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 ABSTRACT 
 

Ultramarine pigments are aluminosilicate-based and contain sulphur-based 

chromophores. Several samples from two batches of fine fly ash, a predominantly 

aluminosilicate waste product of coal combustion, were used successfully to 

synthesise ultramarine blue. This was confirmed by infrared, Raman and X-ray 

diffraction results. Fly ash had the advantage of being amorphous, whereas the 

traditional starting reagent, kaolin, needed to be heat-treated before the ultramarine 

synthesis to weaken its structure. A comparison of the scanning electron 

micrographs of fly ash, fly ash treated at 1 000 °C, fly ash reacted with sodium 

carbonate at 860 °C and the ultramarine products showed that sulphur had a 

structure-directing effect. 

 

The sulphur clusters found in ultramarine pigments were studied by Self-Consistent-

Field Hartree-Fock theory extended by Møller-Plesset second order perturbation 

theory at the minimum energy with the 6-311G** basis set to determine the relative 

stability of S2, S2
-•, S2

2-, and S3, S3
-•, S3

2-. The singly charged species were the most 

stable in both sets, supporting the hypothesis that the exothermic transition from 

green to blue ultramarine was the transformation of the doubly charged species to 

the singly charged species. The open, C2v, isomer was most stable for the S3
-• 

molecule - the blue ultramarine chromophore. The S4 molecule was a likely 

chromophore in ultramarine red. A Woodward-Hoffmann analysis supported the 

concerted formation of the puckered square S4, pyramidal S4, and gauche S4 chain 

isomers. Other possible species for the red chromophore were S4
-, S3, S3Cl, S3Cl-, 

S2Cl, S2O, and S2O-. On the basis of their calculated vibrational spectra most of the 

species could be discounted as possible red chromophores. The best candidate 

chromophore was the cis S4 chain based on the computed electronic spectrum. 
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SAMEVATTING 
 

Ultramarine pigmente is aluminosilikaat gebaseer en bevat swael-gebaseerde 

chromofore. Verskeie monsters, geneem uit twee lotte fyn stofas, 'n hoofsaaklik 

aluminosilikaat afvalproduk van steenkoolverbranding, is suksesvol gebruik om 

ultramarine blou te sintetiseer. Die resultaat is deur infrarooi, Raman en X-straal 

diffraksie resultate bevestig. Die tradisionele uitgangstof, kaolin, moet eers 

hittebehandeling ondergaan voordat die kaolin in die sintese van ultramarine gebruik 

kan word. Stofas is egter reeds amorf en het dus nie vooraf hittebehandeling nodig 

nie. 'n Vergelyking tussen die mikrofoto van stofas, stofas behandel teen 1 000 °C, 

stofas gereageer met natrium karbonaat teen 860 °C en die ultramarine produkte het 

getoon dat swael 'n struktuurrigtende effek het.  

 

Self-Konsistente-Veld Hartree-Fock teorie en Møller-Plesset tweede orde 

steuringsteorie met die 6-311G** basisstel is gebruik om die relatiewe stabiliteite van 

S2, S2
-•, S2

2-, en S3, S3
-•, S3

2-, wat in ultramarine pigmente voorkom, te bepaal. Die 

enkelgelaaide spesies was die stabielste in beide stelle, ter ondersteuning van die 

hipotese dat die eksotermiese oorgang vanaf die groen tot die blou ultramarine 

spesies die omskakeling vanaf die dubbelgelaaide spesie na die enkelgelaaide 

spesie is. Die oop, C2v, isomeer, is die stabielste S3
-• molekuul - die blou chromofoor 

in ultramarine. Die geslote, D3h, geometrie word as 'n oorgangsfase beskou. 'n 

Woodward-Hoffmann-ontleding het die meervoudige vorming van die gebuigde 

vierkantige S4, piramidale S4, en gauche S4 ketting isomere ondersteun. Ander 

moontlike rooi chromofore was S4
-, S3, S3Cl,  

S3Cl-, S2Cl, S2O, en S2O-. Op grond van hul berekende vibrasie spektra kan meeste 

van die spesies as moontlike rooi chromofore uitgeskakel word. Op grond van die 

berekende elektroniese spektrum was die cis S4 ketting die beste kandidaat. 
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Psalm 37:3-5: 
Trust in the LORD and do good; 

dwell in the land and enjoy safe 

pasture. 

