
UNIVERSITY OF SOUTHAMPTON 

Synthesis and Structural 
Characterisation 

of 
Mixed-Metal Oxide 

Pigment Systems 

tliGSiis siilb]nriitt(3(i ilcHr t l i e ciisgrrGf. oj^ 

D o c t o r o f P h i l o s o p h y 

b y 

C . O w e n s 

S c h o o l o f C h e m i s t r y 

F a c u l t y o f S c i e n c e , E n g i n e e r i n g a n d M a t h e m a t i c s 

Southampton 

S e p t e m b e r 2 0 0 4 



S ( ) U T H / L A / [ P T ( ) r 4 

ABSTRACT 

iFvALtzruiL/rkr (Z)!? 5;(::i]3]SK::i;, jSLfsnc) 

MATHEMATICS 
fscziHOf:)!. (ZH? 

Doctor of Philosophy 

Synthesis and Structural Characterisation of Mixed-Metal Oxide 
Pigment Systems 

by Craig Owens 

The synthesis and characterisation of the NaCaVi.xMnx04 (x = 0, 0.02, 0.04, 0.06, 0.08 
and 1.0) system has been carried out. Structural characterisation was performed through 
the use of powder X-ray diffraction, powder neutron diffraction and UV-Visible 
spectroscopy. These techniques reveal that the Mn04 "̂ complex ion can be stabilised 
within the NaCaV04 structure by isotopic substitution of the V04^" unit. The Mn04 "̂ ion 
imparts it own coordination geometry upon the host lattice, with the effect of making the 
MO/' a more regular coordination environment. The limit of substitution occurs at x = 
0.08. Degradation of the colour over time makes this system unsuitable for use as a 
pigment. 
The preparation of the solid solution CuzAli.xGax^BO; (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) has 
been successfully completed with colours ranging from dark intense green to a lighter 
olive green. Structural characterisation has utilised powder neutron diffraction and 
CIELab colour measurements. The replacement of Al̂ ^ with Ga^^ enlarges the average 
metal-oxygen distances, which in turn alters the copper coordination and hence the 
observed colour. Cu2A16"B40i7 has been prepared by conventional solid-state methods 
and has been structurally characterised using powder neutron diffraction. 
The crystal structure of cobalt pyroborate (C02B2O5) has been further refined using 
powder neutron diffraction.The structure of €02,45805 has been determined from a single 
crystal X-ray refinement and is shown to adopt the Ludwigite structure. The structure 
contains four distorted octahedral CoOg environments and planar BO3 units. 
Twelve materials in the (Co, Zn, Mg)2Ti04 inverse spinel system have been prepared and 
structurally characterised using powder neutron diffraction and combined EXAFS/PND 
refinements. Reverse Monte Carlo simulations indicate that occupies a distorted 
'5+r octahedral environment with one Ti-0 bond ca. 0.4 A longer than the remaining 
five and have also been used to solve the cation distribution for the quaternary system 
Coo,8Mgo,6Zno.6Ti04. 
The preparation of the C01.XAI2O4 (x = 0, 0.1, 0.2, 0.3) series from CoO and AI2O3 using 
conventional solid state synthesis results in the formation of sub-stoichiometric 
compounds with scrambling of the cations over the tetrahedral and octahedral sites. The 
observed darkening of the colour occurs due to octahedrally coordinated Co^\ which 
leads to mixed-valence charge transfer transitions. 
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Chapter 1 Introduction 

1 Introduction 

1.1 Inorganic Pigments 

Inorganic pigments account for around 96% of all the pigments synthesised world-wide. 

They therefore form a very important class of inorganic materials with applications ranging 

from ceramics and building materials, to artist's colours and cosmetics. Total world 

production, of white, black and coloured pigments reached 5.7 million tons in 1999, with 

titanium dioxide accounting for around 68% of the total [1] and the world market value for 

coloured pigments (inorganic and organic) was estimated at $7.5 billion. 

There are many different types of coloured inorganic pigments. Some are based on transition 

metal oxides such as transition metal doped rutile [2]. Others are based on charge transfer 

compounds such as cadmium sulphide. Recently, there has been an increased effort to find 

new inorganic pigments, suitable for production on an industrial scale. This increase has for 

the most part, been brought about by new health and safety restrictions on the use of heavy 

metals, in particular cadmium, lead and chromium. New less toxic, inorganic pigments such 

as those based on cerium have recently begun commercial production [3]. 

1.1.1 Definition 

A pigment is a coloured, black, white or fluorescent particulate organic or inorganic solid, 

which is usually insoluble in and essentially physically and chemically unaffected by, the 

vehicle or substrate into which it is incorporated. A pigment will alter appearance by 

selective absorption and/or scattering of light. The pigment is usually dispersed in a vehicle 

for application in, for example, the manufacture of paints, plastics or other polymeric 

materials and inks. The pigment will retain its own unique crystalline or particulate structure 

throughout the incorporation period [4]. 

1.1.2 Pigment Classification [4] 

The many different types and classes of pigments can be grouped together into five 

categories as shown in the table below. 
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Table 1-1: Classification of pigments 

White 

Coloured 

Black 

Lustre 
Luminescent 

Optical effect caused by non-selective light scattering (e.g. TiOz) 

Optical effect caused by selective light absorption and selective light 

scattering (e.g. Fe oxides and Cd, Cr, Co pigments) 

Optical effect caused by non-selective light absorption (e.g. Carbon black, 

Fe oxide black) 

Optical effect caused by regular reflection or interference (e.g. Al flakes) 

Optical effect caused by capacity to absorb radiation and emit it as light of 

longer wavelength (e.g. Ag doped ZnS (fluorescent), Cu doped ZnS) 

1.2 Coloured Pigments 

Some of the most common coloured inorganic pigments are discussed below. 

1.2.1 Iron Oxide Pigments 

Naturally occurring iron oxides and iron oxide hydroxides were used as pigments in 

prehistoric times [5]. The Egyptians, Greeks and Romans also used them as colouring 

materials. 

Natural iron oxide pigments are based around Fe203; examples include hematite (a-FezOs), a 

red pigment and goethite (a-FeOOH), a yellow pigment. These pigments, along with 

synthetic iron oxide pigments, provide a wide variety of colours ranging from yellow, red 

and orange to browns and black. The importance of these pigments is based on their high 

chemical and thermal stability, non-toxicity and low price. Applications include coatings, 

artists' materials, rubber and plastics. 

Pigment manufacturer Ferro, produces the pigments PK 1095 [6] and PK 3080 [7], which are 

based on the composition (Fe,Cr)203, and are brown and black respectively. 

Iron oxide pigments are not considered to be toxic and this is reflected in their use as 

colorants for food and pharmaceutical products. 

1.2.2 Mixed Metal Oxide Pigments 

The colour of these pigments arises through the incorporation of certain transition metal 

cations into a stable oxide lattice. The ions that are of interest for pigmentation are those 

which are themselves coloured [8, 9], colouration is a result of partially filled d or f shells, 

permitting transitions between levels within those shells, with the absorption of energy at 
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optical frequencies. The most common colouring ions are those of the first transition series 

V, Cr, Mn, Fe, Co, Ni and Cu. 

These materials can be described as solid solutions, whereby two, or more, substances with 

the same basic formula and crystal structure can form a stable, homogenous material. The 

spinel, hematite and rutile type oxide lattices are of great value as mixed metal oxide 

pigments due to their good chemical and thermal stability. 

Examples of mixed metal oxide pigments include Nickel rutile yellow, a light yellow pigment 

with the composition (Tio_8sSbo.ioNio.o5)02, and .BZacA, which has the composition 

CuFeo .5Cr1 .5O4 . 

The excellent stability of oxide materials allows these pigments to be used for applications 

where resistance to chemicals and weathering is important; examples include exterior paints 

and masonry coatings. The stability of these pigments renders them relatively inert and 

toxicological investigations [10, 11] for some spinel and rutile-based pigments have shown 

that despite the presence of a heavy metal component the pigments can be classified as non-

toxic. 

1.2.3 Cadmium Pigments 

After discovering the element in 1817 Friedrich Stromeyer suggested the use of cadmium as 

an artists' pigment and although cadmium based pigments were not commercially available 

until around 1840 the colours of cadmium compounds were being used to decorate ceramics 

by 1830. 

Cadmium pigments give excellent red and yellow colours and are also very durable. They 

are used mainly in the plastics industry but also play an important role in the colouring of 

enamels, ceramic glazes and glass. Cadmium pigments are usually based around cadmium 

sulphide/selenide mixed with mercury and zinc sulphides. 

Although the solubility of these pigments is low, small amounts of cadmium will dissolve in 

dilute hydrochloric acid (stomach acid), which will cause it to build up within the body. 

Despite this cadmium pigments are not classified as toxic (except pure CdS). However, 

many are classified as 'suspect carcinogens' [12, 13]. Therefore, their use is becoming 

increasingly restricted due to the associated health risks during both their manufacture and in 

some of their applications. 

1.2.4 Chromate Pigments 

In the early nineteenth century the French chemist Nicolas-Louis Vauquelin investigated 

Crocoite (Siberian red lead) a bright red mineral and discovered that it contained a new 

metallic element that formed brightly coloured compounds. For this reason he proposed the 
4 
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name CArome. Crocoite is the mineral form of lead chromate, which when prepared 

synthetically has a bright yellow coloiir. 

Chromate pigments produce colours ranging from light yellows to oranges and reds. 

Examples include chrome yellow (lead chromate) [14], molybdate orange and molybdate red 

which are mixed phase pigments of general formula Pb(Cr,Mo,S)04. Due to their low cost 

they have applications in many areas, including paints, plastics and road markings. However, 

as with cadmium pigments, the use of lead and chromate pigments in certain applications is 

becoming more restricted, especially in food packaging and children's toys. Indeed an EU 

directive (94/62/EC) bans, since 30 June 2001, any and all packaging which contains heavy 

metal concentrations exceeding 100 parts per million (ppm). The heavy metals are named as 

lead, cadmium, mercury and chromium(VI). 

1.2.5 Ultramarine Pigments 

Natural blue ultramarine is derived from lapis lazuli, a semiprecious stone and was used as a 

pigment by artists in the Middle Ages. However, natural ultramarine was expensive, so in 

1824 the French Society for Encouragement of National Industry offered a prize for the Grst 

practical synthetic route to ultramarine. Synthetic ultramarines were first produced in 1828 

by Guimet [15] and Gmelin [16] and are currently commercially available in three colours: -

blue, violet and pink. 

Ultramarine pigments consist of an aluminosilicate lattice, with the sodalite structure and 

trapped within the lattice are sodium ions and sulphur free radicals that are stabilised due 

their entrapment. Unlike the previous pigments mentioned, the colour of ultramarine 

pigments is due the sulphur free radicals rather than the presence of any transition metals. 

These pigments are considered to be safe during both manufacture and use, and have good 

stability. They therefore have a wide range of applications including plastics, printing inks, 

detergents [17] and cosmetics. 
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1.3 Origin of Colour 

Colour has several different origins and it is knowledge of exactly what causes the colours in 

certain systems which allows us to design compounds which specifically favour the 

generation of desired colours. For example, placing cobalt in a tetrahedral environment is 

often known to cause blue colouration. Colour is normally perceived where a particular 

system absorbs certain wavelengths of visible light and reflects the unaffected wavelengths 

back to the eye. Most absorption occurs in coloured systems by the incident wavelengths 

being of the same energy as an electronic transition within the structure. As energy levels are 

quantised there are only certain transitions allowed within a given structure. Knowledge of 

the types of transitions and the effect that a perturbation in the structure can have on these 

transitions gives us some amount of control over the colour of the compounds. 

1.3.1 Types of electronic transitions 

Colour in inorganic materials is often associated with the presence of one or more transition 

metal species. In such materials the colour can normally be described by the absorption of 

visible light by d-d transitions and/or charge transfer processes. 

