMAT67 spectrum was 

collected to confirm the O and F positions in the structure from their local 

environment.  

 

The magnetic properties of the compound have been explored. The 

magnetic susceptibility measurements show two transitions below a certain 

temperature. More specifically, the magnetic susceptibility curve in Figure 

3.10 shows a broad shoulder centered at 125 K, a sharp spike at 44 K, as 

well as an additional peak at 16 K. At high temperatures, above 200 K the 

magnetic susceptibility follows the Curie –Weiss law.  The Curie   ̶ Weiss 

temperature is −173(2) K. Raman studies have also been employed by 

collecting series of spectra in the temperature range 6  ̶200 K as it is shown in 

Figure 3.11. The frequencies in the onset of the Figure 3.11 correspond to 

[CuO3F3] groups. Below 50K, two phonons combine into one which indicates 

a possible phase transition. This is in agreement with the results of the 

magnetic susceptibility measurement. 

 

 

Figure 3.10  Magnetic susceptibility and inverse magnetic susceptibility 

(inset) of Cu2SeO3F2. Figure reproduced from Paper I. 
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Figure 3.11  Raman spectra of Cu2SeO3F2. Phonons that correspond to 

[CuO3F3] groups are represented in the inset. Figure reproduced from Paper I. 
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3.3 Newly synthesized iodates containing the lone 

pair cation I5+  

3.3.1 The new 1D KCu(IO3)3 comprising [CuO5]∞ chains 

(Paper III) 

The new compound KCu(IO3)3 was synthesized hydrothermally and consists 

of [KO10] polyhedra, see figure 3.12 and [CuO6] Jahn-Teller distorted 

octahedra. The active lone pairs I5+ form [IO3] trigonal pyramids which do not 
polymerize.  

 

Figure 3.12  The [KO10] polyhedron. Figure reproduced from (Paper III). 

 

The [CuO6] are connected to each other via corner sharing and form 

[CuO5]∞ zig-zag chains along the b-axis as it is shown in Figure 3.13a. Each 

[CuO6] octahedron is connected to six [IO3] trigonal pyramids via corner 

sharing at each O atom as shown in Figure 3.13b. The [KO10] polyhedra 

connect via edge sharing to form dimers and they are further linked to the zig-

zag chains via face sharing, see Figure 3.14. 
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Figure 3.13 a) Overview of KCu(IO3)3 along the b-axis and b) [CuO5]∞ 

chains  made of corner sharing [CuO6] octahedra (blue). I atoms: yellow, K 

atoms: grey, O atoms: red Figure reproduced from Paper III. 
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Figure 3.14  [KO10] polyhedra (grey) connect to the [CuO5]∞ chains via face 

sharing. O atoms: red.  Figure reproduced from (Paper III).  

 

Magnetic susceptibility measurements show an antiferromagnetic 

transition and a short-range ordering at low temperatures with a broad peak 

that centers at ~5.4 K as shown in Figure 3.15. The heat capacity curve in 

Figure 3.16 shows that at a lower temperature, ~1.32K, long range 

antiferromagnetic ordering occurs. The Currie Weiss constant is – 4.5(1) K.  
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Figure 3.15  Magnetic susceptibility curve of KCu(IO3)3. Figure reproduced 

from Paper III. 
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Figure 3.16  Heat capacity of KCu(IO3)3. Figure reproduced from Paper 

III. 
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3.3.2 The SHG active KSc(IO3)3Cl and K3Sc(IO3)6 

compounds (Paper IV) 

 

Both the KSc(IO3)3Cl iodate chloride and the K3Sc(IO3)6 iodate were 

synthesised hydrothermally. Details of the synthesis procedure and the 

starting materials can be found in section 2. The K3Sc(IO3)6 iodate crystallizes 

in the Fdd2 orthorhombic space group and the KSc(IO3)3Cl iodate chloride in 

the R3 trigonal space group. 

