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Abstract v 

Abstract 
This thesis is based upon synthesis and structure determination of new 
transition metal oxo-halide compounds, which includes p-element cations 
that have a stereochemically active lone pair. A synthesis concept has been 
developed, which uses several different structural features to increase the 
possibility to yield a low-dimensional arrangement of transition metal 
cations. A total of 17 new compounds has been synthesised and their 
structures have been determined via single-crystal X-ray diffraction. The 
halides and the stereochemically active lone-pairs will typically act as 
terminating species segregating into regions of non-bonding volumes, which 
may take the form of 2D layers, 1D channels or Euclidean spheres. The 
transition metals that have been used for this work are copper, cobalt and 
iron. The Hard-Soft-Acid-Base principle has been utilized to match strong 
Lewis acids to strong Lewis bases and weak acids to weak bases. All 
compounds show tendencies towards low-dimensionality; they all have 
sheets of transition metal cations arranged into layers, where the layers most 
often are connected via weak dispersion forces. 
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1 Aim and scope 
A structural low-dimensional material can be of great interest due to very 
specific physical properties e.g. magnetic frustration or anisotropic 
conductivity. Due to the difficulties to specifically synthesise inorganic 
compounds having a low-dimensional arrangement of transition metal 
cations, compounds are often selected by means of topological 
considerations from structural databases for further characterisation of such 
properties. Many compounds having a low-dimensional structure are known, 
but no successful synthesis strategies have previously been developed with a 
high probability for finding new such compounds. There are however several 
ways a low-dimensional compound can be “sculptured”: organic building 
blocks can be used to separate the transition metal cations or inorganic 
groups like carbonates, phosphates or borates etc. can be introduced as 
crystal structure spacers. The use of spacers is an approach which should 
yield a high probability of finding structurally low-dimensional compounds, 
but the main problem is to select the appropriate spacers. These spacers 
should be large enough to separate the transition metal cations, but also form 
as few bonds as possible, effectively functioning as terminating species 
forming dead ends for the structure. An ideal candidate for this purpose is 
the stereochemically active lone-pair. Lone-pairs are similar in size to 
oxygen anions (1), so they are large enough to open up the structure, and are 
positioned in a non-bonding orbital, which means that they will not form any 
bonds at all. A second component could also be used together with lone-pair 
cations to further enhance the possibility of yielding structural low-
dimensionality, and halides are good candidates for this purpose, as they 
typically have a low coordination number and can act as terminating species.  

This work has been directed towards searching for novel oxo-halides that 
include a cation with a stereochemically active lone-pair, e.g. Sb3+, Se4+ or 
Te4+, a late transition metal cation, e.g. Co2+, Cu2+, Ni2+ and Zn2+, and either 
Cl– or Br– as a halide. As will be shown in the thesis, transition metal cations 
typically form bonds to oxygen as well as to chloride and/or bromide anions, 
while the lone-pair cations tend to form bonds only to the oxygen anions. 
Fluorides have been excluded from the work because lone-pair cations often 
form bonds with F– as well as O2– when both are available, due to their 
similarities in size and electronegativity, and this will reduce the possibilities 
of yielding a low-dimensional compound, e.g. K(TeO2F) (2). The larger size 
and bonding preference of iodide, i.e. its very low Lewis base strength, 
which would force I– to form bonds only to the transition metal cation, 
would make it an interesting candidate for synthesis of low-dimensional 
compounds, but e.g. Cu2+, which has been one of the main cations 
investigated in this work, does not form bonds to I–, so the interest was 
shifted away from this halide. The stability and easy formation of iodates, 
IO3

–, from I– also discourages the use of I– as halide. 
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It has been proved earlier that there is a high probability of finding new 

compounds in the lone-pair transition metal oxo-halide systems, which often 
are low-dimensional e.g. Cu2Te2O5X2 (X = Cl, Br) (3) and Ni5(TeO3)4X2 (X 
= Cl, Br) (4). The lone-pairs will, together with the halides, act as chemical 
scissors that effectively help to “cut” the three-dimensional network that is 
common in transition metal oxides. 

The aim of this work has been two-fold, namely to:  

1) Try to develop a synthesis concept with a high probability of finding 
new low-dimensional compounds. Such compounds are interesting in 
the search for e.g. new spin frustrated compounds or compounds that 
have highly anisotropic electrical or optical properties.  

2) To further test the possibilities and limitations of the synthesis 
concept. The concept stipulates certain rules for the coordination and 
bonding of the cations, and these rules were tested by e.g. replacing 
Te4+ with the stronger Lewis acid Se4+ or by replacing Ni2+ with Co2+. 
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2 Introduction  

2.1 Low-dimensionality 
In this work, a low-dimensional compound refers to a compound that from a 
crystal structure point of view is characterised by arrangements of transition 
metal cations in less than three dimensions e.g. 2D layers, 1D chains or quasi 
0D groups. Many low-dimensional compounds presented in the literature are 
oxides of different types, but some oxo-halides are also known. Some 
examples of such low-dimensional compounds are;  

 the strontium copper borate SrCu2(BO3)2 (5, 6) 

 the sodium vanadate Na2V3O7 (7)  

 the lithium nickel phosphate LiNi2(P3O10) (8, 9)  

 and more closely related to this work the frustrated spin tetrahedra 
compound Cu2Te2O5X2 (X = Cl, Br) (3). 

SrCu2(BO3)2 is layered with Cu2+ arranged according to the theoretically 
predicted highly spin frustrated Shastry-Sutherland lattice (10). The crystal 
structure is built up of [CuO4] squares and [BO3] triangles, see Figure 1. The 
[CuO4] groups are paired into [Cu2O6] units, which are further connected via 
common oxygen anions to the [BO3] groups to make up the layers. These 
layers are separated by the Sr2+ cations, and the Cu2+ cations are paired in a 
perfect 2D dimer quantum spin system within the [Cu2O6] units.  

 
Figure 1: Figure 1–a shows one Cu–B–O layer in SrCu2(BO3)2. Figure 1–b shows 
the frustrated Shastry-Sutherland lattice with two possible spin interactions J and J’. 
The Cu atoms are turquoise, the B atoms are dark brown and the O atoms are red. 
The Sr atoms (not shown) are positioned in between the layers. 
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Na2V3O7 has [VO5] square pyramids arranged to form chain-like spin tubes, 
which are separated from adjacent tubes by Na+ so that there is no super 
exchange coupling between V4+ cations from different tubes, see Figure 2. 
The structure is an example of a spin ½ ladder-like system. 

 
Figure 2: Figure 2–a shows the structure of Na2V3O7, where the Na – O bonds have 
been omitted. Figure 2–b shows a tilted projection view of one of the V4+ spin tubes. 
The [VO5] square pyramids are grey, the Na atoms are green and the O atoms are 
red. 

 

LiNi2(P3O10) consists of groups of [P3O10] units that are made up of three 
[PO4] tetrahedra, and chains of edge sharing [NiO6] octahedra running along 
the b-axis, see Figure 3. The chain itself is constructed of dimers of two 
[NiO6] octahedra which are coupled antiferromagnetically to each other. 

 
Figure 3: LiNi2(P3O10) seen along the a–axis. The Ni–chains are made up of dimers 
coupled antiferromagnetically to each other. The [NiO6] octahedra are turquoise, the 
[PO4] tetrahedra are purple, the Li atoms are light grey and the O atoms are red. 
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Closely related to this work is the frustrated spin tetrahedra compound 
Cu2Te2O5X2 (X = Cl, Br), which has Cu2+ situated in groups of four in a 
tetrahedral fashion, see Figure 4. The Cl/Br anions and the lone-pairs of Te4+ 
separate the Cu-tetrahedra, which will make each Cu-tetrahedron an almost 
independent unit with regard to the magnetic couplings. 

 
Figure 4: Cu2Te2O5Br2 with the Cu atoms (turquoise) grouped in a tetrahedral 
fashion (dashed yellow lines represent Cu–Cu “bonds”). The Te atoms are light grey, 
the O atoms are red and the Br atoms are green. 

 

Many of the transition metal oxochlorides and oxobromides that have been 
reported earlier are low-dimensional from a crystal structure point of view. 
A transition metal oxochloride typically, but not always, contains layers of 
transition metal cations with the chlorides protruding from the layers as 
terminating species, as is the case in e.g. FeOCl (11), see Figure 5 .  

 
Figure 5: Projection view of two sheets of FeOCl. The Fe atoms are brown, the O 
atoms are red and the Cl atoms are green. 
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Low-dimensional arrangements are also often found in many transition metal 
oxobromides, e.g. TiOBr (12) (isostructural to FeOCl). This tendency 
towards low-dimensionality in the pure transition metal  
oxo-halides could assist further in the formation of new low-dimensional 
materials when a lone-pair cation is introduced.  

 

2.2 Physical properties of low-dimensional 
compounds 
Low-dimensional compounds are well known for their abundance of 
interesting physical properties. Some examples of such properties are;  

 magnetic frustration  

 anisotropic conductivity  

 superconductivity. 

These properties will briefly be explained below. 

 

2.2.1 Magnetic frustration 
Magnetic frustration can occur in both ferro- and antiferromagnetic 
compounds, although antiferromagnetic frustration is most common. 
Frustration occurs with short range ordering (and no long range ordering) 
and has been observed in several low-dimensional materials (13), but it also 
occurs in many three dimensional compounds. 

Antiferromagnetic (AF) frustration is an interesting physical property 
which can occur in low-dimensional materials. The effect arises when the 
magnetic spins of some, or several, cations are positioned so that they can 
not couple antiferromagnetically towards all of their neighbours at the same 
time. Figure 6 below shows two examples of how such frustration can occur.  
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Figure 6: Frustration in a) an AF triangular coupled system and b) an AF tetrahedral 
coupled system. 

 

The example in Figure 6–a shows a triangular arrangement of three ions with 
coupled magnetic spins. A strong frustration will be the case if the spins are 
AF coupled. Two spins will have an AF arrangement but the third one will 
become frustrated because it can not couple antiferromagnetically to both its 
neighbours at the same time. This situation is present in the kagomé lattice-
type structures, which consist of layers of corner sharing triangles as in e.g. 
KFe3(OH)6(SO4)2 (14), see Figure 7.  

 
Figure 7: A kagomé lattice in KFe3(OH)6(SO4)2 made up of corner sharing Fe–
triangles. 
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The second example in Figure 6–b shows four ions in a tetrahedral 
arrangement where the magnetic spin of two ions will fluctuate in the same 
manner, a situation that has been observed in e.g. Cu2Te2O5Br2 (3), see 
Figure 4 . 

Ferromagnetic frustration was long thought to be an impossibility but has 
recently been discovered in e.g. some compounds belonging to the 
pyrochlore family, where there is a single site anisotropy along the <111> 
axis (15, 16). The pyrochlore Ho2Ti2O7 has ferromagnetically coupled Ho3+ 
cations, and the anisotropy will result in a strong easy-axis anisotropy where 
two of the spin points outwards from and two of the spins point inwards into 
the tetrahedra, see Figure 8. This situation will lead to a highly degenerate 
state. 

 
Figure 8: Ferromagnetic frustration in a tetrahedral system, where the magnetic 
spins point either inwards or outwards from the tetrahedron. 

 

2.2.2 Anisotropic conductivity 
Some low-dimensional compounds have been found to have a highly 
anisotropic conductivity, meaning that the conductivity is different 
depending on how the crystal is oriented during the measurement (17, 18). 
The low-dimensionality of the structure allows for an easier flow of 
electrons (or ions in the case of ionic conductors) along this structural 
feature, making the conductivity parallel to the low-dimensional feature of 
the structure higher than perpendicular to this direction. For example in 
Figure 9 below, the conductivity of Na0.33V3O5 (19) along the a- and b-axes 
is a very much higher than along the c-axis, as the separation of the layers 
makes the coupling between two ions from different layers less favourable. 
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Figure 9: The structure of Na0.33V3O5. The conductivity along the layers (black 
arrows) will be higher than the conductivity perpendicular to these (red dashed 
arrow). The Na atoms are green, the V atoms are light grey and the O atoms are red. 
Na–O bonds have been omitted for the sake of clarity.  