1.3.1.1 d-d transitions 

The colours of transition metal complexes can usually be ascribed to the presence of d-electrons 

in conjunction with a ligand(s). An octahedrally coordinating ligand splits the d-orbitals of the 

central metal atom into two sets called the eg and tag sets. The energy separation of the sets (Aoct) 

is small and the excitation eg <— tig typically occurs in the visible region of the spectrum. Other 

metal-ligand co-ordination arrangements occur, such as square planar or tetrahedral, giving rise 

to different splitting of the d-orbitals and hence different colours. The presence of alternative 

ligands or a different metal centre will also affect the splitting and hence the observed colour. 

dz'(^g) \ 

dxy (t;) 

Octahedral Tetraliedral 

Figure 1-1. Octahedral and tetrahedral splitting of d orbitals 
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A problem arises in that d-d transitions are formally forbidden in octahedral complexes. The 

Laporte selection rule [18] for centrosymmetric complexes states that the only allowed transitions 

are those accompanied by a change in parity. That is, u g and g o u transitions are allowed 

but g g and u •f-> u transitions are forbidden. Cg tig transitions are only permitted when the 

symmetry of the molecule is reduced by a vibration or a distortion from a perfect octahedron 

(thus removing the centre of symmetry). 

In the case of the tetrahedral arrangement the xy, xz and yz orbitals interact more strongly with 

the hgand electrons than the and (x^-y^) hgands so the energy level diagrams are inverted from 

the octahedral case, with a splitting energy of A*. As transitions within the tetrahedral system 

(with no centre of symmetry) are Laporte allowed, these transitions are correspondingly more 

intense and tend to dominate the electronic spectrum relative to the octahedral transitions. 

d&f(bi) \ yf dLffai) 

dz^(ai) ———— —— dx̂ -y,dxy (e ) 

dxz. dyz (e) \ z z z z n z dxz. dyz (e") 

dxy (bz) 

Square Pyramidal Trigonal Bipyramidal 

Figure 1-2. Square planar and trigonal bipyramidal splitting of d orbitals 

In the case of the regular five coordinate species, square pyramidal and trigonal bipyramidal, 

there are several splitting parameters which depend on the metal-ligand distance and the 

ligand-metal-ligand bond angles that are not fixed by symmetry. No unique diagram 

therefore exists, however the diagram above shows the important features. 

Each different geometry and related splitting parameters are therefore of great interest in this 

study, as for a given transition metal the electronic transitions will give different colours. It 

is also evident that changing both the metal and the ligands and introducing distortions into 

the system will allow us to control the colour of the final compound. 
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1.3.1.2 Intensity of electronic transitions 

The intensity of the absorptions observed are governed by the following selection rules. 

# AS = 0 rwZe 

# AL = ± 1 and if the molecule is centrosymmetric, g u rw/g. 

# Product of symmetry of ground and excited states corresponds to x, y and z in the 

character tables. rw/e. 

Examples of these transitions are shown below 

Table 1-2. Electronic transitions 

Band Type 

Spin forbidden 8 <1 d-d (Mn^+, d̂ ) 

Laporte forbidden 5 = 20-100 d-d (Oh) 

Laporte allowed £ = ca. 250 d-d (Td) 

Fully symmetry allowed s = 1000-5000 charge transfer 

The values for extinction coefficient given above are approximate and based on solution UV 

data. For solid state UV analysis, calculation of the extinction coefficient cannot be carried 

out easily as the concentration of a solid sample is difficult to quantify accurately. However, 

fi-om the relative sizes of the values given it is evident that simple qualitative analysis can be 

carried out to assign the general transition types to solid state UV data. 

1.3.1.3 Charge transfer transitions 

Colour in some inorganic solids arises from the absorption of light as a result of the 

promotion of an electron from a localised orbital on one atom to a higher energy, but still 

localised, orbital on an ac^acent atom. Processes of this type are known as a cAarge 

transitions which are, according to spectroscopic selection rules, 'allowed transitions', 

therefore the corresponding absorption bands are intense. Chromate pigments owe their 

intense yellow colour to the transfer of an electron from an oxygen atom to the central 

chromium atom in the tetrahedral complex anion (Cr04)^", this is known as a ligand to metal 

charge transfer (LMCT). Another type of charge transfer is a metal to ligand charge transfer 

(MLCT), which is responsible for the red colour observed in tris(bipyridyl)iron(II) [19]. 
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1.3.1.4 Mixed valence transitions 

Compoimds, containing elements in more than one oxidation state, are called mixed valence 

compounds. Many of these are coloured due to transitions between these two differing 

oxidation states. A good example is Prussian Blue (KFe[Fe(CN)6]) [20]. This contains Fe in 

both II and III oxidation states. The iron species is bonded to the carbon atom of the CN 

ligand and the adjacent iron species is linked to the nitrogen atom of the same ligand. This 

creates a three dimensional network of alternating FeCg and FeNg octahedra. 

The colour arises from a small amount of a charge transfer state being mixed in with the 

ground state wavefunction of the ligand. The delocalisation and mixing of the ground and 

charge transfer states will therefore be much more favourable for small energy differences 

between ground and excited states and if the Fe (II) and Fe (III) sites are adjacent and overlap 

strongly or are bridged by a covalent ligand (CN). 

1.3.1.5 %,% and n ,% transitions 

Although of no direct relevance to this project it is worth noting that the colour in organic 

systems has a similar origin. In this case absorption promotes a n electron into an 

antibonding n* orbital. The energy of this transition is ca. 7 eV which corresponds to an 

absorption at 180 nm. As the level of conjugation in a system increases the absorption shifts 

into the visible and hence the higher the level of conjugation the darker the colour. 
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1.4 Perception of Colour 

We perceive colour by means of cones in the retina. There are three types of cones sensitive to 

vyzr/eleiygdis diat (zoiresgpoiid 1k) ]%xi, jgreeii aaicl t)hie ty?hts. Tlogfdlier iwitli 

information from rod cells (which are not sensitive to colour merely differences in light and dark) 

the cone information is encoded and sent to higher brain centres along the optic nerve. The 

encoding, known as opponent process theory [21], consists of three opponent channels, these are: 

* IRjxi-Cjreen 

® Blue-Yellow 

• Black-White 

The fact that these signals are opposing is the reason why it is not possible to perceive green 

shades of red or yellow shades of blue. However, you can see red and green shades of blue and 

yellow. 

For human colour description purposes the following terms have been defined by the 

Commission Internationale de I'Eclairages (CIE). 

Brightness. 

''The attribute of visual sensation according to which, an area appears to exhibit more or less 

zTMage /May or Zy 

Hue. 

q/a vwwaZ accorcfmg wAzcA an area owe, or 

coZowr.; jyeZ/ow, greew 6/we." 

Colourfulness. 

"The attribute of visual sensation, according to which an area appears to exhibit, more or less of 

Awg. (S'Ay 6/we iy a cAawgzMg 

10 



Chavter 1 Introduction 

1.5 QuandGcation of Colour 

It is important to be able quantify the colour produced by a pigment for comparison purposes. 

The colour of the pigment is greatly influenced by the medium in which the pigment is 

incorporated. So for a pigment of given particle size one could obtain different colour 

measurements from different media. Common media include linseed oil, PVA glue, vamish and 

high impact polystyrene. There are many systems for representing colour and these are called 

colour spaces. 

1.5.1 Colour spaces 

A colour space is a method by which we can specify, create and visualise colour. As humans, we 

may define a colour by its attributes of brightness, hue and colourfulness. A computer will define 

a colour in terms of the excitations of red, green and blue phosphors on the CRT screen. A 

piirdinjg ponsss diefuies zi ccdcmr in teniis ojFtlie redlectzuice iirui edbscwdbaiice ()f cy%ui, ]]iag;enta, 

yellow and black inks on the paper. In effect a colour space is a mathematical representation of 

our perceptions. 

If we imagine that each of the three attributes used to describe a colour are axes in a 3-

dimensional space then this defines a colour space. The colours that we can perceive can be 

represented by the CIE system, other colour spaces are subsets of this perceptual space. For 

instance RGB colour space, as used by television displays, can be visualised as a cube with red, 

green and blue axes. This cube lies within our perceptual space, since the RGB space is smaller 

and represents fewer colours than we can see. The CMY space would be represented by a 

second cube, with a different orientation and a different position, within the perceptual space. 

Different colour spaces are better for different applications; some equipment has limiting factors 

that dictate the size and type of colour space that can be used. Some colour spaces are 

perceptually linear, i.e. a 10 unit change in stimulus will produce the same change in perception 

wherever it is applied. Many colour spaces, particularly in computer graphics, are not linear in 

this way. Some colour spaces are intuitive to use, i.e. it is easy for the user to navigate within 

them and creating desired colours is relatively easy. 

11 
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1.5.1.1 RGB, CMY, and CMYK 

The most popular colour spaces are RGB (Red/Green/Blue) and CMY 

(Cyan/Magenta/Yellow) and are used in monitors and printers respectively. 

RGB are known as additive primary colours because, a colour is produced by adding different 

quantities of the three components, red, green, and blue. CMY are known as subtractive (or 

secondary) colours, because the colour is generated by subtracting different quantities of cyan, 

mzygenkiEuid yfdlcnvfroinwtute tyght. 

The primaries used by artists, cyan, magenta and yellow, are different from the primaries of 

computer devices because they are concerned with mixing pigments rather than lights or 

dye& 

Table 1-3. Interconversion between RGB and CMY colour spaces 

Red = 1-Cyan (0<—Cyan<—1) Cyan = 1-Red (0<—Red<—1) 

Green = 1-Magenta (0<—Magenta<—1) Magenta = = 1-Green (0«-Green<—l) 

Blue = 1-Yellow (0<—Yellow<—1) Yellow = 1 -Blue (0<—Blue<—1) 

On printer devices, a component of black is added to the CMY, and the second colour space is 

then called CMYK (Cyan/Magenta/Yellow/blacK). This component is actually used because 

cyan, magenta, and yellow set to the maximum should produce a black colour. (The RGB 

components of the white are completely subtracted from the CMY components.) but the 

resulting colour is not physically a 'true' black. 

1.5.1.2 CIELAB/CIELUV 

Two, three-dimensional colour spaces were recommended by the CIE in 1976 [22]. The CIE 

1976 L*u*v* or CIELUV colour space is a linear transform of the x, y chromaticity co-

ordinates and hence it is often used in applications involving additive colour mixing, such as 

television. The CIE 1976 L*a*b* or CIELAB system, like CIELUV, was designed to 

provide approximate perceptual uniformity which makes them suitable for expressing 

differences in colour. It has applications dealing with subtractive colourant mixtures such as 

those found in the textile, plastic, paint, and printing industries. It is possible to derive hue 

and chroma (colourfulness) attributes from a*, b* by converting the rectangular a*, b* axes 

into polar coordinates. 

12 
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1.6 Common Inorganic Pigment Structures 

Inorganic pigments are chemically very stable. Oxide pigments, for example, can even have a 

protective effect on the substrate to which the pigment is being applied [23]. The stability 

and chemical resistance of these compounds is often due to their mineral-like structures; two 

of the most common inorganic pigment structures are the and rwA'/e oxide lattices. 

1.6.1 Spinel 

The crystal structure of spinel pigments, which owe their name to the naturally occurring 

mineral magnesium aluminate (MgAl204), is based around a cubic close packed arrangement 

of oxygen ions. 

In the unit cell, which contains 32 oxygen atoms, 1/8 of the possible 64 tetrahedral sites are 

occupied by magnesium ions (in the MgAl204 example) and 1/2 of the possible 32 octahedral 

sites are occupied by aluminium ions. Magnesium aluminate itself is colourless, but colour 

can be introduced by replacing the 'colourless ions' (Mg^^, Al^^ with 'coloured' ones, such 

as cobalt, chromium, nickel, titanium, copper, iron, etc. One of the oldest and most well 

known synthetic pigments is Cobalt Blue (C0AI2O4), a cobalt-aluminium spinel. 

An inverse spinel structure also exists, where by one type of metal ion occupies the 

tetrahedral and half of the octahedral sites in the lattice, and the remaining octahedral sites 

are occupied by the other cation. Examples include Zn2Ti04, alternatively this can be written 

[Zn]^[ZnTi]°^^04, thus indicating that the zinc ions occupy both tetrahedral and octahedral 

sites. Usually the two types of cations (Zn and Ti in this case) are disordered over the 

octahedral sites. 