 

 

 

The structure of K3Sc(IO3)6 

 

An overview of K3Sc(IO3)6 is shown in Figure 3.17a. The crystal structure 

consists of isolated [ScO6] octahedra and [KO8] polyhedra that connect to each 

other via edge sharing to form [K3O18] trimers which are further extended 

along the a-axis, see Figure 3.17b. The I5+ ion forms one side coordinated [IO3] 

trigonal pyramids due to presence of the stereochemically active lone pair E. 

The [IO3] groups alternate with [I2O5] groups due to splitting of the I2 and I3 

iodine atoms as shown in Figure 3.17c. 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 

 

 

 

Figure 3.17  a) Overview of the K3Sc(IO3)6 along the b-axis. b) [KO8] 

polyhedra form [K3O18] trimers via edge sharing which extend along the a-

axis. c) Alternating [IO3] and [I2O5] groups extend along the b axis. Figure 

reproduced from Paper IV. 
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The structure of the KSc(IO3)3Cl  

 

The crystal structure of KSc(IO3)3Cl is built up by isolated [ScO6] octahedra, 

[KO12] polyhedra and one sided coordinated [IO3] groups. The latter do not 

polymerize. The overview of the structure is shown in Figure 3.18a where 

tunnels are formed along the a-axis and the Cl atoms act as counter ions and 

reside in those tunnels. The E of the I5+ and the Cl atoms coexist in the tunnels 

and open-up the structure. The Cl environment is shown Figure 3.18b where 

each Cl atom is surrounded by six [IO3] trigonal pyramids. 

 

 
Figure 3.18  a) Overview of the KSc(IO3)3Cl where the Cl atoms (green) 

reside in the tunnels b) The environment of the Cl atoms. [ScO6] octahedra: 

Caribbean blue, O atoms: red, Cl atoms: green. Figure reproduced from Paper 

IV. 
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Both compounds crystallize in non-centrosymmetric structures and 

therefore they show SHG activity. The compounds K3Sc(IO3)6 and 

KSc(IO3)3Cl show 2.8 and 2.5 times SHG activity compared to KH2PO4 

(KDP) respectively as shown in Figure 3.19. 

 

 

Figure 3.19  SHG results of K3Sc(IO3)6 and KSc(IO3)3Cl. Figure 

reproduced from Paper IV. 
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4  Summary and Conclusions 

The goal of this study was to synthesize compounds with certain structural 

architectures, such as low-dimensional arrangements, e.g. chains or layers, or 

to form non-centrosymmetric crystal structures. There is a strong correlation 

between crystal structure and physical properties and such compounds might 

show magnetic frustration, SHG, piezoelectricity etc.  

 

The strategy that has been followed was to explore complex systems, more 

specifically oxides and oxohalides containing p-block cations (L) having 

stereochemically active lone pairs (E). The stereochemically active lone pair 

occupies space that makes the L cations to adopt asymmetric building units 

with their ligands leading to low dimensional arrangements and/or non-

centrosymmetric structures. Involving halides e.g. Cl, F into the system may 

create non-bonding regions together with lone-pairs on the L cations. In 

addition highly coordinated ions such as K+ can further increase the structural 

anisotropy. 

 

 Several new compounds that belong to the M ̶ L̶ O  ̶F and  K+ ̶ M  ̶ L ̶ O  ̶

(Cl) systems, with M = Co2+, Cu2+ or Sc3+ and L= being one of Bi3+, Se4+,  I5+, 

were synthesized via a hydrothermal method and further characterised. The 

first compound that was synthesised was Cu2SeO3F2 that belongs to the M ̶ L  ̶

O ̶ F system. It is a framework-like compound with one sided coordinated Se4+ 

that reside in the structure in a way so that the stereochemically active lone-

pair occupies space resulting in a framework-like structure of [CuO3F3] 

octahedra.  

 

In the case of layered (2D) Aurivillius phases, which follow a specific 

formula, the replacement of O by F atoms in a different ratio made it possible 

to include transition metal cations with low oxidation state, Co2+, Fe3+or Sc3+, 

to form CoBi2O2F4, FeBi2O3F3 and ScBi2O3F3 and thus broadened the 

Aurivillius oxofluoride family. The magnetic properties of Cu2SeO3F2 and 

CoBi2O2F4 were characterised. 