 

2.2.3 High Tc superconductivity 
Under special circumstances, the resistivity of an electronic conductor may 
vanish, and a current can pass through the sample without any loss of 
energy. This is called superconductivity and a high Tc superconductor shows 
this effect at temperatures above 77 K, the temperature of liquid nitrogen. 
One of the best known high Tc superconductors is YBa2Cu3O7-δ (20), which 
has Cu cations situated in layers, i.e. a 2D structural feature, containing 
sheets of [CuO5] square pyramids and rows of [CuO4] squares, see Figure 
10. It has been suggested that the superconductivity of YBa2Cu3O7-δ (and 
many other high Tc superconductors) can be derived from the Cu layers (21, 
22).  
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Figure 10: The structure of YBa2Cu3O7-δ. The Cu atoms are present in either 
turquoise square pyramids or turquoise planar squares. The Y atoms are purple, the 
Ba atoms are yellow and the O atoms are red. Only Cu–O bonds are shown (as the 
polyhedrons). 

 

2.3 The synthesis concept 
The synthesis concept developed, which will be presented in more detail in 
this section, uses three distinct features that work together to reduce the 
dimensionality of the crystal structure:  

 The terminating properties of the lone-pairs and the halides 

 The difference in bonding preferences and chemical affinity 

 The tendency for the terminating species to segregate into open 
volumes of large non-bonding regions 

 

2.3.1 The terminating properties 
The first feature of the synthesis concept is the terminating properties of the 
lone-pairs and the halides, which may help to create the open volumes that 
are helpful, but not mandatory, for forming a low-dimensional compound. A 
component with a low coordination number is ideal for this purpose, and two 
of the most obvious choices as spacers are the halides and the 
stereochemically active lone-pairs of the p-element cations in intermediate 
oxidation states e.g. Te4+, Se4+, and Sb3+. The lone-pairs (and ideally the 
halides) will act as “dead ends” segregating into non-bonding regions, 
forcing parts of the crystal structure to form in less than three dimensions. 
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2.3.1.1 Lone-pair electrons, lone-pair cations and their 
coordinations 
A lone-pair (E) is defined as “a pair of electrons in a molecule which is not 
shared by two constituent atoms, i.e. does not take part in the direct 
bonding” (23). The lone-pair can thus be seen as an extra, non-bonding, 
ligand completing the coordination polyhedron around the cation in 
question. The lone-pair itself can be seen as the two valence electrons of the 
lone-pair cation, e.g. the 5s2 electrons of Te4+ or Sb3+, which are occupying a 
non-bonding (sp3) hybridized orbital (24). Examples of cations having a 
single stereochemically active lone-pair are shown in turquoise in Figure 11. 
The cations that are marked in bold are the ones that have been utilized in 
this work (Se4+, Te4+, Sb3+, and Bi3+). 

 
Figure 11: Examples of lone-pair cations. 

 

The lone-pair will in this work be represented by a small rigid sphere, but a 
more accurate representation should be a deformable orbital, representing 
the possible location of the lone-pair electrons, see Figure 12. 
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Figure 12: One possible representation of the stereochemically active lone-pair 
electron orbital. 

 

Oxides and fluorides containing cations that have a stereochemically active 
lone-pair have been investigated by Galy et al. (1). These investigations 
determined that the volume occupied by the lone-pair is about the same as 
that of an O2– or F– anion. They also calculated that the lone-pair extends a 
certain distance away from the lone-pair cation and that these distances vary 
for different lone-pair cations. A basis for the calculations was that the lone-
pair cation (L) should be positioned at the centroid of a polyhedron that is 
formed by the ligands and the lone-pair surrounding it. The lone-pair should, 
according to the valence shell electron pair repulsion (VSEPR) concept, be 
positioned at the polyhedron apex as far away as possible from the 
remaining ligands. This means that the distances and angles between the 
lone-pair cation and the “real” ligands will decide where the final apex 
position of the polyhedron will be located and, subsequently, where the lone-
pair should be placed. The fixed position of the centroid means that large 
ligand – lone-pair cation – ligand angles will pull the lone-pair closer to the 
central lone-pair cation, and smaller angles will push it away, see Figure 13.  
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Figure 13: The angles between the ligands will influence the calculated apex lone-
pair position towards the fixed centroid. 

 

For example, when a Te4+ cation is coordinated to three oxygen anions that 
form the base of a tetrahedron, the lone-pair is assumed to be positioned at 
the fourth tetrahedral position at an average distance of 1.25 Å. Average L – 
E distances are shown in Table 1.  

Ga Ge As3+ 
1.26 

Se4+ 

1.22 
Br5+ 
1.47 

Kr 

In Sn2+ 

0.95 
Sb3+ 

1.06 
Te4+ 
1.25 

I5+ 
1.23 

Xe6+ 
1.49 

Tl+ 
0.69 

Pb2+ 
0.86 

Bi3+ 
0.98 

Po At Rn 

Table 1: Average lone-pair – lone-pair cation distances in Å taken from Galy et al 
(1). 

 

The knowledge of the average L – E distances for several lone-pair cations 
makes it possible to include E in stereochemical descriptions, e.g. in 
coordination spheres, which aids in the structural description. The lone-pair 
cations, both the ones utilized in this work and others, can take different 
coordinations, and by far the most common coordination for all lone-pair 
cations relevant for this work is the tetrahedral [LO3E] coordination, with 
three oxygen anions in a pyramidal fashion around L and where the lone-pair 
completes the tetrahedron, see Figure 14. 
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Figure 14: [LO3E] coordination. The lone-pair atom is light grey, the O atoms are 
white and the lone-pair E is black. The coordination is typical for e.g. Se4+, Te4+ and 
As3+. 

 

Se4+ and As3+, which both are relatively small cations, have in fact only been 
found with this type of coordination, and this strongly indicates that they are 
unable to take any other coordination type. This suggests that the ionic 
radius is an influencing factor for the lone-pair cation coordination.  

Somewhat bigger lone-pair cations like Te4+ and Sb3+ can take both the 
[LO3E] coordination and also a trigonal bipyramidal [LO4E] coordination 
with four oxygens in a distorted see-saw coordination around L, and where E 
completes the trigonal bipyramid, see Figure 15. In this latter coordination, 
the lone-pair is always situated in one of the equatorial plane positions, and 
one of the L – O bonds is typically slightly longer than the remaining three.  

 
Figure 15: [LO4E] coordination. The colours are the same as for Figure 14. The 
coordination is typical for e.g. Te4+ and Sb3+. 
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The coordination possibilities for Te4+ have been investigated more 
thoroughly by Zemann et al. (25, 26). They found that Te4+ often has three 
ligands (almost exclusively oxygen anions) forming the base of a [TeO3E] 
tetrahedron at very similar distances in the range of 1.8 – 2 Å, but that there 
also often exist additional ligands, typically a fourth oxygen anion, at a 
distance which varies as much as between 2 and 3 Å. These weaker bonds 
are referred to as secondary bonds (27), while distances clearly outside the 
primary coordination sphere, with a valence unit (vu) value around 1 or 2 % 
of the cation valence, are called tertiary bonds (24). The fourth ligand is 
found at an apical trigonal bipyramidal position around the Te4+ cation and it 
will, together with the other three ligands and the lone-pair surrounding Te4+, 
form the [TeO4E] polyhedron coordination. Zemann et al. also found that 
Te4+ can move quite easily between the [TeO3E] coordination and the 
[TeO4E] coordination, but shows some preference for [TeO3E]. Te4+ can also 
have a fifth ion on the edge of the primary bonding sphere, resulting in a 
highly distorted [TeO5E] octahedral coordination, but as far as is known, 
Te4+ has never been observed with this fifth ligand within the primary 
bonding distance. If these additional ligands should be considered bonded or 
not, and if the coordination should be extended from [LO3E] to [LO4E] or 
even to [LO5E], will be discussed further in Section 2.7.  

Lone-pair cations with an even larger ionic radius, e.g. Bi3+ and Pb2+, can 
take both the previously mentioned coordinations, [LO3E] and [LO4E], as 
well as numerous others like e.g. an eight vertex cubic [LO8] coordination, 
see Figure 16, which puts the lone-pair in an un-hybridized s orbital that in 
effect “kills” the stereochemical role of the lone-pair. These bigger lone-pair 
cations frequently also bond to both Cl– and/or Br– as well as to oxygen 
anions in oxo-halide compounds, due to their comparatively weaker Lewis 
acid strength.  

 
Figure 16: [LO8] coordination, which in effect has killed the stereochemical role of 
the lone-pair. The colours are the same as for Figure 14. 
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Possible reasons for these differences in bonding affinity will be discussed 
further in Section 2.3.2. 

The second order Jahn-Teller effect (SOJT) is a phenomenon that has to 
be considered for the lone-pair cations. The SOJT effect occurs if the energy 
gap between the highest occupied orbital (HOMO) and lowest unoccupied 
orbital (LUMO) is small; typically less than 1 eV, but situations where the 
energy gap can be as large as 4 eV or more are known (28). These orbitals 
should also be allowed to mix, and this small energy difference will give rise 
to at least one degenerate state. The effect can occur in two kinds of cations:  

1) Transition metal cations with a do configuration (e.g. Nb4+, Ti5+, W6+)  

or  

2) Cations with a stereochemically active lone-pair.  

The result is an asymmetric coordination environment around the cation. 

 

2.3.1.2 Halides 
The halides used in this work were limited to Cl− and Br−. Both these are 
rather soft anions with a weak Lewis base strength. Halides typically have a 
low coordination number, so that they rarely form bridges within the 
structures. These effects make them ideal candidates to use together with the 
lone-pair cations for work within the synthesis concept.  

The synthesis concept is based on using spacers to partition the structure, 
but F− is considered to be an ineffective spacer due to its small ionic radius 
(ri ≈ 1.3 Å) (29) and the resulting high Lewis base strength. These factors 
mean that it most likely will bond to the lone-pair cations with a 
comparatively high coordination number and not only to the transition metal 
cations. F− can also react with the quartz tubes used during the synthesis, and 
a different synthesis technique would have to be used to avoid this. 

I− would, with its large ionic radius of 2.2 Å (29), be an ideal candidate to 
use as a spacer but on the other hand its low Lewis base strength, which is 
one of the reasons that I− does not form bonds to Cu2+, is a strong reason for 
not using it as a spacer. I− can also quite easily react with the silica tubes 
encapsulating the reactants so another vessel has to be used instead. These 
facts, together with the volatile properties of many of the iodide containing 
starting materials, discourage the usage of I− as spacer. Future work will 
probably include this halide together with transition metal cations other then 
Cu2+. 
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2.3.2 Chemical affinity differences and HSAB 
The second feature of the concept is the difference in chemical affinity for 
the different cations. It is a commonly known fact that certain atoms or ions 
prefer to bond to certain other atoms or ions. This fact can in part be 
explained by the Hard-Soft Acid-Base (HSAB) principle, which is based on 
the simple fact that “equal prefers equal”. The HSAB principle stipulates 
that a hard cation will prefer to bond to a hard anion as opposed to a soft 
anion, and vice versa. In a similar way, a strong Lewis acid will prefer to 
bond to a strong Lewis base, and a weak Lewis acid will prefer to bond to a 
weak Lewis base. The Lewis acid strength (Sa) and the Lewis base strength 
(Sb) of the cations and the anions can be estimated from their valences and 
their average observed coordination numbers (AOCN) using Equations 1 and 
2, where V is the valence and <n> is the AOCN (or MiCN, minimum 
coordination number).  