The structures of the normal and inverse spinels, as described here, are ideal limiting 

structures and in practice the structure obtained is often a mixture of the two, where the 

cation distribution over the tetrahedral and octahedral sites appears to be random, for 

example [Coo.o6Geo.94]̂ [̂Coi,94Geo.o6]°̂ 0̂4 [24]. However, a number of factors influence the 

cation distribution including cation size, oxidation state and ligand field stabilisation 

energies. The cation distribution within binary spinel oxides, of general formula M^^M^^204 

and M^^^'^204, has been studied in detail [25,26,27,28]. 

13 
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Figure 1-3: A view of the Spinel structure showing the tetrahedral sites (blue) 

surrounding an octahedral site (grey). Oxygen atoms are shown as red spheres. 

There are a large number of commercially available spinel pigments, making it the most 

common structure found in inorganic pigments. A few examples are shown in the table below 

Table 1-4: Some inorganic pigments with the spinel structure. 

Composition Manufacturer Colour 
CoCr204 Ferro Turquoise 

(Co ,N i^ )2 (T i^ )04 Bayer Green 

Co2Ti04 Ferro Green 

Co(Al,Cr)204 Bayer Blue/Green 

C 0 A I 2 O 4 Bayer Blue 

(Zii,Fe)Fe204 Ferro Brown 

Cu(Cr,Fe)204 Bayer Black 

(Fe,Mn)(Fe,Mn)204 Ferro Black 

1.6.2 Rutile 

Rutile pigments as with spinel pigments, are based on and owe their name to, a naturally 

occurring mineral, TiOa (rutile) which crystallises in the tetragonal system. In the rutile 

lattice titanium ions are surrounded by six neighbouring oxygen atoms, forming a slightly 

distorted octahedron. F. Hund [29] showed that by substituting the titanium ions for 

14 
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transition metal ions, coloured pigments can be obtained. An example of a rutile pigment is 

the light yellow colour obtained when the titanium is partially substituted for a mixture of 

antimony and nickel, such that the composition becomes (Tio.85Sbo.ioNio.o5)02. 

Figure 1-4: A view of the Rutile structure (Ti shown in blue, O shown in red). 

Commercially available rutile pigments are generally yellow to brown in colour. Examples 

include (Tio.8Nio.o5Sbo.i5)02, a light yellow pigment produced b y Bayer, and (Ti, Mn, Sb)02 a 

brown pigment produced by Ferro. 

1.6.3 Framework Structures 

Another approach to the production of pigments is to synthesise an inert, colourless 

framework structure containing a chromophore. This can be achieved by in situ 

encapsulation of the chromophore at the time of synthesis or by post synthesis modification 

of the framework or the encapsulated species. An example of a framework pigment is 

Ultramarine Blue. Ultramarine (Na8[AlSi04]6S2,83") pigments consist of an aluminosilicate 

lattice, with the sodalite structure and trapped within the lattice are sodium ions and sulphur 

free radicals that are stabilised due their entrapment. In the case of Ultramarine Blue, the 

intense blue colouration is due to the S3" and S2' species encapsulated within the sodalite cage. 

Other anions such as the permanganate ion (MnO^") can also be incorporated into the sodalite 

structure resulting in a deep violet colour. 
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Figure 1-5: Permanganate sodalite. Aluminium and silicon atoms are shown in yellow 

and orange, oxygen atoms in red, sodium atoms in green and manganese is shown in 

purple. 

A different approach is to prepare a framework that is itself coloured. This can be realised by 

inserting transition metals into the zeolite framework. Examples include CSC0PO4 [30], 

which has an intense deep blue colour, and RbCuP04 [31], which has a sky blue colour. 

16 



Chavter 1 Introduction 

1.7 Borate Chemistry 

Boron, although a Group III element, bears a strong resemblance to Group IV silicon, in 

terms of its chemistry. It is a rare element, only found in about 3ppm in the earth's crust and 

is never found freely in nature. Most often it can be found as boron oxide, B2O3 [32]. In 

metal borates, boron can bond to either three or four oxygen atoms to give a trigonal planar 

or tetrahedral unit, respectively. In a similar manner to the metal silicates, it is the number of 

different ways these units can link, which leads to the complexity of borate structures [32]. 

Borates are extremely stable systems - both chemically and thermally - and, as such, would 

be ideal for use as pigments [33]. 

1.7.1 Orthoborates 

The simplest metal borate structure is that of the orthoborates, such as the rare-earth 

orthoborates and the mineral Mgs(603)2. These contain discrete, planar, triangular BOs^" 

units [34]. Structurally, the simplest orthoborates are those of empirical formula M '̂̂ 'BOs, 

such as FeBOg [37]. 

1,7.2 Pyroborates 

Complexes such as I 

which is made up from two of the basic borate triangles sharing one oxygen each [34]. 

Complexes such as M2B2O5 (where M = Fê "̂ , or Mg "̂̂ ) contain the finite BiOs"̂ " ion. 

Figure 1-6: unit found in pyroborates 

1.7.3 Metaborates 

The metaborates arise from the linking of two oxygen atoms of the basic BOs^" unit. This 

can give rise to either infinite chains of empirical formula (B02)n'^' or finite ring structures of 

the same empirical formula, the simplest of these being BsOe^". NaB02 and KBO2 both 

contain the cyclic units, therefore the correct empirical formulae should be NasBsOe and 
_ 
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K3B3O6 respectively - whereas Ca(B02)2 incorporates the in&nite chains within its structure 

[34,35]. 

1.7.4 Other More Complex Borate Structures 

As well as binding to three oxygen atoms, boron can also bind to a fourth oxygen to form a 

tetrahedron. This binding to a fourth oxygen arises due to the subsequent completion of the 

octet of valence electrons, thus forming a very stable arrangement [32]. There are many 

structures involving tetrahedral borate units, again the differences between these structures 

arising from the different number of oxygen atoms shared in each case. An example of a 

compound containing only tetrahedrally co-ordinated boron is FesBOg [36]. 
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1.8 Phosphate Chemistry 

The transition metal phosphates form a large group of coloured compounds similar to the 

transition metal silicates. Indeed, the structural chemistry of phosphates has much in 

common with that of silicates [37]. Just as Si04 tetrahedra link together to form ions, 

ring and chain ions of composition (Si03)n in the metasilicates, layers, and infinite 3-

dimensional complexes, so PO4 tetrahedra can link up to form pyro- and meta- phosphate 

ions and also the PgOio^' ion. Any arrangement where every PO4 group shares three of its 

oxygen atoms with other PO4 groups is necessarily electrically neutral; layer structures 

comparable with those of the silicates are therefore not possible. 

1.8.1 Orthophosphates 

Discrete P04^" ions exist in normal orthophosphates, acid phosphates such as KH2PO4 where 

they are held together by hydrogen bonds as well as positive ions and in orthophosphoric acid 

itself The structures of a number of orthophosphates, particularly those of the Group III 

elements, illustrate the similarity of the oxygen chemistry of phosphorus to that of silicon. 

Table 1-5. Some phosphate materials and related silicate counterparts. 

BPO4, (BASO4) P-cristobalite, SiOi 

AIPO4, (AIASO4) Quartz, SiO: 

YPO4, (YASO4, YVO4) ZrSi04 

LiMnP04 Mg2Si04 

Cu2(0H)P04, (Zn2(0H)As04) Al20Si04 

1.8.2 Pyrophosphates 

Linking of two PO4 tetrahedra to form the PaO?"̂ " ion occurs in pyrophosphoric acid and the 

pyrophosphates [38]. Only normal (M4P2O7, and dihydrogen salts 

appear to form anhydrous salts. The non-existence of the anhydrous forms M3HP2O7 and 

MH3P2O7 is due to the fact that stable P2O7 fi-ameworks linked by hydrogen bonds are not 

possible for these particular H:0 ratios. 
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1.8J Metaphosphates 

In comparison with the chemistry of the ortho- and pyro-phosphates, that of the 

metaphosphates is complex. In these compounds the condensation of PO4 tetrahedra has 

proceeded further to the formation of rings or chains, of composition (P03)n"', analogous to 

those in metasilicates. In contrast to SigOg '̂ and SigOn^' ions, however, only and 

P40i2'̂ " ions have as yet been shown to exist in the metaphosphates. 

1.8.4 Phosphate links 

In an analogous manner to silicates, phosphate groups are also known to act as links in 

framework structures formed from metal polyhedra as in NiNH4(P03)3 [39] and 

CoNH4(P03)3 [40] where metal octahedra are linked via each comer by a [P2O7] group 

creating a three dimensional channel structure analogous to those found in zeolites. 
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1.9 Transition Metal Chemistry 

1.9.1 Cobalt 

Cobalt produces a diverse range of coloured pigments ranging in colour &om black and 

brown to violet and even yellow. The blue colours exhibited by some cobalt pigments have 

been used for decorating ceramics since antiquity. The development of modem cobalt 

pigments began with Sven Rinmann, a Swedish chemist, who discovered a green cobalt-

based paint around 1780. Louis-Jacques Thenard, was commissioned by the French 

government to devise an alternative pigment to expensive ultramarine and in 1802 he 

discovered Cobalt Blue (C0AI2O4). Cerulean Blue was discovered by Andreas Hopfher in 

1805 and was essentially a solid solution between cobalt tin oxide and cobalt chromium 

oxide. Fischer's Yellow (K3[Co(N02)6] H2O), named after Nikolaus Wolfgang Fischer, 

became available in 1831 and a violet pigment, Cobalt Violet, based on cobalt phosphate was 

developed by Jean Salvetat in 1859. Some commercially available cobalt pigments are listed 

in the table below. 

Table 1-6: Some commercially available cobalt pigments. 

Colour Composition Manufacturer 

Black (Co,Fe)(Fe,Cr)204 Ferro 

Violet C03PO4 Ferro 

Dark Blue CoO-Al203-Si02 Mahavir Minerals 

Blue C0AI2O4 Bayer 

Light Blue Co(Al,Cr)204 Bayer 

Turquoise CoCr204 Ferro 

Green (Co,Ni,Zn)2(Ti^)04 Bayer 

Yellow K3[C0(N02)6]H20 Brada Fine Colour 

Cobalt has two common oxidation states +2 and +3 and these are exhibited in a number of 

compounds. Obvious examples where cobalt achieves these oxidation states are the oxides of 

the element; CoO and C03O4. In the former cobalt occupies a tetrahedral site and the oxide 

has the rock-salt structure. C 0 3 O 4 , which can be written Co^Co'''"'204, has the normal spinel 

structure with the Co° ions in the tetrahedral and the Co^ ions in the octahedral sites within 

the cubic close packed oxide lattice. 
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1.9.1.1 Tetrahedrally coordinated Co" 

Compounds that contain Cô ^ ions tetrahedrally coordinated by oxide ions are often blue in 

colour, examples include C0AI2O4. The colour in most cobalt pigments is due to the d-d 

transitions which take place as particular wavelengths of light are absorbed. The spin 

allowed d-d transitions of Co^^ in tetrahedral coordination are [41]; 

V2: %(F)^"Ti (F) 

Vj! %(F) 

In terms of colour the most important of these transitions is v j as this gives rise to a broad and 

intense absorption band usually between 500 - 700 nm [42, 43]. The transitions v; and V2 

occur in the infrared region and therefore do not affect the observed colour of a material. 

1,9.1.2 Octahedrally coordinated Co" 

In contrast to tetrahedrally coordinated Co^^, compounds such as Co2Ge04 that contain 

octahedral cobalt (II) are weakly coloured and are often pink. The d-d transitions that occur 

for octahedral complexes are typically weaker than those for tetrahedral complexes. The 

visible spectrum is dominated by the 'hri(F) —'^Ti(P) transition. 

1.9.2 Copper 

Copper is primarily seen in blue, green and black pigments. Well known examples include 

Egyptian Blue and Scheele's Green. Egyptian blue, CaCuSi40io, has been used since 

Babylonian times as a cheaper substitute for lapis lazuli and has been investigated by several 

geologists and mineralogists [44, 45]. Scheele's green (Cu(As02)2) was discovered by Carl 

Wilhelm Scheele in 1775 and was cheap to manufacture therefore it was used in applications 

such as paint and printing. The naturally occurring copper minerals. Malachite (green) and 

Azurite (blue), were also used as pigments in ancient times. 