 

The insertion of a highly coordinated ion such as the K+ to form compounds 

in the K+  ̶M  ̶L  ̶O( ̶  Cl) system with M = Cu2+, Sc3+ and L = I5+, increases the 

possibility to form isolated [MO6] octahedra (0D), chains of octahedra (1D) 

or framework like compounds that might lack a centre of symmetry. The 

compound KCu(IO3)3 is a 1D compound with [CuO6] octahedra connected to 
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form [CuO5]∞ isolated chains. The magnetic properties of this compound were 

explored. 

 

In the Sc3+ analogues, the K3Sc(IO3)6 iodate and the KSc(IO3)3Cl iodate 

chloride formed. Those compounds comprise one side coordinated [IO3] 

groups, the highly coordinated building blocks [KO8] and [KO12] respectively 

and isolated [ScO6] octahedra. The Cl ̶  ions act as counter ions and reside in 

tunnels in the structure but are not part of the covalent network. The E of the 

I5+ and the Cl ̶   ions coexist and create non-bonded regions in form of tunnels 

in the crystal structure. Those Sc3+ containing iodates crystallize in non-

centrosymmetric space groups, Fdd2 and R3 respectively, and are therefore 

optically activity and show SHG properties. 
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5  Sammanfattning på svenska 

Det finns flera fysikaliska egenskaper som direkt relaterar till  

kristallstrukturen. Exempel på sådana egenskaper är magnetisk frustration, 

supraledning och icke linjära optiska egenskaper såsom frekvensdubbling. 

Flera av dessa egenskaper kan utnyttjas inom elektroniktillämpningar, 

laserapplikationer etc. och därför är det intressant att utveckla syntesstrategier 

för att åstadkomma lågdimensionella material och icke centrosymmetriska 

kristallstrukturer. Att inkludera assymetriska byggblock i en kristallstruktur är 

en sådan strategi för att åstadkomma lågdimensionella arrangemang av 

byggblock så att de bildar kedjor eller skikt eller för att öka möjligheterna att 

bilda icke-centrosymetriska kristallstrukturer. Så kallade lone-pair katjoner 

(L) bland p-blockelementen är exempel på joner som har assymetrisk 

koordination på grund av att de kan ha ett stereokemiskt aktivt lone-pair (E) 

som upptar plats och inte deltar i bildandet av bindningar till ligandatomerna. 

Den stereokemiska aktiviteten är ett komplicerat fenomen och många teorier 

och modelleringsstudier har presenterats där det har rapporterats att storleken 

hos E relaterar till atomnumret hos L-katjonen och typen av ligander. De 

stereokemiskt aktiva lone-pairelektronerna påverkar L-katjonen så att det kan 

få olika koordinationsgeometrier. Lätta element som tex Se4+ har mest 

stereokemiskt aktiva lone-pair och kan anta tex en ensidig trigonal pyramidal 

koordination medan tyngre elements såsom Bi3+ har ett mindre stereokemiskt 

aktivt lone-pair och därmed större koordinationstal. Exempel på andra element 

som också har assymetriska koordinationspolyedrar är tex K+ som ofta har ett 

högt koordinationstal och visar många möjliga koordinationer.  