  
〉〈

=
n
VSa   (Eq. 1)   

  
〉〈

=
n
VSb   (Eq. 2) 

The hardness or softness of the ion is an estimate of how easily the ion, or 
more specifically its electron cloud, can be deformed i.e. how strongly it 
holds on to its valence electrons. This parameter can be derived from the 
energy difference between the highest occupied and lowest unoccupied 
orbitals of the ions, but a more simple estimation can be done from a 
knowledge of the charge and size of the ions. A high charge and a small 
radius will make the ion harder whereas a low charge and a large radius will 
make it softer.  

Table 2 below shows the estimated Lewis acid strength (Sa) values from 
equation 1 for the cations used in this work as well as their estimated 
hardness/softness. Table 3 shows the estimated hardness properties as well 
as the Lewis base strength values Sb-nor and Sb-max, meaning the normal and 
maximum Lewis base strengths, for the anions. Sb-nor is calculated using the 
AOCN and Sb-max is calculated using the minimum coordination number 
(MiCN) instead of the AOCN via equation 2. 
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Cation AOCN Sa  Hard/Soft? 
Te4+ 4.1 0.99 Soft/Borderline 
Se4+ 3.3 1.21 Borderline 
Sb3+ 4.8 0.63 Soft/Borderline 
Bi3+ 6.2 0.48 Soft/Borderline 
    

Co2+ 5.70 0.35 Borderline 
Cu+ 3.5 0.29 Soft 
Cu2+ 5.1 0.39 Borderline 
Fe2+ 5.89 0.34 Soft 
Fe3+ 5.69 0.53 Hard 

Table 2: Estimated Lewis acid strength values from valence and AOCN. AOCN’s 
have been taken from Brown (30). 

 
Anion AOCN Sb-nor MiCN Sb-max Hard/Soft? 
O2− 4.0 0.50 2.0 2.0 Hard 
Cl− 5.9 0.17 2.0 0.5 Borderline 
Br− 11.1 0.09 2.0 0.5 Soft 

Table 3: Estimated Lewis base strength values using AOCN and MiCN (30). 

 

These values can be used to predict if a bond will occur between ions within 
the investigated M – L – O – X system. First it should be recognised that 
amongst the anions used in this work, the O2– anion is a rather strong Lewis 
base (Sb-nor = 0.50) and a rather hard anion compared to the softer and 
weaker halides. Remembering the “equal prefers equal” principle, it can 
easily be deduced from a plot of the estimated Lewis acid and base strengths, 
that the lone-pair cations, which are the stronger Lewis acids, will prefer to 
bond to the O2– anions while the transition metal cations, the weaker Lewis 
acids, will be forced to bond to the halides as well as the oxygen anions, see 
Figure 17.  
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Figure 17: Lewis acid and base strength of the ions in this work. The cations are 
displayed with their Sa along the first line, while the anions are shown with their range 
of Sb-nor – Sb-max on separate lines. 

 

To reach its designated valence, the transition metal cation often forms 
additional bonds to some of the O2– that already are bonded to the lone-pair 
cation. As an example, in the Cu2+ – Te4+ – O2– – Cl– system it can be 
assumed that the very strong Lewis acid Te4+ (Sa ≈ 0.99) should only form 
bonds to the strong Lewis base O2– instead of the weaker Lewis bases Cl–, 
even though O2– is a very hard anion compared to the borderline Te4+ cation 
hardness. This would then mean that Cu2+ (Sa ≈ 0.39) is forced to bond to the 
halides and presumably also to the O2– anions. If the much stronger 
(compared to Cu2+) Lewis acid Fe3+ (Sa ≈ 0.53) is introduced, its Lewis acid 
strength and hardness matches those of O2– better than Te4+ matches O2–. 
This should mean that Fe – O bonds would be more favourable than Te – O 
bonds, and this would in effect force Te4+ to form bonds to the halides as 
well as to the oxygen anions. These assumptions have been tested, and the 
results will be presented in Section 4. 

 

2.3.3 The open volumes 
The third feature is the existence of open volumes of large non-bonding 
regions in the structure. These can be seen as a direct result from the 
presence of the terminating species, i.e. the halides and the lone-pairs, in the 
structure. The open volumes are an important factor that helps to reduce the 
dimensionality but it is not a mandatory requirement, since compounds exist 
with a low-dimensional arrangement of certain ions (typically a transition 
metal cation), although the complete structure is three dimensional. The 
terminating species are often gathered into local areas forming large non-
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bonding regions, and these cavities typically take the form of channels or 
layers. 

 

2.4 The transition metal cations 
Many late transition metal cations can be considered to be interesting for 
experiments in the field of oxo-halides with lone-pair cations, as they allow 
bonds to both oxide and halide anions, and their oxides and halides can react 
under similar synthesis conditions. The transition metal cations that have 
been studied in this work are: Cu+, Cu2+, Co2+, Fe2+ and Fe3+. Transition 
metal cations with a higher oxidation state, e.g. Mn7+, will be too small and 
have a too high Lewis acid strength to form bonds with halides. 

 

2.4.1  Copper 
Several compounds containing Cu2+ have very interesting magnetic 
properties, e.g. high-temperature superconductivity (20) and antiferro-
magnetic frustration (13). The quest for new magnetic ground states started 
after the discovery of the high TC superconductors, to improve the 
understanding of the mechanisms behind this effect. These investigations led 
further to, amongst other things, the frustrated spin compounds, see Section 
2.2.1. Some theoretical calculations have been carried out on Cu2+ in 
frustrated AF arrangements, and physicists are interested in comparing these 
calculations with actual measurements. Cu2+ has nine d electrons, which 
gives it s = ½, and this relative simplicity with one unpaired d-electron 
makes Cu2+ attractive for calculations of magnetic couplings in quantum spin 
compounds. Cu2+ is a borderline cation with regard to hardness/softness and 
the estimated Sa value (Table 2) indicates that it is a rather weak acid. Any 
compound found in the Cu2+ – L – O – X system should follow the second 
principle of the synthesis concept with only L – O bonds, leaving Cu2+ to 
form bonds to the halides and oxygen anions to reach its valence. 

Cu+ on the other hand is a very weak Lewis acid, and it is also 
comparatively soft. This suggests that Cu+ would prefer to form bonds only 
to the halides to reach its valence, leaving the oxygen anions to the stronger 
Lewis acids, the lone-pair cations, which is the case for several such 
compounds (31, 32). Cu+ is diamagnetic and not interesting from a magnetic 
point of view, but it is associated with other interesting properties, e.g. ionic 
conductivity (33).  

Cu+ is most often observed in tetrahedral coordination (34) while Cu2+ 

often shows distorted octahedral coordination (35). The distortion is due to 
the Jahn-Teller effect giving rise to square planar coordination or square 
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pyramidal coordination. The most common Jahn-Teller distortion for Cu2+ is 
an elongation along the octahedral z-axis, although a shortening of this axis 
could also occur.  

Some oxo-halide compounds containing Cu+ or Cu2+ and a lone-pair 
cation have previously been described, see tables in Section 2.5, but the Cu – 
L – O – X system is far from fully explored. 

 

2.4.2  Cobalt 
Co2+ is a relatively weak Lewis acid that is considered to be a borderline 
cation in reference to hardness/softness. Co2+ should then, in similarity to 
Cu2+, form bonds to both the halides and the oxygen anions. Co2+ can take 
both an octahedral and/or a tetrahedral coordination, and has been observed 
taking both these coordinations in the same compound (36). The rich crystal 
chemistry of Co2+ made it likely to presume that investigations in the Co – L 
– O – X system could result in many new compounds, but surprisingly only 
a few were previously known, see Section 2.5. The quantum spin number of 
Co2+ will vary depending on the coordination and high- or low-spin 
possibilities: Co2+ is a d7 cation and the spin arrangements coupled with the 
different coordination possibilities allows for s = 3/2 or 1/2 spin number, 
making the interpretation of magnetic data more difficult compared to those 
for Cu2+.  

 

2.4.3  Iron 
Iron can exist in different oxidation states, e.g. Fe2+ and Fe3+. Both these 
cations are most often only observed in octahedral coordination although 
other coordinations have also been observed (37). Fe2+ has a d6 electron 
configuration giving it e.g. a spin of s = 0 or 2 in octahedral coordination, 
depending on low- or high-spin state, whereas Fe3+ has a d5 electron 
configuration resulting in a spin of s = 1/2 or 5/2 in octahedral coordination, 
depending on low- or high-spin state. Fe3+ is a rather strong Lewis acid 
compared to other transition metal cations, and it also rather hard, whereas 
the larger Fe2+ is a comparatively softer and weaker Lewis acid. The 
hardness and Lewis acid strength of Fe3+ matches those of the O2– Lewis 
base very well, allowing for comparatively strong Fe – O bonds to form. 
This implies that in the Fe – L – O – X system, Fe – O bonds will be more 
stable than e.g. Te – O, bonds forcing the lone-pair cation to accept halide 
ligands, see Section 2.3.2. 
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2.5 Transition metal oxo-halide compounds 
containing lone-pair cations 
The number of reported transition metal oxo-halide compounds containing 
lone-pair cations is constantly growing. The compounds listed in Table 4 – 5 
are those that were found in the Inorganic Crystal Structure Database (ICSD) 
2006-01, using FindIt version 1.4.1 to search for oxo-halides, but excluding 
oxofluorides, with one of Te4+, Se4+ or Sb3+ as the lone-pair cation (L) and 
including at least one late transition metal cation. Compounds in the M – L – 
O – X system, where M is a late transition metal cation from the fourth 
period, are given in Table 4. Compounds in the M – M´ – L – O – X system, 
where M´ is any cation, are given in Table 5. 
Compound Author(s) Reference 
(Co(NH3)6)Cl(TeCl6)- 
(H2O)1.64 

A. du Bois et al. Acta Cryst C (1989) 45, 1986-1988 

Co(HSeO3)Cl•2H2O  M.G. Johnston et al. Acta Cryst E (2003) 59, 62-64 
Co(HSeO3)Cl•3H2O W.T.A Harrison et al. Z. Anorg. Allgem. Chem. (2000) 626, 2487-

2490 
(NH3)5CoSeO3Cl(H2O)2.5 R. C. Elder et al. Inorg. Chem. (1978) 17, 870-874 
Cu3(SeO3)2Cl2 P. Millet et al. Solid State Comm. (2000) 113, 719-723 
(Cu(HSeO3)2)(Mn- 
(H2O)4)Cl2 

A. M. Lafront et al. Inorganica Chimica Acta (1995) 238, 15-22 

Cu3Bi(SeO3)2O2X   
(X = Br, I) 

P. Millet et al. Journal of Materials Chemistry (2001) 11, 1152-
1157 

Cu3Bi(SeO3)2O2Cl A. Pring et al. American Mineralogist (1990) 75, 1421-1425 
Cu5(SeO3)2O2Cl2 J. Galy et al. Acta Chemica Scandinavica, Series A: Physical 

and Inorganic Chemistry (1979) 33, 383-389 
Cu5(SeO3)OCl5 S.V. Krivovichev et al. Doklady Akad. Nauk (2004) 399, 356-358 
Cu9(SeO3)4O2Cl6 S.V. Krivovichev et al. Z. f. Kristallographie (1998) 213, 645-649 
Cu2Te2O5X2 (X = Cl,Br) M. Johnsson et al. Chem. Mat. (2000) 12, 2853-2857 
CuZn(TeO3)Cl2 M. Johnsson et al. Solid State Sciences (2003) 5, 263-266 
Cu(HSeO3)Cl•2H2O  
 