The divalent state is the most commonly observed oxidation state for copper and the usual 

coordination numbers are four, five and six. However, the d^ configuration makes Cu" 

susceptible to Jahn-Teller distortion when placed in regular octahedral or tetrahedral 

coordinations, i.e. an environment of regular cubic symmetry. For this reason regular 

symmetrical geometries are rarely observed for Cu". 
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1.9.2.1 Square planar Cu" 

Due to the Jahn-Teller effect is not typically found in regular tetrahedral coordination 

geometry and occurs in square planar geometry [46], which can be regarded at the limit of 

extension of an octahedron along a four-fold axis. However, some spinel-type Cu" 

compounds do exhibit approximate tetrahedral geometry, examples include CuCrzO^ [47] 

and the pigment Spinel Black (Cu(Cr,Fe)204) [48]. In these cases the copper ion causes the 

crystal structure to distort from the regular cubic structure usually associated with most spinel 

materials. 

The colour of Egyptian Blue arises from the presence of Cu'̂  in a square planar coordination 

geometry. Previous studies [49, 50] of the UV/Vis spectra for Egyptian blue and similar 

materials (MCuSi40io M = Sr, Ba) reveal that there are three transitions responsible for their 

colour: a weak band at around 770 nm (^Bag^^Big) and two overlapping bands, one at 

around 630 nm (^Egf-^Big) and the other at around 540 nm 

1.9.2.2 Five Coordinate Geometry 

Cu^ is often seen to occupy sites with coordination numbers of five, typically displaying 

geometries denoted as '4+1' as a result of the Jahn-Teller effect. In this geometry the Cu" 

often has four relatively strong coplanar bonds and one weaker elongated apical bond. 

Examples of compounds which contains this '4+1' arrangement are Cu3(P04)2 and 

YBaiCusO?. 

The crystal structure of copper (II) phosphate (Cu3(P04)2), reported by Shoemaker et al. [51], 

contains two Cu" sites and is, as with many Cu" compounds, blue in colour. The Cu(l) atom 

occupies a slightly distorted (Cu(l) - O 2 x 1.924 A and 2 x 1.982 A) square planar site. 

The Cu(2) site is described as 'an irregular polyhedron of five O atoms', with four bonds at 

an average distance of 1.965 A and a fifth at 2.265 A. In fact the geometry of the site can be 

described as intermediate between square pyramidal and trigonal bipyramidal. 

1.9.2.3 Six Coordinate Geometry 

Due to the Jahn-Teller effect on Cu", the formation of a regular octahedral geometry CuXe 

where all CuX bonds are equal in length has not yet been observed. Instead, the tetragonally 

distorted '4+2' structure is observed, where there are 4 relatively strong equatorial bonds and 

two longer, weaker axial bonds. The four equatorial bonds are of comparable length to those 

found in the square planar and 4+1 arrangements already mentioned, ca. 1.95-2.0 A. The 

two axial bonds are slightly longer; normally these are not shorter than 2.2 A. 
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1.9.3 Manganese 

A number of colours are seen for manganese compounds ranging 6om white, through green, 

blue and violet to brown and black. Manganese (II) carbonate, a white material, is mixed 

with calcium carbonate and used in some watercolour paints. A brown pigment is produced 

[52] when Mn" is incorporated into the stable rutile lattice to give the composition 

(Ti,Sb,Mn)04 and a black pigment containing manganese is also commercially available and 

has the composition (Fe,Mn)(Fe,Mn)204. 

1.9.3.1 Manganese Violet 

Manganese violet (Nli^MnPiO?) was developed, by Leykauf, as a pigment in 1868 as a 

replacement for the more expensive cobalt violet and continues to be commercially produced 

today [53]. The violet colour is characteristic of manganese (III) in an octahedral 

coordination environment and much work has focused on the pigment's structure [54, 55] 

and the origin of its colour [56]. 

1.9.3.2 Permanganate Socialite 

The sodalite structure containing permanganate (Na8[AlSi04]6(Mn04)2) was first reported by 

Haworth and Weller [57] in 1991. The material, when incorporated into plastics, gives a 

violet colour that is stronger than many commercially produced pigments such as Manganese 

Violet, described above. The encapsulation of coloured species into zeolitic frameworks is of 

commercial interest due to the existence of many species, which, although brightly coloured, 

are also thermally and chemically unstable under the conditions encountered in pigment 

applications. Permanganate sodalite is not produced commercially as a pigment due to its 

poor light stability. 

1.9.3.3 The Hypomanganate Ion (MnO/') 

Mn04^" is an intensely coloured charge transfer species with an extinction coefficient higher 

than that for permanganate. The use of the permanganate ion in pigment systems has 

previously been investigated [57]. However, the Mn04' ion is light and heat sensitive, due to 

the ease of reduction of the Mn(VII) centre, even when incorporated into zeolite structures. 

Similar problems exist with the manganate, Mn04 ion. Hence while intensely coloured 

materials containing these species are well known they have no application in pigments. 

However the Mn04^' ion, with a Mn(V) centre is less easily reduced, therefore it has 

decreased light and heat sensitivity and can be incorporated into stable solid state structures 

at high temperature. An example of this is BagMnzOg, which has an intense green colour [58] 

and is readily produced by reaction of MnOi and BaCOs under oxygen at 1000°C. The 
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structure of this compound consists of discrete tetrahedral MnO^ '̂ ions co-ordinated to two 

types of Ba-0 polyhedra, one 10-coordinate and one 6-coordinate. The later polyhedra can 

also be described as having a 12-fold coordination if a further 6 x Ba-0 at 3.298 A are 

included in the coordination sphere. The barium content and ease of dissolution of this 

compoimd in dilute acids negates its possible use as a pigment. Attempts to produce other 

simple manganate (V) compounds have been unsuccessful. 

The Mn04^" ion is isovalent with the tetrahedral anions V04^' and and can therefore be 

substituted into vanadates and phosphates without any problems of charge compensation. 

Several research groups have studied the substitution of Mn^^ into materials such as 

Ba3(V04)2 [59, 60], Sr2(V04)Cl [61] and apatite-type compounds [62, 63] and materials with 

colours ranging from deep blue to green are reported. 

25 



Chapter 1 Introduction 

1.10 Structure Determination and Pigment Design 

Throughout this work the emphasis is placed upon accurate determination of the crystal 

structures under consideration and the elucidation of the associated colour-affecting 

properties. 

An understanding of the origins of pigment colouration is a key consideration in the 

development of novel pigment systems. By performing in-depth investigations of existing 

pigment systems it is possible to extract information regarding the coordination environments 

for each ion, the electronic transitions causing the observed colour and the particular species 

responsible for the given colour. This knowledge, along with an understanding of synthetic 

techniques enables the preparation of a number of related systems, which may have an array 

of different colours. 

1.10.1 Cation Substitution 

The replacement of metal cations within an existing metal oxide pigment system with other 

metal cations will have significant implications for both the colour and the structure of the 

material. 

The variation in colour can be due to a number of factors and in most cases the actual colour 

change is due to a combination of these factors. Some of the factors caused by cation 

substitution are listed below. 

1) Dilution of the chromophore 

2) Distortion of the structure/coordination environments 

3) Direction of the chromophore onto sites with differing coordination geometries 

The substitution of one colourful species with another will lead to some degree of tunability 

of pigment colour. However, the replacement of colourful species with colourless ones may 

not simply dilute the colour of the pigment. In fact the colour may be enhanced if the final 

coordination environment of the chromophore can be favourably altered or indeed if the 

chromophore can be directed towards a more favourable coordination. 

Much of this work is concerned with the replacement of transition metal cations within 

existing pigment systems. 

1.10.2 Synthetic Method 

A number of synthetic methods are available to industrial pigment manufacturers and in a 

number of cases the colour of the pigment may deteriorate or be enhanced if a different 

synthetic method is used. The origins of the colour change may arise from a change in the 

crystal structure, changes in oxidation state of constituent elements, impurity phases, particle 
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size, changes in cation distribution across mixed sites or subtle changes in coordination 

geometry, among other things. Therefore, when directly comparing similar materials, for 

reasons other than synthetic method, it is essential that the preparatory method is identical in 

each case. 

1.11 Aims of this Work 

The aims of this work are to investigate a number of coloured mixed metal-oxide systems in 

order to gain an understanding of colour generating environments for transition metal species 

through the use of structural characterisation using both neutron and X-ray diffraction 

techniques, EXAFS and UV visible spectroscopy. Among the systems of interest are existing 

cobalt-containing pigments, metal borate systems and manganese (V) containing oxide 

materials. In each case the materials are either prepared as novel examples of coloured 

systems or are characterised in greater depth than in previous studies. 
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2 Experimental Techniques 

Due to the nature of the materials studied in this thesis, a variety of characterisation 

techniques have been used to gain a full and accurate understanding of the systems and their 

structures. Powder X-ray diffraction has been used for phase identification and structural 

analyses, powder neutron diffraction for structural analyses, EXAFS to determine local 

coordination environments of particular elements and UV-Visible spectroscopy to identify 

the electronic transitions responsible for the colour in each case. 

2.1 Powder X-ray Diffraction (PXD) 

Powder X-ray diffraction is one of the principal techniques used in solid-state chemistry. It 

is used to study polycrystalline samples and involves the diffraction of X-rays by the planes 

of atoms within a crystal. 

2.1.1 Theory 

Diffraction of X-rays occurs in solids, as the X-ray wavelength is of the same order of 

magnitude as the interatomic spacings within a crystal (ca. 10"̂ ° m) and Max von Laue 

recognised that a crystal may act as a 3-dimensional diffraction grating for X-rays [1]. 

If one considers a plane wave incident on two parallel lattice planes separated by a 

perpendicular distance d (Figure 2-1), for constructive interference to occur the path length 

difference between the two diffracted beams must correspond to an integral number of 

wavelengths. Simple trigonometry yields the Bragg equation (Equation 2-1). 

Figure 2-1, Illustration showing diffraction from points on parallel lattice planes. 
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Equation 2-1 

where n = 1,2,3... 

X = wavelength of incident X-rays. 

d = separation of planes ('d-spacing') 

8 = glancing angle of the X-rays. 

At angles other than the Bragg angle, the diffracted beams are out of phase and interfere 

destructively. The interplanar separations, d, in the crystal are calculated by measuring the 

diffraction maxima, of which only the first order diffraction maxima (n = 1) are generally 

seen. The crystal system can be derived from these d values by identification of the planes 

involved (Table 2-1). Planes are defined by the Miller indices, h, k, /, which are the 

reciprocal values of the positions where the plane intersects the a, b and c axes in the unit cell 

respectively. 

In theory a crystal should display diffraction from each of its lattice planes giving rise to an 

observed maxima in the diffraction pattern. However, intensity is not always observed from 

every plane due to the existence of reflection conditions or systematic absences. These result 

from symmetry elements of the structure and are determined by the lattice types such as body 

centred (I) and face centred (F), as well as space symmetry elements such as glide planes and 

screw axes[2, 3]. 
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Table 2-1: Expressions for d-spacings in the different crystal systems in terms of lattice 

parameters a, 6 and c and Miller indices A, A and Z. 

Cubic 

Tetragonal 
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Triclinic 
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d AW 
+ —-
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2.1.2 Powder Diffraction 

In a powder sample there are many very small crystals (10"̂  — 10"̂  m in dimension) orientated 

in a random manner. Each of these crystallites will diffract in the normal way. Due to the 

random nature of the crystallite orientation the incident beam will therefore be diffracted in 

all possible directions as governed by the Bragg equation [1]. The effect of this is that each 

lattice spacing in the crystal will give rise to a cone of diffraction, which would be observed as 

circles on a flat plate. 

2.1.3 Instrumentation 

Throughout this study, all constant temperature PXD experiments were carried out by 

mounting the powdered sample, flat, on a recessed aluminium sample holder. The diffraction 

data were collected on a Siemens D5000 Diffractometer, employing monochromated Cu-Kai 

radiation (A, = 1.5406 A). The terminology, Cu-Kai, above refers to the source of the X-rays. 