Delight yourself in the LORD 

and he will give you the desires of  

your heart. 

 

Commit your way to the LORD; 

trust in him and he will do this.1 

 

                                                 

 

 vi 

1  The Youthwalk Devotional Bible, New International Version, Zondervan Publishing House, Grand 
Rapids, Michigan, p. 568, 1992. 
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 PREFACE 
 

To most young researchers the thought of embarking on a research project with the 

aim of getting a PhD is daunting. This is, however, all too often based on unreliable 

data as to what is expected of a PhD graduate. Phillips and Pugh2 feel that a PhD 

graduate should become a fully professional researcher, described as follows 

(quoted from ref 2): 

• First, at the most basic level it means that you have something to say that your 

peers want to listen to. 

• Second, in order to do this you must have a command of what is happening in 

your subject so that you can evaluate the worth of what others are doing. 

• Third, you must have the astuteness to discover where you can make a useful 

contribution. 

• Fourth, you must have mastery of appropriate techniques that are currently 

being used, and also be aware of their limitations. 

• Fifth, you must be able to communicate your results effectively in the 

professional arena. 

• Sixth, all this must be carried out in an international context; your professional 

peer group is worldwide. (It always was, of course, but the rate of diffusion is 

infinitely faster than it used to be.) You must be aware of what is being 

discovered, argued about, written and published by your academic community 

across the world.2 

The acceptance of this thesis signifies that the above-mentioned criteria were met.  
 

Several style and format references3,4 are available to aid the young researcher. 

Literature review articles are of great help in starting to map one's path through a 

research topic. Patent literature is available and opens new avenues of thought. 

Computer searches of the available literature often yield overwhelming amounts of 

hits, possibly all important. Searching The Chemical Abstracts hard copies seems 

tedious, but is worth the effort. 

                                                 
2  E.M. Phillips, D.S. Pugh, How to get a PhD, Second edition, Open University Press, Buckingham, 

1994. 
3  Style Manual Committee, Council of Biology Editors, Scientific Style and Format, The CBE Manual 

for Authors, Editors, and Publishers, Sixth edition, Cambridge University Press, Cambridge, 1994. 

 

 xvii 

4  M. O'Connor, Writing successfully in Science, First edition, HarperCollinsAcademic, London, 1991. 
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0. INTRODUCTION: THE EVOLUTION OF THIS RESEARCH 
PROJECT 

 

0.1. The Original Objectives 
 

Fly ash is an industrial waste resulting from burning coal in the production of 

electricity. Sphere-Fill, which sources fly ash from the Lethabo Power Station in the 

Northern Free State, aims to extend the market of this by-product. Cosmetic 

changes, for example changing the trade name to Plasfill, size separation and 

packaging was, however, not enough. The grey colour (Figure 0-1), familiar from the 

cinders of a barbeque, was detrimental to the marketing of fly ash as a filler for 

plastics. Fillers were used to make up volume, thereby using less of the expensive 

polymer, to impart strength and/or colour to the plastics, performing a functional role. 

The inherent grey colour of fly ash was strong enough to mask the effects of 

pigments in plastics. Changing the colour of fly ash to make it more marketable was, 

therefore, the original aim of the project in 1999 (Figure 0-2). The spherical form of fly 

ash formed the basis of its marketability (Figure 0-3). 
 

The amorphous aluminosilicate nature of fly ash made it difficult to characterise, but 

versatile. Solid-state chemistry could theoretically be used to change the colour of fly 

ash in order to make fly ash a valuable marketable product. This process, however, 

needed to be supported by scientific method. Vibrational spectroscopy was chosen to 

monitor the process and add scientific value to the syntheses. The search for 

answers regarding fly ash and its reactions resulted in extending the technique of 

vibrational spectroscopy to an even more useful tool. 