W.T.A Harrison et al. Z. Anorg. Allgem. Chem. (2000) 626, 2487-
2490 

Cu(HSeO3)2(NH4Cl) J. C. Trombe et al. Inorganica Chimica Acta (1997) 262, 47-51 
(Fe(CO)3)2Cl(TeCl2)2 
(Te2Cl10) 

J.R. Eveland et al. Angew. Chem. (1996) 108, 841-843 

(Fe(CO)3)2Te4(TeCl2) J.R. Eveland et al. Angew. Chem. (1996) 108, 841-843 
H3Fe2(TeO3)4Cl C.R. Feger et al. J. of Solid State Chem. (1999) 143, 254-259 
Ni5(TeO3)4X2 (X = Cl,Br) M. Johnsson et al. Chem. Mat. (2003) 15, 68-73 
Ni33.1Te32O90Cl14.2 M. Johnsson et al. Angew. Chem. (2004) 43(33) 4292-4295 
Ni33.38Te32O90Cl14.79 M. Johnsson et al. Angew. Chem. (2004) 43(33) 4292-4295 
Zn2TeO3Cl2 M. Johnsson et al. Acta Cryst. C (2003) 59, i53-i54 
Zn2SeO3Cl2 T. F. Semenova et al. Mineralogical Magazine (1992) 56, 241-245 

Table 4: Known compounds in the M – L – O – X system from the ICSD database. 
See text for explanations of abbreviations. 
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Compound Author References 
Ba2Co(SeO3)2Cl2 M.G. Johnston et al. Acta Cryst. E (2002) 58, 49-51 
CoSm(SeO3)2Cl M.S. Wickleder et al. Z. Anorg. Allgem. Chem. (2003) 629, 556-562 
Ba2Cu4(Te4O11)Cl4 C. R. Feger et al. Inorg. Chem. (1998) 37, 4046-4051 
BaCu2(TeO3)2Cl2 C. R. Feger et al. Inorg. Chem. (1998) 37, 4046-4051 
Ca2CuTe4O10Cl2 R. Takagi et al. Acta Cryst. C (2005) 61, i106-i108 
Cu3Er(SeO3)2O2Cl R. Berrigan et al. Acta Cryst. C (1996) 52, 496-497 
CuGd(SeO3)2Cl M.S. Wickleder et al. Z. Anorg. Allgem. Chem. (2003) 629, 556-562 
Dy2CuTe5O13X2 (X = Cl,Br) Y.L. Shen et al. Inorg. chem. (2005) 44(15), 5328-5335 
ErCu(TeO3)2X (X = Cl,Br) Y.L. Shen et al. Inorg. chem. (2005) 44(15), 5328-5335 
KCdCu7O2(SeO3)2Cl9 P.C. Burns et al. Canadian Mineralogist (2002) 40, 1587-1595 
KCu7(TeO4)(SO4)5Cl F. Pertlik et al. Mineralogy and Petrology (1988) 38, 291-298 
Nd4Cu(TeO3)5Cl3 Y.L. Shen et al. Inorg. chem. (2005) 44(15), 5328-5335 

Table 5: Known compounds in the M – M´ – L – O – X system from the ICSD 
database. See text for explanations of abbreviations. 

 

2.6 The synthesis technique 
Some synthesis techniques that have been successfully used to synthesise 
oxo-halides are: solid-state reactions, vapour-solid reactions, chemical 
transport reactions, hydrothermal synthesis reactions and flux reactions. All 
compounds synthesised and described in this work have been synthesised via 
vapour-solid reactions and/or chemical transport reactions (CTR) that 
typically includes a vapour-solid reaction. In an ideal CTR:  

“a condensed phase reacts with a gas phase to form exclusively vapour 
phase reaction products, which in turn undergo the reverse reaction at a 
different location in the system with the resulting reformation of the 
condensed phase“ (38).  

Such transport reactions can yield well-defined single crystals, see Figure 
18. 
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Figure 18: Picture showing some crystals synthesised via the synthesis technique 
described in the thesis (picture courtesy of Mr. Helmuth Berger). 

 

The most common technique used for a CTR, when dealing with solid 
starting materials, is transport in sealed evacuated tubes via a temperature 
gradient. The most common transport agents are halogen gases or halide 
compounds (e.g. HCl or HBr), although other transport agents have been 
utilised as well.  

An example of a CTR is the reaction 

Fe2O3(s) + 6HCl(g) ↔ 2FeCl3(g) + 3H2O(g) 

where Fe2O3(s) can react with HCl(g) to form FeCl3(g) which will be 
transported in the system and decomposed back into Fe2O3(s) at a different 
temperature and in a different part of the system. This will in effect transport 
Fe2O3 from one part of the system to another.  

Chemical transport reactions can also be used to obtain new phases. 
Crystals of NbOCl2 can be obtained by heating Nb, Nb2O5 and NbCl5 in a 
gradient furnace over the temperature range of 370oC – 350oC (39). In this 
reaction, the transport agent is not separately introduced into the system but 
is instead part of the starting materials as well as the product, since NbOCl2 
is formed in the gas phase and is later condensed into crystals.  

The intermediate reactions that take place during the synthesis of the new 
compounds described in this work have not been fully understood. The use 
of halogen gas or hydrochloric/hydrobromic acid as transport agent seems to 
allow for larger crystals to form, but crystals can also be grown without such 
substances present. This implies that such transport agents are not mandatory 
for the crystals to form but if so, then an intermediate step must occur during 
the synthesis, and one possibility could be the formation of TeOCl2(g) (40). 
TeOCl2 can then react further with the remaining solid phases to form the 
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new compounds, and this theory is further strengthened by the existence of a 
Br analogue, TeOBr2(g) (41). The fact that these compounds have been 
observed suggests that the formation of TeOX2 may be an intermediate step 
in the formation of the new transition metal oxo-halide compounds presented 
in this work, but further experiments have to be performed to prove these 
assumptions.  

Another possible intermediate step is the formation of transition metal 
oxo-halides, e.g. Cu2OCl2 (42), which then can react with the remaining 
starting materials to form the products. This compound has however not 
been observed as a Br analogue, nor have any cobalt compounds been 
reported, and no pure Fe – O – Br compounds are known for iron. However, 
it is not clear from literature data whether or not a search for such transition 
metal oxo-halide compounds has been carried, which leaves the door open to 
the possibility that M – O – X compounds are involved in the formation of 
new oxo-halide compounds. 

It has nevertheless been confirmed that the reaction that takes place is a 
vapour-solid reaction (or possibly a chemical transport reaction) and that this 
reaction, with the formation of the crystals, takes place at the synthesis 
temperature instead of e.g. during a slow cooling process, which would be 
the case for a vapour-vapour reaction. 

In the work described here, the starting materials were placed inside silica 
tubes. The tubes were then evacuated, sealed off and heat-treated in either 
muffle or gradient furnaces for several hours. The initial temperatures of the 
furnaces were chosen from previous successful experiments, and subsequent 
attempts were made, by increasing or decreasing the reaction temperature 
from its initial value to examine the possibility of forming new compounds. 
Sodium glass tubes can be used for temperatures up to about 550oC 
(although silica tubes were used in all experiments during this work). Above 
this temperature the tubes start to soften and subsequently expand due to the 
pressure inside them. Silica tubes can then be used, because these can 
withstand temperatures up to about 700oC, before they start to react with the 
halides. Only some few experiments were performed at such high 
temperatures as roughly 650oC, and those experiments were not successful in 
producing crystals of any of the new compounds. For a more detailed 
explanation on the synthesis procedure, see Section 3.  

 

2.7 Bond-valence sum calculations as a helpful 
aid 
The synthesis and the circumstances surrounding the reactions allows for 
redox reactions to take place where, amongst other things, the transition 
metal can be reduced or oxidized. For instance Cu2+ can be reduced to Cu+ or 



2 - Introduction 26 
Fe2+ can be oxidized to Fe3+. If there is a concern that this has occurred, 
bond-valence sum calculations can be used to determine the oxidation state 
of the transition metal cation. Bond-valence sum calculations are also a 
useful tool to help determine the coordination number of the lone-pair 
cations. As noted in Section 2.3.1.1, the lone-pair cations can take different 
coordinations, e.g., Te4+ can be seen in either the [TeO3E] or the [TeO4E] 
coordination depending on the distance to the fourth ligand. Bond-valence 
sum calculations can then be used as an aid to help determine if a primary 
bond exists between two ions. This can be done in two ways, both using the 
same type of calculations. The first alternative is to calculate the valence 
contribution “carried” by the possible bond between the two ions and then 
use existing definitions to determine whether or not this is a primary bond. 
The second alternative uses the same type of calculations but sums up the 
valence contribution from all the possible bonds to the surrounding ligands 
to determine the valence of the central ion, e.g. Te4+. These values can then 
be used to determine if the Te4+ cation is coordinated to three or four ligands, 
i.e. if three or four ligands are needed to result in a valence of plus four.  

The total valence Vi for an ion i is calculated as a sum of several valences, 
using Equations 3, 4 and 5.  

 B
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=  (Eq. 3)  and  
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rij is the measured bond distance between the cation i and the anion j, r0 is a 
constant which has been tabulated by e.g. Brown and Altermatt (43) and 
Brese and O’Keeffe (44) for many ion pairs i and j, and the constant B has 
been calculated to be very close to 0.37 in most cases and therefore is 
assumed to have this value also in the present calculations. The valence 
contribution from each bonded ion is measured in valence units, vu, where 
one vu is equal to the charge of one electron or the flux generated by the 
charge of one electron. Ions far away have less influence on the valence of 
the central ion, while ions that are closer will contribute more, which is 
demonstrated in Figure 19 with bond valence contribution plotted against 
bond length for Te4+ – O2– bonds.  
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Figure 19: Bond valence plotted against bond length for Te4+ – O2– bonds. 

 

Several different suggestions have over the years been put forward to try to 
determine whether two ions should be considered bonded or not, but no such 
proposal has proved to be entirely satisfactory. One such suggestion has 
been proposed by Brown (24), declaring that a bond exists between a cation 
and an anion if its experimental bond valence is larger than 0.04 multiplied 
by the valence of the cation. To calculate the maximum primary bonding 
distance, Equation 3 is rearranged into Equation 6 and  
S is replaced by 0.04 • Ci (the cation valence).  

 )04.0ln(37.00
iCrr ••−=  (Eq. 6) 

For Te4+ this means that any ion close enough to contribute at least 0.16 vu 
(0.04 • 4) is considered bonded. When dealing with Te4+ – O2– bonds, this 
means a bonding distance up to a maximum of 2.66 Å. This upper limit for 
Te4+ – O2– bond lengths has been marked in Figure 19, while the lower limit 
has been chosen arbitrarily from existing compounds and should in no way 
be seen as a definite lower limit. The maximum bonding distances according 
to Equation 6, between the cations and anions in this work, is listed in Table 
6 below.  
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 O2– Cl– Br– 
Se4+ 2.49 2.90 3.11 
Te4+ 2.66 3.05 3.23 
Sb3+ 2.76 3.13 3.29 
Bi3+

 2.84 3.19 3.37 
    
Cu+ 2.69 3.05 3.22 
Cu2+ 2.59 2.93 3.07 
Co2+ 2.62 2.94 3.13 
Fe2+ 2.65 3.09 3.14 
Fe3+ 2.55 2.93 3.05 

Table 6: The maximum primary bonding distance calculated using Equation 6 
according to Brown (24). Not all bonds have been observed, but all values have been 
included for the sake of completeness. 