In this instance, a copper target atom is ionised by ejection of a core electron (Is - K shell) 

on exposure to an electron beam of sufficient energy. The filling of a vacant Is orbital is 
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given the symbol K. This can be achieved in copper atoms by decay from the 3p or 2p 

levels. The X-rays generated by a Is <— 2p transition are termed Ka and have wavelength of 

1.5406 A. Those generated by Is <— 3p transition are termed Kp and have a wavelength of 

1.3922 A. The numeric term arises from one specific spin alignment in the np level. 

Initial phase identification experiments were performed by collecting data, for 25 minutes, 

over the 20 range 20-70 Longer collection times, typically 15 hours, and wider 29 ranges , 

usually 10-110 ° were also employed to enable a more detailed study of the material's 

structure. 

The data obtained were imported into a personal computer where they could be stored and 

manipulated with the aid of EVA and the JCPDS database [4], allowing phase identification, 

peak location and fingerprinting to be performed. 

X-ray tube 

Focus 

Aperture diapnragm Detector diaphragm 

Scattered-radiation 
di^hragm 

Detector 

Single crystal 
monochromator 

Sample 

Figure 2-2: Schematic Representation of the Siemens D5000 Diffractometer 

2.1.4 Cell Parameter Determination 

Lattice parameters were determined using the CELL [5] refinement program that uses an 

iterative least squares process to minimise the equation: -

Equation 2-2 

M = ^ Wi (sin^ e""" - sinf 8""= 

Where Wi = a weighting factor 

M = weighted minimised difference for observed 28 data. 
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In complete structural determinations, the cell parameters were determined within the overall 

refinement process (Section 2.4). 
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2.2 Synchrotron Powder X-ray Diffraction 

2.2.1 High Resolution PXD 

High-resolution PXD data were collected on station 9.1 at the Daresbury Laboratory 

Synchrotron Radiation Source. The radiation is produced by high-energy electrons, which 

are accelerated to velocities near to the speed of light and injected into a storage ring where 

they are held by powerful bending magnets. These high-energy electrons emit intense 

'white' radiation (synchrotron radiation) tangentially to their path, over a wide range of 

energies. Ports around the ring allow the radiation to exit and travel along beam lines to 

experimental stations. 

2.2.2 Monochromadon 

The polychromatic beam from the ring is incident on to a channel-cut Si (111) 

monochromator crystal, which is water cooled to maintain thermal stability. The practical 

waveleng;th range of the dif&actometer is &om 0.4A to 1.5A. A wavelength of 0.4858 A was 

used in the collection of all the data presented here. 

2.2.3 Detectors 

The incident beam is monitored using a scintillation detector, which records the scattering 

from a kapton foil. 

The intensity of the diffracted beam was measured using a curved image-plate system, which 

was placed, at a distance of 40cm from the sample. 

2.2.4 Sample Mounting 

Powdered samples were transferred to glass capillaries, 2.5cm in length. The capillary was 

then mounted on a spinning goniometer. 

All data were collected at room temperature and each sample run typically lasted 3 0 - 4 5 

minutes. 
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2.3 Powder Neutron Diffraction (PND) 

Time of flight (TOF) powder neutron diffraction (PND) has been used in some cases to 

supplement the PXD data. The main difference between the two diffraction techniques, 

mentioned, is the way in which the radiation is scattered. In PXD, the X-rays are scattered by 

the electrons of the atoms and the scattering power is a function of the atomic number. 

However, neutrons are scattered by the atomic nuclei and the neutron scattering power has no 

simple dependence on the atomic number. The ability of a nucleus to scatter neutrons is 

dependent on both the potential scattering and the resonant scattering, which varies across the 

periodic table giving neighbouring elements and isotopes very different scattering lengths. 

PND is an essential technique when studying cation distributions over a number of mixed 

sites, especially when the cations concerned have similar X-ray scattering powers, such as 

cobalt, nickel and iron. PND can also prove to be very useful when trying to locate light 

atoms in the presence of heavy ones. 

The suitability of neutrons to the diffraction technique is a result of a number of properties 

iiicluduig a v/Er/elezigfhi CKymiwaratde t() ttue iitornic; segparzUixori auicl eui ijitnasic iniagpietic 

moment, allowing both crystal and magnetic structures to be investigated. In this work, PND 

has primarily been used to locate oxygen positions and occupancies and to study the 

distribution of cations of similar atomic number over a number of mixed sites. 

2.3.1 de Broglie Equation 

Neutrons, due to their wave-particle duality, may be used for diffraction experiments in a 

similar way to X-rays. The wavelength of a given neutron is governed by the de Broglie 

equation [6]: 

Equation 2-3 

/MV 

where: 1 = wavelength 

h = Planck's constant 

m = mass of a neutron 

V = velocity of a neutron 
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2.3.2 Instrumentation 

PND data, throughout the course of this work, were collected using the medium resolution 

instrument POLARIS and the high intensity, high-resolution instrument GEM both at the 

ISIS facility at the Rutherford Appleton Laboratory (RAL), Oxfordshire. This facility 

employs a spallation neutron source, which provides a pulsed beam of neutron radiation and 

has a d-spacing range of 0.2-3.2 A. A wide range of neutron energies is produced, making 

this a variable wavelength technique. In a conventional diffraction experiment, according to 

the Bragg equation (2.LI), 1 is fixed with d and 8 as variables. However, for a TOP 

experiment X and d are variables with 9 being fixed. The diffracted neutrons are detected by 

fixed angle detectors according to their 'time of flight' (time taken for a neutron to travel 

from the source to the detector) and hence their wavelength over a fixed distance. 

Low angle defectors Long d-spacing 
detectors 

Backscattering detectors 

Transmitted 
beam monitor 

Incident beam 
monitor 

degrees detectors 

11.5m collimator 

8.5m collimator 

Figure 2-3: Schematic of the POLARIS instrument 
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2 4 - 4 3 

5 0 - 7 5 ° 

80 -110 
140 - 170 

Figure 2-4: Schematic of the GEM instrument 

Diffractometers utilising a pulsed neutron source operate in a fundamentally different way to 

a conventional reactor-based, constant wavelength diffractometer. TOF diffractometers 

measure the Bragg reflections at fixed scattering angles and monitor the time of arrival of a 

neutron after the initial burst produced at the target. Conventional diffractometers measure 

the Bragg reflections by scanning a detector over a range of angles from low to high 20. 

The relationship between TOF and d-spacing is a linear one and is derived from the de 

Broglie equation and Bragg's law: 

Equation 2-4 

A = • 

Equation 2-5 

X = 2dsin0 

If the total distance travelled by a neutron (source—^sample + sample—>detector) is equal to L 

and the corresponding time of flight is t then; 

Equation 2-6 
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therefore 

L 
Vn = 

A l l l 
Lh 

= 2(̂  sin^ 

Equation 2-7 

t = 2dL sin 6* 
V y 

Equation 2-8 

^ oca! 

Therefore, for a 12 m instrument like POLARIS, a 1 A d-spacing reflection will be detected 

in a backscattering bank at a TOF of -5000 |is. 

2.3.3 Data Collection 

The samples were mounted in a cylindrical vanadium can, which is then placed within an 

evacuated sample chamber. All data were collected at room temperature with typical 

collection times being around 1 hour. 
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2.4 Structural Refinement 

All structural refinements were carried out using the General Structure Analysis Suite 

(GSAS) [7], which employs the Rietveld method [8,9]. 

2.4.1 The Rietveld Method 

The single crystal method of structure determination is not always applicable to solid state 

chemistry as the standard experimental procedures (high temperature sintering and frequent 

regrinding) lead to samples with very small crystal size. Single crystal experiments typically 

require ca. 0.01 mm^ crystals and larger crystals {ca. 1 mm^) are required for neutron 

experiments as the neutron beam has a significantly lower flux {ca. 10^ lower). 

A powder diffraction pattern of a crystalline material can be considered as a collection of 

individual reflection profiles, each with a peak height, peak position, peak width, peak shape 

and an integrated area which is proportional to the Bragg intensity, Ik where k represents the 

Miller indices h, k, and / [10]. A technique was devised to utilise the full information content 

at each step of the powder pattern, which allowed structure determination using a method of 

profile refinement. 

The Rietveld method [8, 9] is based upon a comparison of an observed diffraction pattern 

with a theoretical model and refines a number of structural/positional parameters, including 

lattice parameters, atomic coordinates and site occupancies and profile parameters, including 

peak shape, zero point and asymmetry. Once a calculated profile has been obtained, least-

squares refinements are carried out until the best fit is obtained between the entire observed 

powder diffraction pattern and the entire calculated pattern based on simultaneously refined 

models for the structural and profile parameters. 

In order to refine X-ray and time of flight neutron data, different versions of the Rietveld 

method have been used. 

2.4.2 Theoretical considerations 

It may be shown that for any regular array of stationary atoms, the structure factor F, is the 

sum of the contributions of the scattering amplitudes, f, and the phases, (j), of each atom [11], 

leading to the expression: 
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Equation 2-9 

N 

7=1 

In a unit cell, the total phase shift of an atom j, at a point (xy, yj, zj) from the origin is the sum 

of the phase shifts in each direction. When the phase shift is evaluated, the structure factor 

for one unit cell becomes: 

Equation 2-10 

N 

^ Gxp ^ + /zy ) 
7=1 

where h, k and / are the Miller Indices that define the plane from which the reflection takes 

place. For very small crystals, it may be shown that the intensity of the scattered beam is 

proportional to the square of the structure factor. 

Equation 2-11 

T / T2 I TT* |2 
^ r w | 

where k = scaling constant 

L = the Lorentz factor, a geometric function of the method of data collection and 

hence the instrument used. 

In real crystals, the scattered intensity is modified by imperfections in the lattice structure. 

Defects and substitutional disorder cause local structural irregularities, particularly in non-

stoichiometric materials. In addition, thermal motion causes a reduction in scattered intensity 

as a result of time dependent vibrations of the atoms about their mean positions: the atoms in 

a plane hkl are displaced randomly from their ideal in-plane positions, disrupting the in-plane 

behaviour of their combined scattering. The correction to a structure factor reflected by a 

plane, MZ, takes the form [11]: 
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Equation 2-12 

=GXp 
s i n ^ l 

SO that for a unit cell, the structure factor becomes: 

Equation 2-13 

N 

7 = 1 

^ 4 1 
V l2 A' :j 

where nj is the occupation factor of the atom, equal to one in a structure free from defects. 

However, this assumes that the displacements due to thermal motion are isotropic, which is 

rarely the case, except in some highly symmetric special positions of cubic space groups. A 

more rigorous analysis [8] describes the anisotropy of thermal motion in the form of an 

ellipsoid, replacing the equation above with: 

Equation 2-14 

A number of expressions can be used to simulate the thermal motion {Thki), but the form 

given here is used to describe the anisotropic temperature factors used throughout this work. 

(Values of U are quoted throughout this work and these are related to B in Equation 2-14 by 
^ 

The intensity of the scattered beam at a particular point is also dependent on the multiplicity 

of the particular hkl reflection. Therefore, for a specific hkl reflection in a given crystal 

symmetry class, there can be a number of equivalent planes diffracting at the same angle to 

give an increased intensity. 

2.4.3 Data Refinement 

The Rietveld method is now widely recognised to be uniquely valuable for structural 

analyses of nearly all classes of crystalline materials not available as single crystals. The 

typical process followed for the refinement of powder diffraction data was as follows: 
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i) Determination of an approximate model of the structure by comparison with other known 

structures and their diffraction patterns. 

ii) Refinement of the overall scale factor and background parameters. 

iii) Refinement of the lattice parameters, zero point error and possible sample displacement 

correction in order to accurately locate the Bragg reflections. A preliminary refinement of 

the peak shape parameters is often carried out at this stage. 

iv) Location of atom positions in the structure by allowing them to vary. This alters the peak 

intensities and allows improvement of the peak shape. 

v) Refinement of the isotropic temperature factors is allowed when the atomic position is 

known in order to define its thermal motion. 

vi) Full refinement of peak shape parameters, in addition to any asymmetry or preferred 

orientation parameters that might be required. 

vii) Variation of the anisotropic temperature factors is carried out if possible. This can lead 

to a significant improvement in the fit, however, its use is often not feasible with X-ray data. 