Figure 0-1:  Samples of fly ash and fly ash treated at 1000 °C, indicating the 
colour of fly ash and heat treated fly ash 
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Figure 0-2:  The original objectives and information relating to the research 
project in 1999 
 

Figure 0-3:  The spherical microscopic structure of fly ash as observed by 
scanning electron microscopy 
 

During the first part of the research it was clear that wet chemistry was not adequate 

to realise the original goals. Therefore, solid-state chemistry was chosen as research 

methodology. Treating fly ash at 1 000 °C led to a cream colour (Figure 0-1). 

Transition metals seemed most likely to solve the colour problem. Unfortunately the 

transition metals did not deliver, except cobalt and vanadium. Cobalt reacted at 

1 000 ºC to yield a blue pigment, at an unfortunate high loading. Vanadium, on the 
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other hand yielded interesting results. Ammonium metavanadate was expected to 

decompose to V2O5, a brown crystalline powder. A yellow colour was, however, 

observed in the presence of fly ash. The interaction between vanadium species and 

fly ash was not reported in this thesis, but left for later publication, after the 

refinement of the ideas. 
 

The other interesting and valuable element turned out to be sulphur. Sulphur together 

with an aluminosilicate starting reagent led to the commercial artificial pigments, 

Ultramarine Blue, Green and Red. Theoretical studies into proposed structures for 

the chromophores proved beneficial (Figure 0-4 and Figure 0-5). The kinetics of the 

reactions involved posed research opportunities (Chapter 3). Spectroscopic models 

for the characterisation of aluminosilicates were initiated (Figure 0-4 and Figure 0-5). 

 

 
Figure 0-4:  The results of the project as in 2000 
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Figure 0-5:  Objectives resulting from previous work as in 2001 
 

0.2. Limitations of Current Techniques and the Development of New 
Techniques 

 

This project focused on high temperature work of solid materials. The materials were 

generally amorphous, meaning that the structure did not extend far enough to be 

characterised by single crystal X-ray diffraction data. This did, however, not mean 

that the materials had no structure. Therefore, the current project emphasised the 

use of infrared spectroscopy (and Raman) to characterise amorphous material as 

material composed of smaller components that had structure. These were 

augmented by X-ray diffraction (XRD), X-ray fluorescence (XRF) and scanning 

electron microscopy (SEM) (Figure 0-3). 
 

The reactions were performed at an appropriate temperature for an appropriate time, 

followed by analysis by the aforementioned spectroscopic methods. This was 

necessary because the result of a solid-state reaction was unsure. The product might 

or might not be of an already characterised structure (XRD) furthermore its 

composition was affected by the volatilities of its constituents (XRF). 
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Raman spectroscopy did not yield good vibrational spectra of aluminosilicates. The 

broad features of the infrared spectra could not be interpreted in a straightforward 

manner. 
 

0.3. Synthetic Methods 
 

Some general comments regarding useful experimental techniques are made here, 

and therefore necessitate a change in tense. In solid-state chemistry the solid 

reagents can be reacted directly at high temperatures. Grinding is essential to ensure 

that the particles of the different chemical species are in contact with one another, 

because reactions occur at these contact points. Co-precipitating chemical species 

are often beneficial, because a more homogeneous starting mixture of finer particles 

is obtained. These characteristics lead to lower reaction temperatures and shorter 

times for the reactions to go to completion. Often the solvent is evaporated to 

simulate co-precipitation. In all cases the presence of a low melting salt is useful, 

because this often reduces the temperature at which reactions occur and also 

promotes homogeneity, by proper mixing of the reagents within the melt. This 

process is commonly known as fluxing. Fluxing agents are often removed by washing 

the sample in hot water and filtration. Washing samples with acetone before drying 

leads to quick drying with less agglomeration. 
 

0.3.1. Mass Measurements during Synthesis 
 

Unlike wet chemistry, solid-state chemical products can often not be separated from 

each other, therefore careful mass measurements are essential in order to obtain the 

proper stoichiometry. The role of good planning and a well kept lab book, which 

includes sample names and dates, cannot be emphasised enough. 
 