 

Interpretations of bond valence sum calculations can often give rise to 
discussions on whether an ion should be regarded as bonded or non-bonded, 
and in the literature some compounds have been described with e.g. a Te4+ 
cation having the [TeO3E] coordination in one structure solution and the 
[TeO4E] coordination in another. Therefore, during the rest of this work, the 
Brown definition will be used when referring to a primary bond between two 
ions, but some care is taken when the distance is close to the limit value, i.e. 
secondary bonds. 

BVS calculations can also be used to check the mixed occupancies of a 
site, e.g. the amount of Fe3+ and Fe2+ or the amount of Te4+ and Sb3+ on a 
single site. This can be done using Equation 7. 
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ρ1 is the amount of ion one in % on the site, and S is the experimental and V 
is the theoretical valence for ion one and two. The amount of the second 
cation is one minus ρ1. 
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3 Experimental 

3.1 The synthesis 
The synthesis techniques used in this work are chemical transport reactions 
and vapour-solid reactions. These techniques have been described briefly in 
Section 2.6.  

Some of the new compounds found have been synthesised in collaboration 
with Mr. Helmuth Berger, EPFL, Lausanne, Switzerland. These compounds 
are primarily in the Co – L – O – X systems and have been indicated with an 
asterisk (*) in the tables in this section. 

The search for new compounds started from prior experience by choosing 
simple molar ratios for the starting materials to begin with. If a new 
compound was found, a new synthesis was performed using the correct 
stoichiometric molar ratios to examine if this would yield ‘better’ crystals. 
The starting materials used for the experiments are listed in Table 7 – 8 
below. The molar ratios used to find the crystals of the best quality are listed 
in Tables 9 – 11 below.  

Chemical Company Purity 
Bi2O3 Merck KGaA Darmstadt 99.9% 
CoCl2  Sigma Aldrich Chemie 97+% 
CoBr2 Alfa Aesar 99.9% 
CoO  Johnsson Alfa Matthey GmbH 95% 
Cu2O  Avocado Research Chemicals Ltd. 97.4% 
CuCl2  Avocado Research Chemicals Ltd. 98+% 
CuBr2  ABCR GmbH & Co. KG 99% 
CuO  Avocado Research Chemicals Ltd. 99+% 
Fe2O3 ChemPur Feinchem. und Forschungsbedarf GmbH  99.999% 
FeCl3 ABCR GmbH & Co. KG  99% 
FeCl2 Sigma Aldrich Chemie 98% 
FeBr3 ABCR GmbH & Co. KG  99% 
Sb2O3  Fisher Scientific Company 99.7+% 
TeCl4  Mitsuwa’s Pure Chemicals 99.9+% 
TeBr4 ABCR GmbH & Co. KG  99.9% 
TeO2 Avocado Research Chemicals Ltd. 99.9% 

Table 7: The starting materials used for synthesis in Stockholm, Sweden. 



3 - Experimental 30 
 

Chemical Company Purity 
CoCl2  Alfa Aesar 99.9% 
CoBr2 Alfa Aesar 99.9% 
CoO Alfa Aesar 99.999% 
TeO2 Acros  99 % 
SeO2 Alfa Aesar  99.4% 

Table 8: The starting materials used for synthesis in Lausanne, Switzerland. 

 
Compound Bi2O3 Cu2O CuO CuX2 Sb2O3 LO2 TeCl4 

CuSbTeO3Cl2 
(crystals)    1 2 2  

CuSbTeO3Cl2 
(powder)  1   1 1 1 

Cu3(TeO3)2Br2   2 1  2  
* Cu3(SeO3)2Cl2   2 1  1  
Cu3Bi(TeO3)2O2Cl 1  2 2  2  

Table 9: Starting molar ratios for the synthesis of the Cu compounds (X = Cl or Br 
and L = Se or Te). 

 
Compound CoCl2 CoBr2 CoO SeO2 TeO2 
1Co2(TeO3)Cl2 1  1  1 
* Co2(TeO3)Br2  1 5  3 
* Co7(TeO3)4Br6  2 4  3 
* Co5(TeO3)4Cl2  1  5  3 
* Co5(TeO3)4Br2  1 5  3 
*Co5Te4O11Cl4 1  5  3 
* Co5(SeO3)4Cl2  1  4 3  
* Co5(SeO3)4Br2  3 8 6  

Table 10: Starting molar ratios for the synthesis of the Co compounds. 
1Co2(TeO3)Cl2 has been synthesised both in Stockholm and in Lausanne. 

 
Compound FeCl3 FeBr3 Fe2O3 TeBr4 TeO2 FeCl2 CuO 
FeTe2O5Cl 1  1  6   
FeTe2O5Br  1 1  6   
Fe8Te12O32Cl3Br3 4  10 3 45   
Fe5(TeO3)6Cl2 1  1  6   
Cu3Fe8Te12O32Cl10     2 1 1 

Table 11: Starting molar ratios for the synthesis of the Fe and the Fe+Cu 
compounds 
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Total amounts of about one gram of the mixed starting materials were placed 
in an agate mortar and ground for about 10 min, whereupon the sample was 
distributed into typically five or six different silica tubes. Preparations 
involving moisture sensitive starting materials, such as TeCl4, were made in 
a glove box in argon atmosphere. The tubes were subsequently evacuated to 
about 1 Torr and sealed off, and then heat treated in a standard muffle 
furnace or gradient furnace, see Figure 20, according to the data in Table 12. 

 
Figure 20: Gradient furnace used for synthesis of new crystals in Stockholm. 

 

The crystals grown in Lausanne were synthesised via transport reactions in 
gradient furnaces where the total amount of starting powder was as high as 
20 grams. The powder was first sintered as a pellet inside a sealed and 
evacuated silica tube (10-5 Torr). It was then ground to a powder before 
further sintering together with small amounts of HCl or HBr transport agents 
inside sealed and evacuated silica tubes (again 10-5 Torr). The synthesis time 
for these experiments was as long as several weeks, see Table 12. The 
crystals synthesised with this technique were of a much larger size than 
those prepared in Stockholm. A picture of a gradient furnace from EPFL is 
shown in Figure 21. 
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Figure 21: Gradient furnace used for growth of large crystal at EPFL, Lausanne 
(picture courtesy of Mr. Helmuth Berger).  

 

Compound Time (h) Temperature (oC) 
Cu3(TeO3)2Br2 40 500 
*Cu3(SeO3)2Cl2 ~1000 460 to 350 
CuSbTeO3Cl2 (crystals) 48 420 
CuSbTeO3Cl2 (powder) 48 410 
Cu3Bi(TeO3)2O2Cl 75 575 to 15 
Co2(TeO3)Cl2 68 500 
FeTe2O5Cl 48 510 
FeTe2O5Br 70 480 
Fe8Te12O32Cl3Br3 45 515 
Cu3Fe8Te12O32Cl10 70 540 
Fe5(TeO3)6Cl2 48 480 
*Co2(TeO3)Br2 ~1400 650 to 400 
*Co7(TeO3)4Br6 ~400 600 to 400 
*Co5(TeO3)4Cl2  ~800 680 to 540 
*Co5(TeO3)4Br2 ~1000 680 to 500 
*Co5Te4O11Cl4 ~800 680 to 540 
*Co5(SeO3)4Cl2  ~1000 550 to 300 
*Co5(SeO3)4Br2 ~1000 600 to 500 

Table 12: The synthesis times and temperatures. Two temperatures indicates a 
temperature gradient. 

 

In several cases, the synthesis resulted in a mixture of the new compound 
and unreacted starting materials, and in some experiments a different product 
phase than that intended was also formed; thus for instance the new 
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compound Cu3(TeO3)2Br2 (45) was always found together with crystals of 
Cu2Te2O5Br2 (3), and the new compounds Fe8Te12O32Cl3Br3 and 
Fe5(TeO3)6Cl2 (46) were always found together with crystals of the new 
compound FeTe2O5X (47). 

 

3.2 Characterization 
The new compounds were characterized by several different techniques 
described below. 

3.2.1 Single crystal X-Ray diffraction (XRD) 
Single-crystal X-ray data was collected at room temperature under ambient 
conditions on one of two different diffractometers, both using graphite-
monochromatized Mo Kα radiation, λ = 0.71073 Å: 

1) STOE IPDS image-plate rotating anode diffractometer equipped with 
an Oxford Cryostream crystal cooling system, or 

2) Oxford diffraction Xcalibur3 four-circle diffractometer equipped with 
a sapphire CCD detector and an Oxford Cryostream crystal cooling 
system.  

The intensities of the reflections were integrated using the software supplied 
by the manufacturers of the diffractometers. Absorption correction was 
performed either numerically with the STOE programs X-Red and X-Shape 
(48, 49) or through Gaussian face-indexing with the Crysalis programs CCD 
and RED (50, 51).  

The structures were solved by direct methods using SHELXS97 (52), and 
either refined by full matrix least squares on F2, using the software 
SHELXL97 (53), or refined by full matrix least squares on F, using the 
software JANA2000 (54). 

 

3.2.2  Scanning electron microscopy (SEM) and 
energy dispersive X-ray spectroscopy (EDS) 
To investigate the resulting compounds and to determine the composition of 
the synthesis products, a scanning electron microscope (SEM, JEOL 820) 
operating at 20 kV was used, equipped with an energy-dispersive 
spectrometer (EDS, LINK AN10000) capable of quantitatively analysing 
elements heavier than sodium. The samples were covered with a thin layer of 
elemental carbon before the analysis and placed on a sample holder made of 
conducting plastic resin, and elemental Co was used as internal standard. 
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3.2.3  Powder X-ray diffraction (PXRD) 
The phase purity of the powder samples (or small single crystals) that were 
used for characterisation of physical properties was first investigated by 
powder X-ray diffraction performed with a Guiner-Hägg focusing camera 
with subtraction geometry. CuKα1 radiation (λ = 1.54060 Å) was used, and 
silicon, a = 5.43088(4) Å, was added as internal standard. The recorded 
films were read in an automatic film scanner, and the data was evaluated 
using the programs SCANPI (55) and PIRUM (56). 

 

3.2.4  Characterization of physical properties 
Characterization of magnetic and electric properties of some of the 
compounds has been conducted as collaborative efforts. Details of how these 
have been performed are described in the respective papers appended to this 
thesis.  
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4 Results and discussion 
The results have been classified into two groups:  

1) An empirical part in Section 4.2 and  

2) A more speculative part in Sections 4.3 – 4.5.  

 

4.1 The new compounds 
The search for new transition metal lone-pair cation oxo-halides resulted in 
several new compounds, which will be summarized in this section. The 
structures of all the new compounds are described in more detail in their 
respective papers appended to this thesis.  

Table 13 below shows a short summary list of the new compounds and 
their crystal data, and Table 14 shows a short summary of the final 
refinement data. 