In this work the Rietveld method was used for refinement of data collected on both the single 

wavelength powder X-ray diffractometer and time of flight neutron instruments. The 

differences between data sources influence the data preparation that was required and the 

instrumental parameters that were refined, however, the method itself is the same. In all 

cases, the 'best-fit' sought is the best least squares fit to all the intensities at each step. The 

quantity minimised in the least-squares refinement is the function M and is the sum over all 

the data points: 

Equation 2-15 

Where; Wi = a weighting factor given by l/yi°̂ ® 

= observed intensity at each step/point i (28i for PXD) 

ycaic _ calculated intensity at each step. 

For PXD, the calculated intensities are determined from the structural model by 

summing the calculated contributions from neighbouring Bragg reflections (k) plus the 

background bi: 
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Equation 2-16 

k 

where s = scale factor 

Lk contains Lorentz polarisation and multiplicity factors 

(j) = reflection profile function 

Fk = structure factor for the Bragg reflection 

Pk = preferred orientation function 

A = an absorption factor 

= background intensity at step 

Preferred orientation arises when there is a stronger tendency for the crystallites to be ordered 

in one way / set of ways and is defined by : 

Equation 2-17 

^ - [(^2 + (1 - G; ) eXp(-G;(Z^ ) j 

where Gj and Gj are refinable parameters and % is the angle between the presumed 

cylindrical symmetry axis and the preferred orientation axis direction. 

Since a comparison of intensities is performed at every point, it is essential for the 

construction of the calculated profile to accurately describe the shape of the Bragg reflections 

z.g. peak shape. Peak shape is generally dictated by the instrument; for the Siemens D5000 

the peak shape is pseudo-Voigt, and described by the function 

Equation 2-18 

77L + (1 - ?7)G 

where L and G are the Lorentzian and Gaussian contributions to the peak shape and rj is the 

mixing parameter which can be refined as a linear function of 26 ; 
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Equation 2-19 

where Na and Nb are refinable parameters. 

The Gaussian (G) and Lorentzian (Z) contributions to the peak shape are represented by the 

equations ; 

and 

G = 
(4 In 2) 

H, 
^ exp( - 4 hi 2(2^, - 2^ J ^ 
•\l7l ^ 

Z = 1/ 1 + 4 
( 2 ^ , - 2 ^ j " l 

'j 

Equation 2-20 

Equation 2-21 

where 20k is the calculated position for the Bragg peak corrected for the counter zeropoint 

and Hk is the full-width-at-half-maximum (FWHM) of the Bragg reflection. 

The full width at half maximum (FWHM), Hk, of a peak has been shown to vary with the 

scattering angle 2 ^ [12] and is modelled as: 

Equation 2-22 

=[/taii"6' + F tan^ + fF 

where U, V and W are the refinable parameters and are both instrument and sample 

dependent. Therefore, this formula can account for peak broadening effects resulting from 

particle size. 

At low scattering angles the peak shape shows marked asymmetry due to the detector and 

sample heights. This results in the peak maximum shifting to slightly lower angle while the 

integrated intensity remains unchanged. This can be corrected by the use of a semi-empirical 

correction factor of the form 
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taii& 

Equation 2-23 

where P = the asymmetry parameter 

+1,0,-1 when (2(9/ - 26jt)^ is positive, zero or negative. 

The refineable parameters for any least squares refinement fall into two distinct groups. The 

first group defines the structural parameters, which describe the contents of the unit cell and 

include the overall temperature factors, coordinates and occupancies of each atom. The 

second group contains the profile parameters, which define the position, shape and FWHM of 

each peak and consist of the profile scale factor, unit cell parameters, U, V, W, zeropoint, 

asymmetry and preferred orientation correction. In order to make a quantitative assessment 

of the agreement between the observed and calculated profiles, a number of reliability factors 

are defined, Rprofiiei Rexpectedi ^weightedprofile- The i?-factors are given by, 

Equation 2-24 

1 
- 100 

Z k ' " - .co/c y, 

l y ; " 

Equation 2-25 

=100 
+C) 

Where Rexp is defined from the statistics of the refinement and N is the number of 

observations, P is the number of refinable parameters and C the number of constraints. 

From a mathematical point, fro/z/e is the most meaningful of the j(-factors 

because the numerator is the residual being minimised. For the same reason, it is also the one 

that best reflects the progress of the refinement and is given by: 
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Equation 2-26 

2 1.)̂  

K = 100 

J 

The final measure of the whole fit, that is minimised during the refinement is the chi-squared 

parameter and is defined as; 

Equation 2-27 

^weightedproflle 

Therefore, for a good fit, the should approach the statistically expected ^(-factor 

The goodness of fit can also be measured by examining a plot of the profile fit; for a 

good fit, the difference line between the calculated and observed patterns should be as flat as 

possible. 

2.4.4 Neutron Diffraction Data Refinement 

The refinement of neutron diffraction data has significant advantages over the X-ray method. 

As previously described, the scattering length of a particular atom is related to the size of the 

nucleus and not the number of electrons it possesses. Neutron diffraction experiments are not 

affected by a form factor and consequently, allow the collection of a much larger angular 

range data set. In addition, preferred orientation effects are reduced due to the nature of the 

sample mounting in a neutron diffraction experiment. 

The time-of-flight data from POLARIS and GEM were refined using the GSAS package, 

which employs the Rietveld technique as previously discussed. In this type of refinement, 29 

data is replaced by TOP data which is readily converted to d-spacing using Equation 2-8. 

However, for TOP data refined by this method, a d-spacing dependant absorption correction 

is applied due to the range of incident neutron energies. 

In addition, the peak shape is more complex and is often fitted in terms of Gaussian, 

Lorentzian and exponential expressions rather than the mainly Gaussian expression used for 

single wavelength neutron diffraction data. 
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2.5 Solid State Ultraviolet/Visible (UV/Vis) Spectroscopy 

UV visible spectra were acquired using a Perkin Elmer UV\Vis\NIR Lambda 19 spectrometer 

set up for diffuse reflectance spectroscopy utilising tungsten and deuterium lamps. The 

Kubelka-Munk [13, 14] function is applied to the spectrum. Selection of the required 

wavelength is achieved automatically through the use of diffraction gratings during the scan. 

Powdered samples were mounted in a quartz fronted aluminium holder and the spectra 

recorded between 200 and 800 nm using barium sulphate as a reference sample. 
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2.6 Extended X-ray Absorption Fine Structure — EXAFS 

Since the advent of synchrotron radiation many forms of X-ray spectroscopy have been 

developed and utilised. In particular the technique of EXAFS has been used widely to 

investigate the local environment of a specific element up to distances typically 4-5 A from 

the central atom. 

EXAFS relates to the oscillatory variation of the X-ray absorption function as a function of 

photon energy beyond an absorption edge. The absorption, often stated in terms of the 

absorption coefficient (p.), can be ascertained from measurement of the attenuation of X-rays 

as they pass through a material. If the X-ray photon energy (E) is matched to the binding 

energy of a core level of an atom in a material, a sudden increase in absorption coefficient is 

observed, known as the absorption edge. For condensed matter, the variation of absorption 

coefficient at energies above the absorption edge produces a fine oscillatory structure called 

EXAFS [15]. 

EXAFS is a weak phenomenon so an intense source of X-rays is required to achieve an 

acceptable signal to noise ratio. Synchrotron radiation sources provide intense, highly 

collimated X-radiation over a wide range of energies that is ideal for the accumulation of 

EXAFS data in acceptable acquisition times. 

2.6.1 The Absorption Edge 

When an X-ray beam travels through a material a reduction in intensity is observed due to 

absorption. This absorption occurs at characteristic energies, which occur as steps or edges 

and are characteristic of the absorbing atom. The absorption is a result of an electron being 

excited from a core energy level, to an excited state close to or beyond the continuum. The 

edges are labelled according to the element and energy level from which the electron is 

ejected. For example, a Is electron excitation is labelled K-edge, a 2s electron is an Li-edge, 

and Ln and Lni-edges for 2pi/2 and 2p3/2 excitations respectively. 

The absorption edge has further fine structure as shown in Figure 2-5. The region just before 

the edge to approximately 30 eV beyond it is known as the X-ray absorption near edge 

structure (XANES) region and consists of sharp spikes and oscillations caused by electronic 

transitions between bound states (before and on the edge) and multiple scattering effects 

(beyond the edge). Analysis of this region is complex and hence it is used mainly for the 

qualitative comparison between samples. 
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XANES 

Miotoo enagy E/(cV) 

Figure 2-5. A typical X-ray absorption spectrum 

The region from approximately 30 eV to 1000 eV beyond the edge consists of sinusoidal 

oscillations, which are termed extended X-ray absorption fine structure (EXAFS). EXAFS 

oscillations are observed for all materials, except monatomic gases. This effect is caused by 

the presence of fixed atoms as near neighbours to the absorber. 

2.6.2 EXAFS Theory 

EXAFS is defined as a final state interference effect, involving scattering of outgoing 

photoelectrons by the neighbouring atoms [15, 16]. 

The probability that an atom will absorb an X-ray photon and eject a core electron is 

dependent on the initial and final states of the electron. The initial state is a localised core 

level that corresponds to the absorption edge and the final state is the free electron. The 

ejected electron can be considered as an outgoing spherical wave, which will be 

backscattered by any neighbouring atoms producing incoming electron waves. The nature of 

the interference of the incoming and outgoing waves is dictated by the electron wavelength 

(A,). Thus the backscattered waves will either add or subtract from the outgoing waves at the 

centre depending on their relative phase. The total amplitude of the electron wave function 

will be correspondingly enhanced or reduced, giving rise to the sinusoidal variation of 

absorption vj'. photon energy that is EXAFS. 
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Figure 2-6. Modification of the outgoing wave by a neighbouring atom. 

The electron wavelength is given by the expression; 

X = 
Itt 

where k is the photoelectron wavevector, given by, 

k = . 

Equation 2-28 

Equation 2-29 

where E = X-ray photon energy 

m = mass of an electron 

Eo = threshold energy of the absorption edge 

h = Planck's constant 

As the X-ray energy changes, so does the photoelectron wavevector k and hence the 

wavelength X, thus causing an oscillation between constructive and destructive interference. 

As the final electron state is governed by this interference and the probability of the 

absorption is dependent on the final state, oscillations are seen in absorption with varying 

photon energy. 
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In order to treat EXAFS theoretically the oscillations have to be isolated from the normal 

atomic absorption and machine absorption. The EXAFS intensity or interference frmction 

X(E) is defined by: 

X(E) = 

Equation 2-30 

Mo (E) 

where pi(E) = observed absorption coefficient for photon energy E 

)io(E) = background absorptions/absorption coefficient of free atom 

As po(E) cannot be obtained experimentally, an approximation is taken to give a smooth 

absorption coefficient through the oscillations. 

In order to relate %(E) to the structural parameters required, %(E) is plotted as a function of 

the photoelectron wavevector k (A ) i.e. E is converted to k. When plotted in this manner, 

the EXAFS oscillations decrease rapidly in intensity with increasing k and the determination 

of structural parameters would be dominated by the strong oscillations at low k. To prevent 

this occurring, the EXAFS is weighted by a function of k, most often k , which amplifies the 

contribution made by the later oscillations. 

The k weighted EXAFS oscillations then undergo Fourier transformation over the k range, 

which creates peaks that approximately compare to the interatomic distances. The peaks are 

of differing intensity reflecting the number and size of backscattering atoms. At this stage, 

the peaks are broad and shells of backscatterers at similar distances may fall under the same 

peak, so it is not possible to directly resolve the structural parameters. In addition, the 

intensities cannot be accurately quantified and the peak distances may be displaced from their 

true distances by 0.2 - 0.5 A depending on a number of variables; the phase shifts of the 

elements involved, the position of E^ chosen and the weighting. 

In order to obtain quantitative information, curve fitting between a theoretical model and the 

experimental EXAFS is carried out. 