0.3.2. Temperature for Synthesis 
 

 

 Chapter 0: Introduction: The Evolution of this Research Project 6

Not only is the temperature at which the reaction occurs important, but also the rate 

at which the temperature is reached, the so-called ramping rate. Some reactions 

need to be heated slowly at the same rate as the furnace. For example the loss of 

crystal water from nitrates might influence the reaction by acting as a temporary 

solvent, in a positive sense, or forcing the solids out of the crucible, in a negative 
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sense. Other samples need to be heated quickly in a pre-heated furnace. Pre-

treating the reactant mixture at temperatures ranging from 70 to 200 ºC and milling 

the dehydrated reactants is often beneficial. 
 

0.3.3. Time for Synthesis 
 

Although solid-state reactions only occur where contact exists between the particles, 

most solid-state reactions occur at a reasonable rate. Most reactions in this study 

were performed for 24 hours to ensure good crystallinity for good spectroscopy and 

to be sure that the reactions were complete. Optimising is required. 
 

0.3.4. Crucibles for Synthesis 
 

Solid-state reactions are performed in crucibles. Crucibles can be either metallic/alloy 

or ceramic. The choice of crucible is dependent on the chemical environment during 

the reaction and the temperature used. When fast heating of the sample is required, 

metallic crucibles are essential, due to their low specific heat capacity and high 

thermal conductivity. 
 

0.3.4.1. Metal Crucibles 
 

Although metals often have melting points above the desired reaction temperatures 

one should bear in mind that the metal might react with oxygen or with product gases 

in the furnace. For example, nickel melts at 1 453 °C but reacts with oxygen in the 

atmosphere at a low 600 °C to form the black oxide. The black colour indicates that 

an insufficient amount of oxygen has reacted to meet the stoichiometric 

requirements. With further reaction these black crucibles become green (Figure 0-6). 

Furthermore, sulphur reacts with nickel to form various sulphates and sulphides, 

which destroys the crucible completely (Figure 0-6). Platinum crucibles are cleaned 

by melting Na2CO3 below 900 ºC in the crucible to act as a flux. The Na2CO3 is then 

reacted with concentrated HCl while boiling. Platinum crucibles have limited 

resistance to sodium carbonate at temperatures higher than 900 ºC and this should 

be kept in mind when planning experiments. 
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0.3.4.2. Ceramic Crucibles 
 

Ceramic crucibles are most often used. When deciding on a crucible one should bear 

the reaction temperature in mind and ensure that the crucible material can withstand 

such temperatures and does not undergo phase changes. For example ZrO2 

undergoes a phase change at 950 °C, from a monoclinic to a tetragonal phase.1 The 

phase transition of ZrO2 is associated with a 3-5 % change in volume,1 which results 

in cracking of the ceramic crucible when the furnace temperature is kept constant in 

this temperature region (Figure 0-7). Tetragonal stabilisation of ZrO2 is possible,1 

producing high quality crucibles. The pores in ceramic crucibles are often the source 

of reactive sites. One should check to see that the ions of the reactants do not diffuse 

into the crucible itself, leading to coloured crucibles and loss of reactants. This is the 

case for reactions involving cobalt, vanadium and iron salts (Figure 0-8). Washing 

ceramic crucibles in acid, without properly drying the crucible at 100 to 200 °C for 

approximately 48 hours, can lead to cracking of the crucible (Figure 0-9). Crucibles 

can be marked with a pencil or by painting on them with a dilute solution of an iron or 

cobalt salt.2 

 

0.3.5. Furnace Technology 
 

Thermal energy is supplied to the reactions within furnaces, which can be electrically 

heated via heating element coils or by a gas flame. Muffle furnaces and tube 

furnaces are mostly electrically heated. 
 

0.3.5.1. Muffle Furnaces 
 

In a muffle furnace (Figure 0-10) the reaction takes place within an enclosed 

chamber, surrounded by the heating elements. Muffle furnaces are ideal for obtaining 

large amounts of product under oxidizing atmosphere conditions. Within a muffle 

furnace the temperature varies depending on the position in the furnace. 