 Space Cell edges (Å) Cell angles (o) 
Compound Group a b c α β γ 
Cu3(TeO3)2Br2 C2/m 9.318(2) 6.278(1) 8.200(2) - 107.39(2) - 
Cu3(SeO3)2Cl2 C2/m 8.933(1) 6.2164(7) 7.582(1) - 110.24(1) - 
Cu3Bi(TeO3)2O2Cl Pcmn 6.318(1) 9.853(1) 14.358(2) - - - 
CuSbTeO3Cl2 C2/m 20.426(4) 4.092(1) 10.845(2) - 101.93(2) - 
Co2(TeO3)Cl2 P21/m 5.047(1) 6.633(1) 8.345(1) - 105.43(1) - 
Co2(TeO3)Br2 Pccn 10.518(1) 15.863(1) 7.77381) - - - 
Co7(TeO3)4Br6 C2/c 20.653(1) 8.653(1) 14.726(1) - 124.90(1) - 
Co5(TeO3)4Cl2  C2/c 19.795(2) 5.2800(4) 16.488(2) - 125.07(1) - 
Co5(TeO3)4Br2 C2/c 20.440(1) 5.2760(2) 16.471(1) - 124.790(5) - 
Co5Te4O11Cl4 P-1 8.2226(8) 10.297(1) 10.311(1) 110.80(1) 97.950(9 98.260(9) 
Co5(SeO3)4Cl2  P-1 6.4935(8) 7.7288(8) 7.744(1) 66.05 (1) 73.61(1) 81.27(1) 
Co5(SeO3)4Br2 P-1 6.4897(9) 7.757(1) 7.755(1) 66.85(1) 73.96(1) 81.35(1) 
FeTe2O5Cl P2/c 13.153(1) 6.595(1) 14.145(1) - 108.77(1) - 
FeTe2O5Br P2/c 13.396(1) 6.597(1) 14.290(1) - 108.12(1) - 
Fe8Te12O32Cl3Br3 P21/c 9.921(3) 5.0105(5) 36.775(1) - 90.71(1) - 
Cu3Fe8Te12O32Cl10 Pmmn 20.697(7) 9.996(4) 4.994(2) - - - 
Fe5(TeO3)6Cl2 P-1 4.901(6) 10.381(5) 9.256(8) 105.61(6) 104.32(7) 90.43(7) 

Table 13: Crystal data for the new compounds found. 
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 Refin.   Final R [I>2σ(I)] Final R (all data)  
Compound method GoF R1 WR2 R1 WR2 Comp. (%) 
Cu3(TeO3)2Br2 F2 1.084 0.021 0.0509 0.0280 0.0547 97.8 
Cu3(SeO3)2Cl2 F2 1.651 0.0260 0.0762 0.0266 0.0764 99.1 
Cu3Bi(TeO3)2O2Cl F2 1.660 0.0372 0.0413 0.1195 0.1188 92.2 
Co2(TeO3)Cl2 F2 1.021 0.0328 0.0806 0.0389 0.0825 99.7 
Co2(TeO3)Br2 F2 1.078 0.0412 0.1004 0.0604 0.1092 99.6 
Co7(TeO3)4Br6 F2 1.158 0.0242 0.0549 0.0309 0.0575 99.8 
Co5(TeO3)4Cl2  F2 1.096 0.0190 0.0435 0.0231 0.0450 97.8 
Co5(TeO3)4Br2 F2 1.192 0.0177 0.0406 0.0184 0.0410 99.9 
Co5Te4O11Cl4 F2 0.952 0.0276 0.0556 0.0462 0.0567 93.2 
Co5(SeO3)4Cl2  F2 1.030 0.0373 0.0891 0.0414 0.0909 96.3 
Co5(SeO3)4Br2 F2 1.047 0.0403 0.1121 0.0440 0.1145 96.6 
FeTe2O5Cl F2 1.076 0.0410 0.0979 0.0596 0.1046 96.3 
FeTe2O5Br F2 0.924 0.0317 0.0617 0.0533 0.0582 99.6 
Fe8Te12O32Cl3Br3 F2 0.988 0.0275 0.0558 0.0437 0.0576 98.2 
Cu3Fe8Te12O32Cl10 F2 1.018 0.0375 0.0834 0.0592 0.0907 99.7 
Fe5(TeO3)6Cl2 F2 1.503 0.0369 0.1387 0.0452 0.1411 99.7 
        

 Refin.   Final R [I>2σ(I)] Final R (all data)  
Compound method GoF R WR R WR Comp. (%) 
CuSbTeO3Cl2 F 1.98 0.0437 0.0536 0.0645 0.0566 99.4 

Table 14: Final refinement data for the new compounds found. 

 

4.2 The various transition metals used 
The three transition metal cations studied during this work were introduced 
in Section 2.4, where interesting structural features such as coordination 
possibilities and distortions were discussed. Below follows a short 
description and discussion on the new compounds found for each transition 
metal cation. 

 

4.2.1 Copper 
The following four new compounds were found in the Cu – L – O – X 
system: CuSbTeO3Cl2 with Cu+ and Cu3Bi(TeO3)2O2Cl, Cu3(TeO3)2Br2 and 
Cu3(SeO3)2Cl2 with Cu2+ (31, 45, 57, 58). The structures of the compounds 
are presented in more detail in the respective papers appended to this thesis: 
CuSbTeO3Cl2 in paper I, Cu3Bi(TeO3)2O2Cl in paper II, Cu3(TeO3)2Br2 in 
paper III and Cu3(SeO3)2Cl2 in paper VII. 

CuSbTeO3Cl2 is made up of two distinctive components; 1) layers of lone-
pairs and oxygen, and 2) linear chains of copper and chloride. These are 
separate from each other, with no primary bonds in between the two 



4 - Results and discussion 37
different units. The compound is diamagnetic, which is consistent with the  
s = 0 spin of Cu+, and was found to be a semiconductor with an Ea similar to 
those of many other Cu+ ionic conductors. Several experiments were 
performed with the two features in mind: 

 Replacing or mixing Cu+ with a different transition metal cation 
while retaining the lone-pair cation – oxygen layer.  

 Modifying the 50/50 Te/Sb ratio in the lone-pair cation – oxygen 
layers and thereby allowing for different types of “counter-units” to 
exist in between the layers. 

No such experiments were successful in yielding crystals of any new 
compounds except for additional crystals of CuSbTeO3Cl2. The end Te or Sb 
components were not examined, but CuSb2O3X (X = Cl, Br) is a previously 
described compound with [Sb2O3] units and Cu – X layers (59). EDS data 
showed a small deviation, on the order of a few %, from the 50/50 ratio 
between Sb3+ and Te4+ for some of the crystals analysed, mostly an increase 
for Te4+ and a decrease for Sb3+, and this can be explained if one of the two 
Cu+ positions is not fully occupied.  

The synthesis idea with Cu3Bi(TeO3)2O2Cl was two-fold: to mix Te4+ and 
Bi3+ (i.e. two lone-pairs with a large difference in Sa) and to try to synthesise 
a Te analogue of Cu3Bi(SeO3)2O2Cl (60, 61), which has a clear [SeO3E] 
coordination. The structure consists of buckled kagomé type layers of Cu2+, 
where the layers are connected via rather long Bi – O bonds. The results 
confirmed the existence of the Te analogue, although a doubling of the c-
axis is present in Cu3Bi(TeO3)2O2Cl compared to the Se4+ analogue. This is 
probably caused by the larger size of the Te4+ cation, which is shifted away 
from its symmetry position and thereby disrupts the structure. 

Cu3(TeO3)2Br2 and Cu3(SeO3)2Cl2 are isostructural, with chains of  
Cu-polyhedra connected to form layers, and there are no primary bonds 
between layers. One of the Cu2+ cations has a highly unusual five-fold 
trigonal bipyramidal coordination, which has not been observed before in a 
compound within the lone-pair transition metal oxo-halide compound 
systems. Magnetic properties reveal both a ferro- and an antiferromagnetic 
ordering, which may be explained by a ferromagnetic coupling within a Cu-
Cu dimer and an antiferromagnetic coupling between this dimer and Cu in 
the unusual coordination, see Figure 22.  
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Figure 22: Ferro- (red dashed lines) and antiferromagnetic (green dashed lines) 
coupling within chains in Cu3(TeO3)2Br2 and Cu3(SeO3)2Cl2. 

 

The existence of isostructural Te4+ and Se4+ compounds will be further 
discussed in Section 4.4. 

 

4.2.2 Cobalt 
Eight new compounds were found in the Co – L – O – X system: 
Co2(TeO3)Cl2, Co2(TeO3)Br2, Co7(TeO3)4Br6, Co5(TeO3)4X2 (X = Cl, Br), 
Co5Te4O11Cl4 and Co5(SeO3)4X2 (X = Cl, Br) (62-66). The structures of the 
compounds are presented in more detail in the respective papers appended to 
this thesis: Co2(TeO3)Cl2 and Co2(TeO3)Br2 in paper IV, Co7(TeO3)4Br6 in 
paper V, Co5(TeO3)4X2 in paper VIII, Co5Te4O11Cl4 in paper IX and 
Co5(SeO3)4X2 in paper X. 

If Co2(TeO3)X2 is re-written as Co8(TeO3)4X8, then all of the Co 
compounds except Co5Te4O11Cl4 can be descried with the general formula 
Co4+n(LO3)4X2•n, with n = 1, 3 and 4, and L = Te or Se. The [LO3] unit will 
have a fixed charge of –2, forcing the Co − X unit to adopt a charge of +2, 
which only can be achieved with the formula stipulated above. Attempts to 
synthesise the fourth compound with n = 2 were performed but resulted in 
Co6(TeO3)2(TeO6)Cl2, which has a mixed Te oxidation state of +4 and +6 
(36). The ability for Te to change its oxidation state from +4 to +6 must be 
accounted for when solving the structures, since the coordination of Te6+ is 
often octahedral in similarity to the transition metal cations. This oxidation 
of course also requires a reduction reaction, and the most obvious 
possibilities are for either Te4+ or Co2+ to reduce to elemental metal. A 
metallic glimmer could be seen in some of the tubes, which supports this 
possibility, but no further analyses were performed, so the redox reaction is 
still not fully understood. 

The close relationship between the formulae of the different compounds, 
with only a variation in n, could lead to the assumption that large structural 
similarities exist, but the structures are all very different. They can all be 
described as layered, but apart from that there are no other similarities 
between them. The layers are either fully separated, without primary bonds 
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holding them together, as in e.g. Co5(TeO3)4X2, or as connected via a Co2+ 
cation polyhedron and/or a lone-pair cation tetrahedron, as in e.g. 
Co7(TeO3)4Br6. The coordination around Co2+ varies from fourfold 
tetrahedral to sixfold octahedral. The L4+ cations all have the [LO3E] 
coordination, but in Co5(TeO3)4X2 and Co2(TeO3)Cl2 the fourth ligand of one 
of the Te4+ cations is positioned just outside the Brown limit for a primary 
bond. 

The Cl and Br analogues of any compounds for which they exist are 
isostructural, except for Co2(TeO3)Cl2 and Co2(TeO3)Br2. Possible reasons 
for this will be discussed in Section 4.5.  

Finally, the compound Co5Te4O11Cl4 was also found. This compound has 
a variant of the Co5(TeO3)4Cl2 formula, with one oxygen replaced by two 
chloride anions. This alteration leads to a completely different structure, 
because the additional chloride anion forces the cobalt cations to accept 
different coordinations. The structure is layered, and the layers are 
completely separated by the halides and the lone-pairs; they are also made 
up in a completely different way compared to Co5(TeO3)4Cl2, and show 
different Co polyhedra. The Co2+ cation take both octahedral and trigonal 
bipyramidal coordination, while Te4+ takes the usual [TeO3E] or [TeO4E] 
coordinations; the latter is not present in the other Co compounds. 

 

4.2.3 Iron 
The work in the Fe – Te – O – X system resulted in four new compounds: 
FeTe2O5X (X = Cl, Br), Fe8Te12O32Cl3Br3 and Fe5(TeO3)6Cl2 (46, 47). The 
structures of the compounds are presented in more detail the respective 
papers appended to this thesis: FeTe2O5X in paper VI, and Fe8Te12O32Cl3Br3 
and Fe5(TeO3)6Cl2 in paper IX. 

The relatively high Lewis acid strength of Fe3+ and its good match in 
hardness to oxygen imply that Fe – O bonds will be stronger than Te – O 
bonds, forcing Te to accept halide ligands in addition to oxygen, which 
results in [TeO2XE] and [TeO3XE] polyhedra, a situation which has not been 
reported before in this type of compounds. As stated earlier in Table 4 – 5, 
no pure oxo-halide compounds containing iron and tellurium have 
previously been reported, although some compounds with carbonyl groups 
and halides are known which include both iron and tellurium.  