2.6.3 The Plane Wave Equation (Small-Atom Approximation) 

The conversion of EXAFS into the photoelectron wavevector k is formally derived in the 

plane wave theory of Lee and Pendry [17]: 

Equation 2-31 
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z(*) = |2]W.S,-!^^2^exp(-2o-= t ' ) e x p f - ^ ^ ] s i n ( 2 t i i „ +25, + a , ) 
' ' k ) 

where Si = an amplitude reduction factor due to absorber multiple excitations. 

Ns = number of equivalent backscatters in each shell s. 

Ras = interatomic distance between the absorber and backscatterer. 

= backscattering amplitude of the backscattering atom. 

(Ta/ = mean square variation of Ras. 

/I = elastic mean free path. 

Si = phase shift due to absorber. 

% = phase shift due to backscatterer. 

This is the plane wave equation and is based on the approximation that the outgoing spherical 

electron wave may be treated as a plane wave in the vicinity of the backscatterers. This 

approximation is valid if the effective size of the backscattering atom is small compared with 

the interatomic distance between the central atom (absorber) and backscatterer, hence the 

terminology 'small-atom approximation'. 

Essentially, the plane wave equation can be described as the sum of a series of damped sine 

waves from all neighbouring atoms. Each shell of equivalent backscatterers produces an 

individual interference pattern in the form of a damped sine wave. For backscatterers at 

longer distances from the absorber, the amplitude of the sine waves is greatly reduced 

In this single-scattering theory, the backscattering pathways are considered independent, i.e. 

they do not interact with each other. Therefore, the interference pattern due to each shell can 

be summed and the EXAFS comes from a summation over all the atoms neighbouring the 

absorber. 

Some of the variables and functions involved in the phase and damping of the EXAFS 

oscillations are described; 

2.6.3.1 Phaseshifts - s i n ( 2 k R a s + 261 -I- a,) 

The frequency of each EXAFS wave is dependent on the distance between the absorbing 

atom and the neighbouring atom, as the photoelectron wave must travel from the absorber to 

the scatterer and back. On leaving the absorber and travelling to the backscatterer the 

outgoing photoelectron wave undergoes a phaseshift {kRas + Si) where <5/ is the phaseshift 

due to the potential of the central atom (Coulombic interaction). It then experiences a further 

phaseshift (%) when backscattered by the neighbouring atom. Finally it undergoes the 
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phaseshiA (AiTZa; + Jy) when returning to the back scatterer, giving a total phaseshiA + 

+ %). The phaseshifts are calculated for the atom types present in a sample and both 

backscatterer and absorber phaseshifts vary with k and increase with atomic number Z. In 

addition the backscattering amplitude, is highly correlated with phase functions and 

shows trends with variation in k and Z 

2.6.3.2 Debye-Waller Term - exp(-2cyas"k") 

The Debye-Waller factor o plays an important part in EXAFS spectroscopy and has two 

components Ostat, due to static disorder, and Cyib, due to thermal vibrations. 

Static disorder results from the atoms in a shell of backscatterers being at a slightly different 

distances from the absorber. The thermal motion of the atoms also causes further uncertainty 

in the distances. This in turn causes a deviation in Ras and in cases where the disorder is 

large, damping of the EXAFS occurs as the oscillations are broadened. In general, shells at 

larger distances have higher Debye-Waller factors. The relative variation in vibration 

between the absorber and scatterer is important and closer shells tend to move in sympathy 

with the central atom whereas the variation is greater for shells at larger distances. 

The thermal contribution and hence the Debye-Waller factor can be minimised by cooling the 

sample. This also increases the intensity of the oscillations, giving a better signal to noise 

ratio and enhances the resulting fit, particularly for distant shells. 

2.6.3.3 Inelastic Scattering Losses 

There are two categories of inelastic scattering process which the photoelectron experiences 

as it leaves the X-ray absorbing atom, travels to the neighbouring atoms and returns, that may 

reduce the EXAFS amplitude. The foremost is a result of multiple excitations at the central 

atom and the second is associated with excitation of the surrounding environment such as 

neighbouring atoms - mean free path. 

2. j . j . 7 - 5": 

When a photoelectron is ejected from a core hole, excess energy (E - Eq) can excite the 

remaining passive electrons (any electrons other than the core/active electron). These passive 

electrons may be excited in shake-up (excited to a bound state) or shake off (excited to 

continuum / ejected) processes. Since the total energy must be conserved, the original 

photoelectron must have a kinetic energy less than (E - Eg), i.e. a loss of intensity, implying 

its EXAFS contribution will be shifted in energy and phase. The result is a further damping 

in the experimentally observed EXAFS, which is modelled by the factor Si. The degree of 

amplitude reduction is dependent upon the central absorber. The surrounding chemical 
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environment has a negligible efkct. Therefore, the multiple excitation amplitude reduction 

factor remains constant having been set with standard components. 

2. j . j . 2 A/earn f rgg f 

The outgoing photoelectron wave has a limited lifetime and path length as a result of energy 

losses to its surroundings. This type of inelastic scattering decreases the interaction between 

the outgoing and the backscattered waves by reducing the intensity and coherency of the 

interference effects. The term exp(-2Ras / X ) in Equation 2-31 is a factor used to describe this 

damping and is dependent upon the ratio of the interatomic distance Ras, to the electron mean 

free path, 1. 

In contrast to the multiple excitation process, the mean free path scattering losses are 

dominated by weakly bound electrons (outer electrons such as valence electrons) which are 

dependent upon chemical environment, i.e. they are sensitive to the chemical environment of 

the absorber. This effect is particularly important for light-atom scatterers where the number 

of valence electrons is a substantial amount of the total number of electrons, and for higher 

shells where the emitted photoelectron travels a greater distance 

2.6.4 Curved Wave Theory 

The plane wave approximation assumes the atomic radii are smaller than the interatomic 

distance and approximates outgoing/incoming spherical electron waves by plane waves 

neglecting curvature of the electron wave at the scattering atom. This formalism is sufficient 

for high-energy data. Although, in practice the plane wave equation is not valid at low k 

(less than 4 A) and consequently a better formalism is the curved wave theory. This is 

applied for actual EXAFS data and achieves a better fit across the whole k range [18]. The 

theory describes the initial and final states in terms of angular momentum with the result 

being a more complex expression with all the effects of the scattering atom incorporated in a 

matrix form. All of the factors involved in the plane wave equation are present but in 

different mathematical formulations. Computations using the full theory are time-

consuming, and in practice a modified version derived by Gurman et al. [19] is used in both 

the data analysis program EXCURV98 [20] and the combined refinement program (section 

2.6.8) [21, 22]. This simplifies the full spherical wave expression, as all terms except the 

diagonal matrix elements are negligible, although the exactness of the original theory is 

retained. 
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2.6.5 Multiple Scattering 

Ntakqde scaMenng (&4S) occws Avhen the phokxdeckon emxxHdcrs nK%e thai one 

backscatterer before returning to the absorber. The EXAFS expression (Equation 2-31) is 

based on the single-scattering approximation where the outgoing wave is backscattered only 

once before combining with the unscattered wave. This assumes that in most cases single-

scattering pathways between the absorber and shells of backscatterers have much greater 

amplitude than multiple pathways and photoelectron waves returning to the central atom 

from MS pathways are thought to mostly cancel each other out. However, in compounds 

where two backscatterers are arranged approximately collinearly with the absorber, MS 

effects have been shown to significantly increase the amplitude of EXAFS [23, 24]. 

The natural assumption would be that the intervening backscatter would block the more 

distant one, reducing the EXAFS contribution from it. In contrast, experiments have revealed 

that the EXAFS due to the latter is strongly enhanced. This is because the intervening atom 

has a focusing effect on the photoelectron, forward scattering it with greater intensity than 

would occur if it were absent, and with a change of phase. 

The relative importance of the pathways varies with angle. At low angles the first order, 

single scattering is dominant, but the higher order pathways become more influential as the 

angle approaches 180 °. 

2.6.6 Instrumentation 

EXAFS spectra were collected at the Daresbury Laboratory Synchrotron Radiation Source 

(SRS) on stations 8.1 and 9.2. Both stations employ double crystal monochromators, which 

produce a tuneable monochromatic beam of synchrotron radiation at the desired energy. 

2.6.6.1 Station 8.1 

Station 8.1 is designed to function as a high flux bending magnet station for dilute sample 

studies in the range 3 . 5 - 1 1 keV. The station consists of bent double crystal monochromator 

(Si( l l l ) or Si(220)). The crystals are bent in order to match the vertical dispersion of the 

source, hence eliminating the requirement of vertical slits to maintain resolution. The first 

crystal is also water cooled for temperature stabilisation. The beam line is maintained at high 

vacuum making it possible to minimise the beryllium window thickness between the 

synchrotron and the beam line itself, which is particularly important at lower energies [25]. 
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Figure 2-7: Schematic representation of a typical EXAFS beam-line 
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2.6.6.2 Station 9.2 

Station 9.2 operates with a water-cooled, harmonic rejecting double crystal (Si (220)) 

monochromator in conjunction with a 5 Tesla wiggler magnet, which results in radiation of a 

higher energy [26]. This allows the study of energies in the range 6 - 3 3 keV. Entrance slits 

define the beam size, both horizontally and vertically, before it reaches the monochromator. 

The beam then passes through a further set of slits prior to entering the experimental area. 

2.6.6.3 Harmonic Rejection 

The required wavelength (and hence the energy) of X-rays for a certain experiment can be 

selected according to the Bragg equation: 

nX = 2dsmQ 

where n = an integer (1 for the fundamental, 2, 3 etc. for higher harmonics) 

X = desired wavelength 

d = crystal spacing (Gxed for Si(l 11) or Si(220)) 

8 = angle between monochromator crystals and beam 

However, in addition to the selected wavelength, the monochromator would also allow higher 

harmonics (n = 2, 3 etc.) to be incident on the sample. This could result in the EXAFS data 

being distorted as the higher harmonics would not be absorbed in the same way as the 

fundamental. For this reason they are removed by harmonic rejection. This is controlled by 

tilting one monochromator crystal with respect to the other in order to only allow 50, 60 or 

60 



Chayter 2 Exverimental Techniques 

70% of the maximum intensity through, thus rejecting most of the harmonic content while 

retaining 50% or more of the fundamental. 

2.6.6.4 Absorption Detection 

The absorbance is monitored using two inert gas filled ion chambers, lo before the sample 

and It after the sample. The relative absorbance is then calculated from the natural log of the 

ratio between the two readings (In lo/It). 

2.6.6.5 Sample Preparation 

A calculated [27] amount of sample, designed to give an optimum p. value of 2.0, was diluted 

with around 50mg of polyvinyl alcohol (PVA) and pelletised. Sample homogeneity is a key 

consideration when preparing samples as unevenly distributed sample can cause irregular 

absorption across the sample. The prime advantage of using a pelletised sample is that the 

disc produced presents a more homogenous, uniform sample. Finally, the pellets were 

mounted on specially designed aluminium sample holders and secured with Kapton tape. 

Experiments were set to scan over a particular energy range to incorporate the edge jump for 

the element being studied. Scan durations were typically 30 — 45 minutes, and a minimum of 

two scans were carried out so that the data sets could be averaged during analysis to help 

improve the signal to noise ratio. 

2.6.7 Data Analysis 

The analysis of EXAFS data initially involves a background subtraction to isolate the 

EXAFS followed by fitting of the experimental data to a theoretical model. These stages can 

be achieved using two programs: PAXAS [28] and EXCUR.V98 [20]. 

2.6.7.1 PAXAS 

PAXAS, the program used for the background subtraction of EXAFS data, removes the 

EXAFS oscillations due to atomic and machine absorption from the background absorption. 

The data is recorded experimentally as absorption versus monochromator angle 

(millidegrees), and is converted, by PAXAS, into absorption versus energy (eV) using the 

relevant monochromator d-spacing. 

2.6.7.2 EXCURV98 

The second type of program utilised is the EXAFS curve-fitting program EXCURV98 [29] 

which uses theoretical models to curve-fit and ultimately provide structural parameters. 
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Initially, the phase shifts used in the theoretical model are generated by ab-initio calculations. 