Furthermore, the position of the thermocouple determines the volume in the furnace, 

which has a known temperature. 
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Figure 0-6: Damage to a nickel crucible 

due to reaction with oxygen (top two) 

and sulphur dioxide (bottom) 

Figure 0-7: Damage to a zirconia crucible 

due to phase changes 

 

Figure 0-8: Colouration of alumina 

crucibles due to cobalt (blue), 

vanadium (yellow) and iron (red) salts 

Figure 0-9: Cracking of alumina crucibles 

due to acid washing 

 

 

Figure 0-10: Muffle furnace 
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0.3.5.2. Tube Furnaces 
 

Tube furnaces consist of a tube of suitable material, often alumina or quartz, around 

which the heating elements have been coiled and then protected by insulating 

material. Tube furnaces are more versatile than muffle furnaces in respect to the 

reaction conditions, because an inert or reducing gas might be passed through the 

open tube. Tube furnaces are, however, limited to small sample sizes. 
 

0.3.6. Scrubbers 
 

When a salt decomposes to an oxide species a gas is often released. These gases 

are often environmentally undesirable. The release of these gases into the 

environment is prevented by the use of a scrubber. Pretorius1 bubbled the SO2 

resulting from the thermal decomposition of Zr(SO4)2 through an ammonia solution 

forming (NH4)SO3, a useful fertiliser. In this way the process is made environmentally 

friendly and a useful by-product is formed, a procedure employed by SASOL. 
 

0.3.7. Thermocouples 
 

Thermocouples come in different shapes and sizes. The most important 

characteristic is the working range of the thermocouple and whether the 

thermocouple can resist the conditions within the furnace. Ceramic coatings increase 

the chemical resistance of the thermocouples. 

 

0.4. Aims of this Research 
 

Neither the solid-state chemistry nor the vibrational analysis of fly ash has received 

much attention in literature.3-6 This study aimed to aid in the understanding of the 

solid state chemistry of fly ash, and the methods of characterisation of fly ash and the 

reactions of fly ash, in order to facilitate the future application of fly ash as a valuable 

resource of aluminosilicate starting material. 
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0.5. Format of the Thesis 
 

This thesis was compiled from articles written for different scientific journals indicated 

as a footnote to the title of the chapter. The reference method of the South African 

Journal of Chemistry was used throughout the thesis. The words "and others" and 

not "et al" were used to indicate that more than three authors contributed to the cited 

reference. An extensive appendix to this thesis is available on request. The benefits 

to several beneficiaries were discussed in Appendix E. 
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1. LITERATURE REVIEW OF FLY ASH 

 

1.1. Introduction 
 

Kruger reports that the US Congress has classified fly ash as the sixth most 

abundant resource in the United States of America.1 Israel could sell good-quality fly 

ash, based on imported South African coal, at $20 per tonne in 1999.2 Yet, few 

chemists in South Africa see fly ash as a field worthy of study. What follows aims to 

highlight the opportunities within the field of fly ash research. 

 

Fly ash is a predominantly inorganic residue obtained from the flue gases of furnaces 

at pulverised coal power plants.  When coal is burnt in pulverized coal boilers, the 

minerals, entrained in the coal, are thermally transformed into chemical species that 

are reactive or could be chemically activated, for example by the addition of calcium 

hydroxide.3 The finely divided glass phase, the predominant phase in fly ash, reacts 

as a pozzolan, defined by Manz as "...a siliceous and aluminous material that in itself 

possesses little or no cementitious value but will, in finely divided form and in the 

presence of moisture, chemically react with calcium hydroxide at ordinary 

temperatures to form compounds possessing cementitious properties."4 

 

Eskom, a major power utility in the Republic of South Africa, is a major producer of fly 

ash. South African fly ash for use as a cement extender is processed and marketed 

by Ash Resources (Pty) Ltd.5  
 

Worldwide, the cement industry has almost reached its maximum consumption level 

of fly ash, so too its use as landfill. Sphere-Fill (Pty) Ltd, which sources fly ash from 

the Lethabo (a Tswana word, which means "good living" or "happiness"6) Power 

Station in the Northern Free State of the Republic of South Africa, aims to extend the 

market for this by-product.  
 