The iron in FeTe2O5X is present exclusively as Fe3+, whereas it is a 
mixture of Fe3+ and Fe2+ in Fe8Te12O32Cl3Br3 and Fe5(TeO3)6Cl2. The 
Fe3+/Fe2+ ratio is three to one in Fe8Te12O32Cl3Br3 and four to one in 
Fe5(TeO3)6Cl2. In all four new compounds the Fe cations are coordinated 
only to oxygen, forming strong Fe – O bonds in octahedral or trigonal 
bipyramidal coordinations. The Te4+ cations form bonds to the oxygen 
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anions as well, but are forced to bond to the halides, which is in full 
agreement with the synthesis concept presented. In Fe8Te12O32Cl3Br3 and 
Fe5(TeO3)6Cl2, these bonds are on the verge of being acceptable as primary 
bonds with Te – X distances around 3 Å. Any possible Fe – X bonds are 
ruled out, partly due to the fact that the iron cations are five- or six- 
coordinated in rather regular polyhedral fashion, and partly due to the much 
longer Fe – X distances compared to the Te – X distances. In FeTe2O5X (X = 
Cl, Br), the Fe ions are six-coordinated to oxygen anions in an octahedral 
fashion, and the halides are either strongly bonded to Te4+ as third ligands, 
forming distorted [TeO2XE] tetrahedrons, or weakly bonded as fourth (or 
fifth) ligands to Te4+. The [TeO2XE] coordination has not been observed 
before and should be seen as a consequence of the strong bonds formed 
between the iron cations and the oxygen anions. 

The structures of all Fe compounds are layered, although the layers are 
made up of independent Fe units in FeTe2O5X. These layers are held 
together by very weak secondary or tertiary Te – X bonds, typically over 
three Å in length, or by weak secondary or tertiary Te – O bonds as is in 
Fe5(TeO3)6Cl2. 

 

4.2.4 Iron and copper  
Attempts were also made to mix Cu and Fe in the same compound to further 
test if the two transition cations behave as predicted by the synthesis 
concept. The experiments resulted in the compound Cu3Fe8Te12O32Cl10, 
which fully supports the synthesis concept. The structure of 
Cu3Fe8Te12O32Cl10 is presented in more detail in paper IX appended to this 
thesis. 

The iron in Cu3Fe8Te12O32Cl10 is a mixture of Fe2+ and Fe3+ with a 
preponderance of Fe3+ (a 1 to 7 ratio in favour of Fe3+), while the copper is 
present as Cu+. The Cu cations are situated at half occupied sites where they 
either take a tetrahedral coordination to four Cl anions or a linear 
coordination to two Cl anions, while the Fe cation takes an octahedral 
coordination to six oxygen anions. The Te4+ ions take the classical [TeO3E] 
coordination but also have an additional Cl anion just on the verge of the 
primary coordination sphere, which is the case in the similar pure iron 
tellurite halide compounds, see Section 4.2.3. The formation of exclusive 
Cu – Cl and Fe – O bonds is in full agreement with what can be expected 
from the respective Lewis acid strengths of the transition metal cations. The 
Fe – O bonds formed are particularly strong, which is the case for all the iron 
tellurite compounds found in this work. This will force the Te4+ cations to 
accept halides as ligands, although the Te – Cl bonds in this case are only 
weak secondary or tertiary bonds, or possibly very weak primary bonds. The 
Fe cations are arranged into puckered layers according to an almost ideal 
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honeycomb lattice of edge sharing Fe hexagons with Fe – Fe – Fe angles of 
107o and 120o, see Figure 23–a. A similar arrangement of the Fe cations is 
also present in Fe8Te12O32Cl3Br3, and a honeycomb variant arrangement is 
present in Fe5(TeO3)6Cl2, see Figure 23–b. 

 
Figure 23: Figure 23–a shows a honeycomb lattice arrangement with edge sharing 
hexagons of Fe ions. Figure 23–b shows the honeycomb variant lattice in 
Fe5(TeO3)6Cl2 with rows of squares interrupting the hexagon lattice. 

 

4.2.5 Summary for the new compounds 
A total of 17 new compounds have been synthesised via the synthesis 
concept presented, with either Te4+ or Se4+ as principal lone-pair cation. All 
the new compounds exhibit regions of non-bonding volumes where the lone-
pairs and the halides typically reside. These regions take the form of layers 
in most of the compounds presented, where the non-bonding layers separate 
the structure layers into infinite two-dimensional molecules, but tubular 
channels are also a quite common feature. Both these structural features are 
common in many types of structures, and are easy for any structure to adapt 
to. The structural features between the non-bonding layers can for instance 
be altered without changing the properties of those layers. The non-bonding 
regions can also take a Euclidean spherical shape, as is in Cu20Sb35O44Cl37 
(67), but such regions have not been observed in any of the compound found 
during this work. Such spherical regions are also more rigid, allowing less 
flexibility in what can be inserted between them. 

It can be concluded from the synthesised compounds that the choice of 
cation will have a great influence on the success of the synthesis concept, 
due to the difference in e.g. size and bonding preference. The larger 
transition metal cations, which are weaker Lewis acids, will bond to both 
halides and oxygen, while the smaller and consequently stronger Lewis 
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acids, the lone-pair cations, will form stronger bonds to the oxygen anions, 
thus leaving the halides to the transition metal cation. If an even larger and 
weaker Lewis acid is chosen as transition metal cation, e.g. Cu+, then this 
cation might even form bonds exclusively to the halides. This allows the 
lone-pair cations to form bonds exclusively to the oxygen anions, which will 
result in two independent units with no bonds between them. A much 
stronger Lewis acid transition metal cation, e.g. Fe3+, will instead form so 
strong bonds to the oxygen anions that the lone-pair cation is forced to 
accept the halides as ligands even tough it typically prefers to form bonds 
only to oxygen. Other cations will have different influences of the structure. 
Cu2+ is Jahn–Teller distorted, see Section 2.4.1, which allows it to adopt, 
amongst others, a square planar coordination. This possibility for 
coordination displacement is unique for cations with the Jahn–Teller 
distortion, so isostructural analogues with cations lacking this effect should 
not form.  

Several transition metal cations can have their oxidation states increased 
or decreased by redox reactions, thereby changing their hardness and 
concomitant bonding preferences. Cu+ will preferably only bond to halides, 
whereas Cu2+ gladly forms bonds to both halides and oxygen anions. This 
needs to be addressed when a synthesis is planned: thus an oxidation or 
reduction agent could be introduced amongst the reactants, e.g. to force the 
transition metal cations into a particular oxidation state, thereby possibly 
influencing what bonds that may be formed. 

The octahedral coordination is by far the most common coordination for 
the late transition metal cations in this study, but the size of Co2+ allows it 
also to take a tetrahedral coordination, which imparts more flexibility to the 
structure formation. This effectively means that if any compound exists were 
Co2+ adopts the tetrahedral coordination, then an isostructural compound 
with another transition metal cation can only form if that transition metal 
cation can take the tetrahedral coordination as well. For instance, if a 
compound forms with Co2+ in octahedral coordination, then isostructural 
analogues could exist with both Ni2+ and Zn2+, because both these cations 
can take such coordination, but if a compound forms with Co2+ in tetrahedral 
coordination then only the isostructural Zn2+ analogue should exist, because 
only Zn2+ and not Ni2+ can take tetrahedral coordination. 

The halides used were limited to Cl– and Br–, as these halides have a high 
enough Lewis base strength to readily form the bonds that are required by 
the synthesis concept. The halides have been observed as both part of the 
ionic/covalent network, with a BVS value close to the expected value (one), 
and also with a role as a counter-ion, with a BVS value less than the 
expected value (< one). I– on the other hand is too large, and hence has a 
Lewis base strength that is too low to form effective bonds to e.g. Cu2+ or 
Ni2+, but it will instead easily form bonds to e.g. the much weaker Lewis 
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base Cu+. The result of this is that I– typically only exists as a counter-ion in 
a structure where the transition metal cation is a comparatively strong Lewis 
acid, so any compound in which the halides only take the role as counter-ion, 
i.e. have a BVS value << 1, could exist as an iodide analogue. 

 

4.3 Mixing the lone-pair cations 
The lone-pair cations are one of the key factors for the synthesis concept, 
and most of the work was dedicated to one single lone-pair cation at a time. 
The concept of mixing two cations could yield possibilities for forming new 
compounds if the two cations can accept different coordinations, and this 
possibility together with the use of cations with different valences allows for 
a larger chemical and structural diversity, which increases the chance of a 
yielding a new structure. 

 

4.3.1 Mixing Te4+ and Sb3+ 
It can be assumed that it should be possible to mix two lone-pair cations at 
the same position in a structure if they have Lewis acid strengths and ionic 
radii that are close to one another, even though their valences might differ. 
To test whether or not this is true, experiments were conducted with Te4+ 
from group 16 (Sa ≈ 0.99, ri ≈ 0.60 Å) and Sb3+ from group 15 (Sa ≈ 0.63,  
ri ≈ 0.78 Å). Ionic radii are taken from Shannon (29). These lone-pair cations 
are both known to take the [LO3E] coordination as well as the [LO4E] 
coordination, which further increases the probability that they will mix at the 
same site.  

The experiments resulted in the new compound CuSbTeO3Cl2, which has 
three distinct, crystallographically different, lone-pair cation positions in the 
structure, which are occupied approximately 50/50 each by Te4+ and Sb3+. 
All of the positions have similar L – O distances, so it has not been possible 
to distinguish between the cation occupancies of the sites by e.g. BVS 
calculations. A similar situation occurs in the compound Sb3TeO6Cl, where 
each site is occupied by ¾ Sb3+ and ¼ Te4+ (68). This could be seen as a 
further proof for that it is possible to mix two lone-pair cations with similar 
Lewis acid strengths and ionic radii at the same site. 

 

4.3.2 Mixing Te4+ and Bi3+ 
If instead one tries to mix two lone-pair cations that have a large difference 
in Lewis acid strength and ionic radius, one can assume that these should not 
mix at the same position but instead be placed at different sites. Te4+ was 
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used again, but this time together with Bi3+. Bismuth is positioned below 
antimony in group 15 in the periodic table, with an ionic radius of about 1 Å 
and a Sa as low as 0.48. Bi3+ has the possibility of having a stereochemically 
inactive lone-pair in an unhybridized s orbital, and also to take larger 
coordination numbers, which makes it highly unlikely that Te4+ and Bi3+ will 
mix at the same site.  

Experiments were performed, and resulted in the compound 
Cu3Bi(TeO3)2O2Cl which has Te4+ in a [LO3E] coordination and Bi3+ in a 
[LO6+2] coordination. There are several more examples of this in the 
literature, e.g. in the non-transition metal compounds Bi4Te2O9Br2 and 
BiTeO3I (69, 70), which together with the results from the analyses suggests 
that it is very difficult (or even nearly impossible) to mix two such lone-pair 
cations at the same crystallographic site. 

 

4.4 Replacing Te4+ with Se4+ 
The synthesis concept relies heavily on the properties of the lone-pair 
cations, so the possibility of replacing one by another was tested to examine 
the properties of these cations. Te4+ and Se4+ are very similar, and both are 
lone-pair cations from group 16 of the periodic table. Se4+ is somewhat 
smaller (ri ≈ 0.50 Å) than Te4+ (ri ≈ 0.60 Å), making Se4+ the stronger Lewis 
acid (Sa ≈ 1.21 and Sa ≈ 0.99, respectively, for Se4+ and Te4+). As stated in 
Section 2.3.1.1, Se4+ has only been observed with the [LO3E] coordination, 
whereas Te4+ can take both this coordination and the [LO4E] coordination. 
The smaller radius of Se4+ requires shorter Se – O bonds, which can be seen 
e.g. by comparing the r0 values used in BVS calculations for Se – O bonds  
(ri = 1.811) and Te – O bonds (ri = 1.977) (43). These shorter Se – O bonds 
are assumed to be the reason that Se4+ accepts only the [SeO3E] 
coordination, as the O2– anions are geometrically hindered to come as close 
to one another as is needed for the hypothetical [SeO4E] coordination.  