Ytterligare ett sätt att åstadkomma lågdimensionella kristallstrukturer eller 

icke centrosymmetriska strukturer är att involvera halidjoner såsom F–, Cl– 

eller Br– och bilda oxohalider där L-element ingår. Den lilla elektronegativa 

F– jonen beter sig oftast som en O2– jon och bildar brygga mellan katjoner 

medan Cl– och Br– oftast endast bildar en bindning till en metallkatjon och 

inte binder till L-katjoner i oxohalider vilket öppnar upp strukturen och 

medför att sådana strukturer ofta visar volymer utan bindningar där halider 

samsas med lone pairs hos L-katjonerna. En konsekvens blir att 

koordinationspolyedrar kring ingående metaller ofta arrangerar sig som kedjor 

eller skikt i kristallstrukturen. Beroende på önskade egenskaper kan 

metallkatjonerna väljas så att materialet får intressanta magnetiska egenskaper 

genom att inkludera tex Cu2+ eller Co2+. Optiskt intressanta material kan fås 

om en icke-centrosymmetrisk kristallstruktur kan åstadkommas som 

innehåller en metall som inte färgar materialet, såsom tex Sc3+.  
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I den här avhandlingen presenteras sex nya föreningar, oxider och 

oxohalider, som har syntetiserats hydrotermalt. Föreningarna innehåller L-

katjonerna Bi3+, Se4+ och I5+ samt övergångsmetllerna Cu2+, Co2+, Fe3+, Sc3+ 

och i ett par fall även alkalimetallen K+. Bland dessa föreningar är tre nya 

medlemmar i familjen Aurivilliusföreningar; CoBi2O2F4, ScBi2O3F3, och 

FeBi2O3F3. Aurivilliusföreningar har den allmäna formeln 

(Bi2O2)(An-1BnO3n+1) och för de nya föreningarna är n =1. Genom att ersätta 

O2– med F– har det varit möjligt att inkludera övergångsmetallkatjoner med 

lägre oxidationstal än vad som tidigare syntetiserats i denna familj. 

Avhandlingen omfattar också ytterligare ett par oxohalider; Cu2SeO3F2 och 

KSc(IO3)3Cl samt en oxid K3Sc(IO3)6. I oxofluoriden är F– en del av det 

kovalenta nätverket medan oxokloriden visar att Cl– inte ingår i ett sådant 

nätverk utan återfinns i hålrum i strukturen där den upptar plats tillsammans 

med lone-pair elektroner hos L-katjonen i kristallstrukturen.  

En motivering för det här arbetet har varit att tillämta olika designstrategier 

för att uppnå material med lågdimensionella arangemang av ingående 

byggblock som också återspeglar de fysikaliska egenskaperna. 

Syntesstrategierna har varit framgångsrika och lett till nya föreningar som i 

sina strukturer visar kedjor, skikt eller avsaknad av symmetricentrum. 

Magnetiska egenskaper har karakteriserats hos de föreningar som innehåller 

magnetiskt aktiva joner; Co2+ och Cu2+. Optiska egenskaper har studerats hos 

de transparenta kristaller som innehåller Sc3+ och är icke-centrosymmetriska, 

dessa föreningar har konstaterats ha icke-linjära optiska egenskaper.  
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6  Future Perspectives 

The main goal when it comes to searching for new materials is to tailor the 

structures so that the compounds get specific properties that can find relevant 

applications. Materials with catalytic properties would be an interesting future 

perspective. For such applications, both low solubility and stability are of 

great importance. Therefore, among oxohalides containing F, Cl, or Br, the 

less soluble oxofluorides are the most promising candidates. Additionally, 

materials with layered architectures can be further processed e.g. exfoliated as 

in the case of the newly synthesised Aurivillius oxofluoride containing Co2+ 

(Paper II). The active surface and therefore its catalytic activity for water 

oxidation increased after exfoliation (Paper V). Replacement of Co with other 

catalytically active transition metals in layered compounds could be an 

interesting future study.  

Non-centrosymmetric iodates containing Sc3+ that do not colour the 

compound have been synthesised and tested for their optical activity. They 

were found to be 3 - 4 times more active than commercial KDP and this kind 

of materials could be interesting for laser applications. The studied iodates 

belong to the K+ ̶ Sc3+  ̶ I5+ ̶ O system. Replacement of K+ with other highly 

coordinated ions such as Rb+ or Na+ or replacement of Sc3+ with e.g. In3+ or 

Y3+ could be a good future strategy in order to explore more iodate systems 

and to understand how the size of highly coordinated ions influence on the 

structural architecture. 
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