The coal in the Republic of South Africa is high in ash content; therefore, the use of 

fly ash is an environmentally important issue. Eskom produced approximately 

27 megatonnes of fly ash in 2001 of which only 1.2 megatonnes were sold 
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(Table 1-1). Emission control legislation has led to an increasing amount of fly ash in 

a recovered form (Table 1-2).7 
 

Table 1-1:  Eskom statistics regarding coal consumption and ash production8 

Item 2001 2000 1999 1998 1997 

Total electricity sold, GWh 181511 178193 173412 171457 172550 

Total electricity for Eskom system 

(Stations and purchased), GWh 

198790 194601 188475 185583 187850 

Total produced by Eskom stations, 

GWh (net) 

189590 189307 181818 183093 187811 

Total available for distribution, GWh 196613 191123 184968 182284 184339 

Coal burnt, kt  94136 92289 88470 87225 90169 

Average ash content, %  28.8 28.6 28.5 29.1 28.4

Particulate emissions, kt  59.64 66.08 67.08 65.21 83.43

Ash produced, Mt  26.5 24.6 24.3 24.7 23.7

Ash sold, Mt  1.2 1.1 1.1 1.2 1.1

 

Table 1-2:  Environmental implications of using 1 kW of power8 

Grams per 1 kW of power 2001 2000 1999 1998 1997 1992 

Coal burnt  500 500 500 500 500 500 

Ash produced 140 130 134 135 126 – 

Ash emitted  0.3 0.4 0.4 0.4 0.4 1.0 

 

Sphere-Fill (Pty) Ltd markets several size fractions of fly ash. Super-Pozz is a fine 

fraction of fly ash with a 90 % top cut passing of 11 µm and a 99 % top cut passing of 

25 µm.9 The material safety data sheet reports the specific gravity as 2.25, the 

melting point as 1 350 ºC and that Super-Pozz is not classified as a hazardous 

material.10 Pozzfill is a coarser grade fly ash, varying in size between 40 and 

150 µm.11 A finer fraction of fly ash is marketed as Plasfill, with a size less than 

12 µm. 
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Much of the research into fly ash focuses on the measurement of trace 

concentrations, and the effects of leaching, by X-ray fluorescence, atomic absorption, 

inductively coupled plasma-optical emission spectroscopy, gas chromatography - 

mass spectroscopy and laser ionisation mass spectroscopy. Another field of study is 

the surface adsorbed dioxins and other pollutant chemicals. These were not treated 

in this review. 

 

Fly ash can be classified as either cementitious or pozzolanic. The cementitious fly 

ash is labelled as Class C, with SiO2+Al2O3+Fe2O3 making up at least 50 mass 

percent.11,12 In pozzolanic fly ash, Class F, SiO2+Al2O3+Fe2O3 makes up more than 

70 mass percent of the composition of the fly ash.11,12 

 

There are two primary sources of fly ash: fly ash from a pulverised coal power plant 

and fly ash from a municipal waste incineration plant.13 This review focuses on class 

F fly ash from a pulverised coal power plant. 
 

1.2. Need for Research into Fly Ash 
 

In 2000, the Journal of Hazardous Materials published a special issue on fly ash, its 

characterization and uses.14 The following comment is made in the preface to that 

special issue: 
 Of the hundreds of millions of metric tons of fly ash that are produced annually on a 

worldwide basis, only a small portion e.g., 20% to 40% of the fly ash is re-used for 

productive purposes, such as an additive or stabilizer in cement. The remaining amount 

of fly ash produced annually must either be disposed in controlled landfills or waste 

containment facilities, or stockpiled for future use or disposal. As a result of the cost 

associated with disposing these vast quantities of fly ash, a significant economical 

incentive exists for developing new and innovative, yet environmentally safe, 

applications for the utilization of coal fly ash.14 

 
 

In an article discussing the beneficiation of fly ash, Kruger11 urges researchers  
 ... to a better understanding of the fundamental characteristics of ash; for example, to 

what degree do surface characteristics control the reactivity, and what beneficiation 

techniques are applicable to maximize a particular characteristic? Can fly ash be 
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beneficiated to enrich it as a pre-concentration step for the recovery of gallium? Is a 

particular fraction more suited to producing slow-release fertilizers? How can 

beneficiation play a role in selecting a portion of fly ash more appropriate to 

geopolymerization? Knowledge of the needs in the market-place and the symbiotic 

relation between research and product development is paramount in creating these 

new opportunities for fly ash.11 
 

Scheetz and Earle12 comment on the use of fly ash in America. Only 27.4 % of the 

ash produced in 1996 was used in non-landfill applications (confirmed by Hower and 

others7). Scheetz and Earle12 challenge researchers with the following remark: 
 ...[Fly ash] was imparted with an excess energy, either chemical or stored surface 

energy, which can be utilized to participate in chemical reactions, if properly activated. 