This simple geometrical hindrance suggests that any compound where 
Te4+ has the fourth ligand clearly outside the coordination sphere could exist 
as an isostructural Se analogue, but for any compound were Te4+ clearly has 
the [TeO4E] coordination, no such analogue should exist. If the fourth 
ligand, which often is present for Te4+, is on the border between the [TeO3E] 
and [TeO4E] coordinations, then it can be difficult to predict whether or not 
any Te/Se isostructural analogues might exist. In Section 2.7 it was stated 
that to be considered bonded the fourth O2–

 anion should contribute at least 
0.16 (0.04 • 4) vu, meaning that it should be positioned no further than 2.66 
Å away from the Te4+ cation. Using the same calculations for Se4+ and using 
the r0 value of 1.811, a maximum bond length of 2.49 Å is achieved. Several 
experiments were performed to substantiate these theoretical assumptions by 
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trying to replace Te4+ with Se4+ or vice versa in compounds were Te4+ had 
either the [TeO3E] or the [TeO4E] coordination, or compounds were Se4+ has 
the [SeO3E] coordination. Compounds that either were a result from the 
experiments or that were found in the literature with appropriate L – O 
distances were chosen for this purpose. First, any previously known Se/Te – 
analogues were located in the literature and secondly, experiments were 
carried out as attempts to synthesise such analogues. Table 15 below shows 
the compounds together with the fourth L – O distance and the assumed L 
coordinations that were chosen to be used as criteria in looking for Te/Se – 
analogues. 

Compound 4th L4+ – O2- dist. (Å) Coordination 
Cu3(TeO3)2Br2  3.89 [TeO3E] 
Cu3Bi(SeO3)2O2Cl 3.22 [SeO3E] 
   
Co5(TeO3)4Cl2 2.687 [TeO3+1E] 
Co5(TeO3)4Br2 2.723 [TeO3+1E] 
   
Cu2Te2O5Br2  2.55 [TeO4E] 

Table 15: The compounds that were chosen for the study of  
Te4+/Se4+ analogues. 

 

The first group consists of the two compounds Cu3(TeO3)2Br2 and the 
mineral Francisite, Cu3Bi(SeO3)2O2Cl (60, 61). Both of these have a very 
long fourth L – O distance, suggesting that an isostructural Te/Se analogue 
could exist. For Cu3(TeO3)2Br2 there actually exists an Se analogue in 
Cu3(SeO3)2Cl2 (71), but this compound has a different structure, so attempts 
were made to synthesise an isostructural analogue since the theory indicates 
that there could exist one. Experiments performed confirmed the theoretical 
assumptions, as isostructural Te/Se analogues could be found for both 
compounds: in Cu3(SeO3)2Cl2 although a Cu3(SeO3)2Br2 compound could 
not be found, and in Cu3Bi(TeO3)2O2Cl although with a doubling of the c-
axis compared to Cu3Bi(SeO3)2O2Cl2. This doubling can be a result of the 
larger Te4+ taking up more room and disrupting the symmetry of the 
structure. 

The second group consists of the new compounds Co5(TeO3)4X2 (X = Cl, 
Br). These both have the fourth Te – O distance that should be considered to 
be on the border of the 4 % vu limit. If any Se analogues exist, then these 
may or may not have the same structure as the Te compounds. Experiments 
were performed and Se analogues were found for both compounds, but these 
proved to have a different structure, suggesting that the fourth L – O distance 
is sufficiently short in Co5(SeO3)4X2 to disturb the resulting structure of the 
Te analogue, thereby forcing it to adopt a different structure. The structures 
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of two previously reported analogous compounds, Ni5(TeO3)4Cl2 (4) and 
Ni5(SeO3)4Cl2 (72), were also examined. These are not isostructural, and 
they have a fourth Te/Se – O distance at 2.65 and 2.94 Å respectively. They 
thereby show that the Se analogue adopts a different structure due to the 
comparatively short fourth Te – O bond in Ni5(TeO3)4Cl2. 

The third case is when the fourth Te – O distance is clearly inside the 4 % 
vu limit. If an Se analogue exists in such a case, then this should most 
definitely have a different structure. Several experiments were performed to 
try to synthesise a Cu2Se2O5X2 analogue with either Cl or Br. No evidence of 
any compounds was found, either isostructural with Cu2Te2O5X2 or not. 

The results point to the conclusion that Se4+ could possibly replace Te4+ if 
Te4+ clearly only has the [TeO3E] coordination with a fourth much longer  
Te – O distance. 

 

4.5 Interchanging or mixing Cl− and Br− 
Cl– and Br– are quite similar from a chemical point of view, with similar 
Lewis base strengths, although their ionic radii differ slightly, with ri = 1.81 
and 1.96, respectively, for Cl–

 and Br–. It can therefore be assumed that Cl–
 

and Br–
 should be interchangeable, and in fact several cases can be found in 

the literature where this is the case (3, 4, 61, 73).  

This is also the case in six of the new compounds synthesised during this 
work: Co5(TeO3)4X2, Co5(SeO3)4X2 and FeTe2O5X with X = Cl or Br in all 
cases. The new compound Co7(TeO3)4Cl3.6Br2.4 was also synthesised and is 
an isostructural analogue of the pure Co7(TeO3)4Br6, but no pure Cl analogue 
could be found. The structures of all six compounds differ only slightly 
between the Cl and Br analogues, which can best be seen in larger layer–
layer separation for the Br compounds due to the larger ionic radius of Br− 
compared to Cl−.  

For some of the new compounds synthesised, only one of the two possible 
Cl/Br analogues could be found; no Cl analogue could be found of 
Cu3(TeO3)2Br2, and no Br analogue could be found of Co5Te4O11Cl4. 
Attempts to synthesise these analogues only resulted in other compounds 
(Cu2Te2O5Cl2 and Co5(TeO3)4Br2 respectively). The difference in size 
between the halides would require a shortening or lengthening of certain 
bonds, which would distort the structure to the point where it no longer can 
form. The bonds formed to the halides in Co5(TeO3)4X2, Co5(SeO3)4X2 and 
FeTe2O5X are stable enough to allow both Cl and Br isostructural analogues 
to form, but the M – X bonds that form in Cu3(TeO3)2Br2 and Co5Te4O11Cl4 
are heavily strained, and corresponding bonds in a Cl or Br analogue can not 
form, because these would be stressed enough to collapse the structure, 
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forcing a possible second structure to form or even a new compound with a 
different formula. For example if one assumes that Cl could replace Br in 
Cu3(TeO3)2Br2, the Cu – Br distance in the trigonal bipyramid should be 
reduced from 2.45 to 2.31 to maintain the same BVS number for the Cu – Cl 
bond. This shortening of the Cu – X distances would strain the structure to 
the point where it should no longer be stable. The second Cu – X distances 
in Cu3(TeO3)2Br2 would e.g. need to be increased as the halide is moved even 
further from its octahedral position around the second Cu cation, and the 
shorter Cu – Cl distance will probably also disrupt the trigonal bipyramidal 
polyhedra.  

For Co2(TeO3)Cl2 and Co2(TeO3)Br2 the situation is even more complex. 
These two compounds are formal analogues but show completely different 
structures. Possible explanations can at this point only be speculative, but the 
highly unusual [CoO3Cl3] coordination, which also occurs in e.g. the 
organometallic di(μ3-oxo-tri-μ-oxotrichlorohexakis(pyridine)-triangulo-tri-
tungsten(IV))-hexatungstate(VI)-6-pyridine (74), can also be seen in 
Co2(TeO3)Cl2. This highly unusual coordination has so far not been reported 
for a Br compound, suggesting that the Br anions are too large to effectively 
fit into such coordination, which forces the compound to adopt a different 
structure.  
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5 Summary and conclusions 
A synthesis concept for finding new low-dimensional transition metal 
compounds has been developed and tested. The concept utilizes several 
different components to reach its goal, e.g. the well known Hard-Soft-Acid-
Base principle, which indicates that halides will be forced to bond to a weak 
Lewis acid, whereas oxygen prefers to bond to a strong Lewis acid. P-
element lone-pair cations, e.g. Te4+, Se4+, and Sb3+, are stronger Lewis acids 
compared to Cu2+ or Co2+ and therefore typically often only form bonds to 
oxygen. However when paired with the stronger Lewis acid Fe3+, then Te4+ 
is forced to accept halides as ligands due to the stronger Fe – O bonds that 
are formed. This difference in bonding preference has, together with the non-
bonding and structural terminating effect of the stereochemically active lone-
pairs as well as similar terminating properties of halides, proved to be a 
successful concept in attempts to sculpture low-dimensional compounds. No 
such successful technique has previously been presented. 

A total of 17 new compounds have been synthesised in the  
Cu – L – O – X, the Fe – Te – O – X and the Co – L – O – X systems. The 
crystal structure of each compound has been solved via single-crystal X-ray 
diffraction data.  

A common feature for all the new compounds is layers made up of cation 
coordination polyhedra, typically stacked perpendicular to the thinnest 
crystal direction, which most often corresponds to the longest cell edge. 
These layers are either separate, with weak secondary or tertiary bonds 
holding them together, or connected via stronger primary bonds. The 
terminating species are all located within non-bonding regions, e.g. channels 
or layers, which give the structure its low-dimensional character. 
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6 Vetenskaplig Sammanfattning 
Ett synteskoncept för att hitta nya lågdimensionella övergångs-
metallföreningar har utvecklats och testats. Konceptet använder flera olika 
komponenter för att nå sitt mål, t.ex. den välkända Hård-Mjuk-Syra-Bas–
principen, som visar att halider tvingas binda till en svagare Lewis-syra 
medan syre föredrar att binda till en starkare Lewis-syra. P-element-katjoner 
med ensamma elektronpar, t.ex. Te4+, Se4+ och Sb3+, är alla starka Lewis-
syror jämfört med de svagare Cu2+ och Co2+, och kommer därför hellre binda 
till syre än till halider. Däremot när dessa paras ihop med den starkare 
Lewis-syran Fe3+ så kommer t.ex. Te4+ att tvingas acceptera halider som 
ligander pga. de starka Fe – O bindningarna som skapas. Denna skillnad i 
bindningsförkärlek har, tillsammants med de icke-bindande och strukturella 
terminerande egenskaperna hos de stereokemiskt aktiva ensamma 
elektronparen och liknande egenskaper hos halider, visat sig vara ett väl 
fungerande koncept i försök att skulptera lågdimensionella föreningar. Ingen 
sådan fungerande teknik har tidigare presenterats. 

Totalt 17 nya föreningar har syntetiserats i systemen Cu – L – O – X,  Fe – 
Te – O – X samt Co – L – O – X. Kristallstrukturen för varje förening har 
lösts med hjälp av enkristallröntgendiffraktion. 

Gemensamma drag för alla nya föreningar är skikt som är uppbyggda av 
katjon-polyedrar. Dessa skikt är packade vinkelrätt mot den tunnaste fysiska 
kristallriktningen som vanligen motsvaras av den längsta cellkanten. Skikten 
är antingen helt separerade med svaga sekundära eller tertiära bindingar som 
håller ihop dem, eller sammanlänkade via starka primära bindninga. De 
terminerande specierna är ofta lokaliserade inom icke-bindande regioner, 
t.ex. kanaler eller skikt, och detta ger strukturen dess lågdimensionella 
karaktär. 
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