The type and number of atoms, distance &om absorbing nucleus and thermal motion 

parameters, are then introduced to generate a theoretical spectrum and these are subsequently 

varied during the refinement. 

EXCURV98 program uses a least squares refinement process to minimise the equation: 

Equation 2-32 

where (k) and )f(k) = theoretical and experimental EXAFS 

F/(Fit Index) = weighted minimised sum for theoretical and experimental EXAFS. 

This term can be used to indicate an improving fit but it is not comparable between data sets 

as it is dependent on energy range, number of points and magnitude of EXAFS. To allow 

comparison of the quality of fits, the i?-factor is calculated where 

Equation 2-33 

2.6.8 P - Combined Refinement Program 

The Combined Refinement Program is a similar program to EXCURV98, however, powder 

diffraction data are also included in a simultaneous refinement of both data sets using one set 

of structural coordinates. The program itself was written and developed by Mr. Norman 

Binsted at Southampton University. 

The techniques of EXAFS and PXD have often been combined in the study of materials. In 

most cases this is due to the complementarity of the methods with EXAFS being used to 

elucidate information about local environments and short-range order, whilst powder 

diffraction data can provide information about the structure as a whole. 

2.6.8.1 Powder X-ray Diffraction 

PXD is an important technique used in the characterisation of polycrystalline inorganic 

materials, but is dependent upon long-range order being present in a material. The form of 

the PXD pattern obtained is dependent upon the crystal structure a material adopts. This 
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structure is defined by the lattice type, crystal class, unit cell parameters and the distribution 

of the various ion types within the unit cell, which in turn determines the number and 

position of the observed reflections. The atom types and their distribution throughout the 

unit cell determine the intensity of the observed reflections. Rietveld refinement of the PXD 

data allows the derivation of a number of structural parameters exclusive to the material 

under study, such as lattice parameters, atomic positions, fractional occupancies, temperature 

factors and bond lengths. 

However a number of drawbacks to the technique do exist. The ability of an atom to scatter 

X-rays is proportional to its atomic number and as a result it is often difficult to locate light 

atoms because the scattered intensity is very weak. This is a particular problem when the 

other atoms present are very heavy. Similarly, it is difficult to distinguish elements that have 

very similar atomic numbers or are isoelectronic. Also, when doping very small quantities of 

a different atom type into a structure, it is often difficult to locate the position of the dopant. 

2.6.8.2 EXAFS 

Extended X-ray Absorption Fine Structure (EXAFS) is an atom specific technique giving 

short-range data on the local environment of a particular element within a structure. The 

information available from EXAFS includes interatomic distances, the approximate nature of 

the neighbouring atoms (i.e. to which row of the periodic table they belong) and the 

approximate number of each atom type at each distance. 

EXAFS does not require the presence of long-range order, therefore, it can be used to extract 

structural information in many phases where diffraction techniques are not definitive, such as 

glasses, liquids and amorphous solids. EXAFS is particularly useful in determination of 

minor/trace elements due to the sensitivity of the technique. It is highly element specific and 

therefore the data obtained from EXAFS analysis contain only the relationship between 

atoms of the X-ray absorbing element and its neighbours, whereas X-ray diffraction methods 

result in an average correlation function for the sample as a whole. 

However, a number of limitations exist for EXAFS as a technique. The margin of error in 

the determination of structural parameters beyond the first shell is high and is therefore not as 

accurate as other structural methods. EXAFS is a weak phenomenon and as such an intense 

source of X-radiation is required to achieve an acceptable signal to noise ratio. This is 

provided by synchrotron radiation sources, where beam time is limited and expensive. 

Due to the element specificity of EXAFS, impurity phases that contain the absorbing element 

will interfere with the data leading to poor results, however, other impurities will not affect 
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the EXAFS measurements. Further complications can arise in multi-element samples where 

the respective absorption edges are close together and overlap. 

Finally, if the absorbing element exists in more than one environment, then the EXAFS will 

not characterise the separate conditions because the derived parameters are the average for 

that element. Therefore minor species of the probed element may not be detected. 

2.6.8.3 Combined refinement 

There are a number of advantages in refining EXAFS and powder diffraction spectra 

simultaneously, one being that no additional structural variable needs to be introduced in 

order to describe the EXAFS distances, even when very many shells are fitted. 

Consequently, the method is a far more rigorous test of the structural model than either of the 

techniques performed independently and should lead to a better-determined refinement. 

2.6.8.4 Theory 

The EXAFS theory employed in the combined refinement program (P) is very similar to that 

previously discussed in section 2.6. The method used is based on the fast spherical wave 

formalism of Gurman, Binsted and Ross [19, 30]. Ground state photoelectron potentials are 

calculated according to the Mattheis prescription [31, 32, 33]. Excited state corrections to the 

exchange and correlation potential are based on the theory of Hedin and Lundquist [34], as 

implemented by Lee and Beni [35]. The phaseshifts are calculated following the method of 

Fox and Goodwin [36]. The PXD calculations are based on the DBW code of Wiles, 

Sakthivel and Young [37] employing the Rietveld method (section 2.4.1). 

2.6.8.5 Parameters 

Theory calculation, refinement and restraints are all governed by a large number of variables. 

The parameters available within the combined refinement program are grouped into nine 

types, as described below. 

1) Cell parameters - define the unit cell. 

2) Atomic parameters - define fi-actional coordinates of the atoms within the cell, their 

occupancies, isotropic temperature factors and Debye-Waller factors. 

3) Shell parameters - are defined by the number of atoms in a particular shell and the 

characteristics of the atom within the shell. 

4) Unit parameters - used in the refinement of proteins and have not been used in this 

work. 

5) Phaseshift parameters - are defined by the atomic number of the atoms involved. 

64 



Chayter 2 Exverimental Techniques 

6) Control parameters - examples are numerous (~ 85) and include NS (number of 

shells and AH, BH and CH (peak shape parameters). 

7) XANES parameters - used only by XANES calculation not covered in this work. 

8) Restrained refinement, bond and correlation parameters - are defined by two shell 

numbers and sometimes a symmetry index. 

9) Group symbols - define the cell or cluster symmetry. 

2.6.8.6 Method 

Initially, raw EXAFS and powder diffraction data sets are read into the combined refinement 

program - the EXAFS data is previously background subtracted using PAXAS [28] (section 

2.6.7.1), powder diffraction (PD) data can be read into the program in either DBW format or 

GSAS format. The structural model is first defined as for a PD Rietveld analysis, in terms of 

a space group, positional coordinates and occupancies. 

For each atom for which EXAFS data are available, the program calculates the radial 

distribution up to a pre-defined limit (normally 5 to 10 A). If necessary, several clusters are 

generated for each structurally unique site occupied by the element in question. In some 

cases mixed or partially occupied sites are required and this can be included in the 

refinement. For each cluster, the program then determines the point group, which allows the 

table of radial coordinates to be reduced to a set of shell coordinates and occupation numbers, 

and a point group operator. One benefit of this is the efficient treatment of multiple 

scattering (MS) making full use of symmetry without the need for a path-sort to find 

equivalent paths. It is important to include MS even when it does not seem to make a large 

contribution to the final result. MS is particularly sensitive to short interatomic distances, 

and hence its inclusion helps to eliminate solutions where distances tend to refine to values 

that are significantly shorter than actual values. The PD and EXAFS theories are then 

calculated and combined EXAFS and PD curve fitting is performed using a least squares 

refinement. This involves minimisation of the weighted sum of squares of residuals 

employing non-linear least squares routine VA05A in the Harwell library [38]. 

In addition to the structural parameters required to describe the model, the control parameters 

generally refined are the PD isotropic thermal parameters, peak shape and background 

parameters, scale factor, and zero offset. The EXAFS energy zero EF (one per spectrum) and 

one or more phaseshift parameters are also refined, e.g. individual muffin-tin radii. 

The quantity minimised during refinement is given by; 
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Equation 2-34 

^exafs^exafs Wpcl0p(i 

and are the weights attached to the EXAFS and PD data sets respectively. For a 

combined refinement the values are normally set such that Wexafs = Wpd = 0.5. For EXAFS of 

PD only refinements the weightings = 1.0 or =1.0 are used respectively. 

The EXAFS contribution is given by: 

Equation 2-35 

and are the experimental and theoretical EXAFS. K is the magnitude of the 

photoelectron wavevector. Wi, the weighting attached to a particular data point i, is normally 

defined for an EXAFS data point by: 

Equation 2-36 

k';\xf{,k\ 

where n is selected to give an envelope of approximately comstant amplitude for F 

Similarly the PD contribution is given by: 

Equation 2-37 

where the sum over all experimental data points z with experimental and theoretical counts 

and y* respectively. For a PD observation the point weighting is taken to be wi = 1/yf^^. 

An i?-factor is defined as: 

Equation 2-38 

R^f.=^L:^Zril^:)-zt{kpiOO% 

which gives a meaningful indication of the quality of the fit to EXAFS data in k-space. A 

value of around 20% is normally considered to be a reasonable fit, with values of 10% or less 

being difficult to obtain on unfiltered data. R factors for PD data are as previously stated in 

section 2.4. 

An absolute index of goodness to fit, which takes account of the degree of over determinacy 

in the system is given by the reduced chi squared function. The difficulty in comparing the 

weights for each of the data points w, for the two techniques, and the fact that it is rarely 

66 



Chayter 2 Exverimental Techniques 

possible to use experimental values of w, for EXAFS analysis (accurate distance 

determination requires a constant amplitude envelope over a wide k-range), complicates the 

derivation of a useful overall statistical criteria. An expression: 

Equation 2-39 

Chi' = 1/(JV,„, - p \ N „ , - u j 

is used, where Nmd is the number of independent data points and p the number of parameters. 

Nind is normally less than N (number of data points). The sum is over all observations Nobs 

and W is Wexafs, Wpd or % according to whether the term is due to EXAFS, powder 

diffraction or constraint respectively. This expression does not have any absolute 

significance due to the artificial nature of the weightings, but changes do provide a valid 

statistical measure of the effect of introducing or removing variables - introducing an 

additional variable should result in an overall reduction in chi^. 
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2.7 Synthesis Techniques 

2,7.1 Conventional High-Temperature Solid-State Synthesis 

The direct reaction of a mixture of solid starting materials, at high temperatures and over 

extended periods of time, is the most widely used method for the preparation of 

polycrystalline solids. In the preparation of mixed metal oxide materials, for example, a 

stoichiometric mixture of the component oxides is used. However, in some cases using the 

oxide is difficult, particularly where it may be hygroscopic or air sensitive, and often a 

carbonate or another oxo-salt, which will decompose on heating to give the oxide, is used. 

This facilitates more accurate weighing of the starting materials, which are then ground to 

produce an intimate mixture using a pestle and mortar, transferred to an alumina crucible and 

heated to the required temperature. 

The reaction process between oxide starting materials occurs by diffusion of the metal 

cations at particle interfaces. In oxide materials the cations are the most mobile as they are 

usually smaller than the oxide ions. The rate of diffusion of reactants is usually very slow 

and therefore long reaction times are required. The most common method of increasing the 

rate at which the cations diffuse is by raising the reaction temperature. 

A reaction between two solids will only occur when the relevant reactant particles are in 

contact, therefore, by maximising the number of interfaces it is possible to increase the 

reaction rate. This can be achieved by frequent and thorough grinding of the material both 

before and during the reaction to increase the overall surface area or by pelletising the ground 

reactants. The grinding process also aids homogeneity and thus improves the formation of a 

single-phase product. 

2.7.2 Precursor Methods 

An alternative method of producing a homogenous and very finely divided reactant mixture 

is through the use of precursor methods. These techniques typically involve the 

decomposition of a material to yield finely divided and reactive particles, which will increase 

the reaction rate. Examples of such precursors include metal carbonates, nitrates and 

hydroxides. 

2.7.3 Special Atmospheres 

Where a particular oxidation state or reaction stoichiometry is required the reaction 

environment may be controlled using a tube furnace. This allows a continuous supply of a 

particular gas e.g. oxygen to be passed over the reaction mixture during heating. 
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In some cases one or more of the components may be volatile at the necessary reaction 

temperature. Here the reaction mixture can be sealed in an evacuated quartz tube to prevent 

any loss of material. 
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