The challenge for the scientific community is to exploit these resources, as low tech 

materials, to solve large-volume societal-environmental needs.12 
 

Malhotra and others15 report on the use of fly ash in America in 2002. They estimate 

that only 30 % of the fly ash produced is used. Two thirds is used in the concrete 

industry, which has reached a maximum consumption figure. Malhotra and others15 

challenge researchers to find low cost but high volume applications of fly ash, and to 

convert ashes into value- added products.15 

 

Foner and others2 emphasize the role of developing new applications of fly ash in 

1999, by pointing out that Israel would produce 1.3 megatonnes of coal ash per 

annum by 2001 and that only 0.6 megatonnes could be used by the cement 

industry.2 Nathan and others16 estimated the figures as 1.2 megatonnes and 

0.8 megatonnes respectively by 2000.  
 

In the United Kingdom approximately 50 % of the fly ash produced is used,17 and in 

India only 6 %.18 

 

1.3. Characteristics of Fly Ash 
 

Fly ash is a diverse substance. The characteristics of fly ash differ depending on the 

source of the coal used in the power plant and the method of combustion.3,12,19 

Cenospheres, hollow spherical particles as part of fly ash, are believed to be formed 
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by the expansion of CO2 and H2O gas, evolved from minerals within the coal being 

burnt.20 The predominant forces are, however, the pressure and surface tension on 

the melts,20 as well as gravity. The predominantly spherical microscopic structure of 

fine fly ash is related to the equilibrium of the forces on the molten inorganic particle 

as it is forced up the furnace or smoke stack against gravity. The molten inorganic 

particles cool down rapidly, maintaining their equilibrium shape. A similar situation is 

found in spherical drops of water falling from a faucet. 
 

Because cenospheres are hollow, they have a low bulk density. The percentage 

cenospheres increase with the ash content in the coal, and decrease with the 

concentration of Fe2O3.21 This indicates that Fe2O3 is concentrated in the higher 

density fraction of fly ash,21 which is to be expected from the high density of Fe2O3 

(5.25 g/cm3)22 and Fe3O4 (5.17 g/cm3).22 The iron species should not contribute 

significantly to the infrared spectra.21 
 

The inorganic material entrained over years in the coal melt during the combustion of 

coal in the furnace, and with some, but limited, fusing of the molten particles.19 Some 

of the vaporized low boiling elements, for example alkali metal salts, coalesce to form 

submicron particles.19 Some of the vaporised compounds, most notably the 

polynuclear aromatic hydrocarbons and polycyclic aromatic hydrocarbons, adsorb 

onto the surface of the fly ash particles.19 The surface of fly ash particles is, 

therefore, commonly enriched in carbon, potassium, sodium, calcium and 

magnesium.19 
 

Fly ash has, as mentioned before, a characteristic spherical microscopic structure 

(Figure 1-1). This microscopic structure is, in fact, so beautiful that a scanning 

electron microscope photograph of fly ash was published on the cover of Science 

magazine, 7 May 1976, vol 192, no 4239; and again on 19 December 1980, vol 210, 

no 4476. 
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Figure 1-1: The predominantly spherical microscopic structure of fly ash 
 

Fly ash can be approximated as an aluminosilicate and can be used like other 

minerals. The amorphous aluminosilicate nature of fly ash makes the chemical 

structure of fly ash difficult to characterise, but also very versatile, since the glassy 

phase reacts first before the crystalline phase, and also goes into solution first. 

 

X-ray diffraction is mainly used to describe the mineralogy of fly ash. The mineralogy 

of fly ash is closely related to the minerals entrained in the coal and several different 

minerals have been identified as part of fly ash (Table 1-3). The main phases are 

glass, mullite, quartz, magnetite, haematite19,23 and anhydrite. Methods of quantifying 

these minerals, and therefore the glass content, have been developed.47 The 

samples analysed, showed similar mineralogy (Figure 1-2). The mullite present in fly 

ash forms by the decomposition of kaolinite62 which is entrained in the coal. 
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Table 1-3:  X-ray diffraction mineralogy of fly ash 

Glass 2,3,7,24-52 Quartz 2,3,7,16,24-34,36-72 

Mullite 2,3,16,24,27-55,60,61,64-74 Sillimanite 38,67,68 

Haematite 3,16,24,26,28-32,34,37-39,44, 46,47,55,60-

62, 66,70,71,73,75 

Magnetite 3, 16,24,27-30,32-34,38,39,44-47,55,62, 

66,71,76 

Anhydrite 2,26,29-31,39,47,60,63,77 Plagioclase 3,26,52,63 

Gehlenite 26,34,63 Calcite 2,3,26,28,39,44,52,63,71 

Cristobalite 3,28,45,46,52 Anorthite 66,70,72 

Lime 2,3,26,28,29,31,39,16,62,63 Alkali Feldspars 3,16,26,28,30,37,39,52,55,63 

Bassanite 26,63 Gypsum 3,26,39,62,63,75 

Mica 3,26,39,63 Amorphous Al-Fe silicates 16 

Amorphous Ca-Al-Fe silicates 16 Melilite  3,31 

Merwinite  31 Brown millerite 31,63 

Enstatite  70,72 Sodalite 31 

Illite 65 Kianite 55 

Calcium Silicate 44 Unburnt coal 26,27,39,63 

  

The magnetite referred to in Table 1-3 should be classified as ferrite, due to the 

different rates of substitution of Fe2+ and Fe3+ by other ions, for example vanadium, 

chromium, manganese, cobalt, nickel and zinc.42,71 Spinels containing mainly iron, 

and some chromium and nickel impart magnetic properties to approximately 39 % of 

the particles (more so in the finer fractions).78 This leads to the concentration of these 

elements in these fractions, and makes fly ash a valuable "ore" for these elements. 

 

Although fly ash contains many potentially toxic trace elements (Table 1-4), leaching 

tests have shown that these are stable within the aluminosilicate matrix.27,79,80 

Accordingly fly ash is not classified as a hazardous waste in America.27 The only 

element that might pose a problem is hexavalent chromium.2 The Ministry of the 
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Environment of Israel, however, considers the use of fly ash as landfill potentially 

harmful, and forbids its use as landfill,2 possibly in reaction to the greater leaching 

test results of Nathan and others16 for arsenic, selenium and chromium. The leaching 

behaviour is influenced by several factors;79,81 therefore results can be expected to 

vary for fly ash samples from different sources. 
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Figure 1-2: The mineralogy of fly ash; M: mullite, Q: quartz 
 

Several atomic force microscopy studies on fly ash have been done.45,46,82,83 Fine fly 

ash has a spherical microscopic structure (Figure 1-1). Not all particles are spherical 

(Figure 1-1). The size distribution can also be assessed by investigation of the 

micrographs. The present micrographs are similar to those in literature. 
19,20,24,26,33,35,38,39,46,50,53,54,72,75-77, 83-108 Quantitative work by energy dispersive X-ray 

analyses indicates the heterogeneous nature of the fly ash particles. 19,20,40,53,54,71, 

83,96,100-105 

 

The infrared spectra of fly ash have also been reported 41,45,46,53,54,104,109 but these 

results differ from the infrared spectra for fly ash used in our studies (Figure 1-3). 

Mollah and others46 assign the bands in their spectra. The band at 1080 cm-1 is 

assigned to the antisymmetric stretching vibration of Si-O-Si and the band at  
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792 cm-1 to the corresponding symmetric vibration.46 The band at 1135 cm-1 is 

tentatively assigned to the antisymmetric stretching vibration of Si-O-Al and the band 

at 700 cm-1 to the symmetric Si-O-Al stretching vibration.46 The band at 481 cm-1 is 

assigned to the O-Si-O bending vibration.46 The shoulder at 950 cm-1 is assigned to a 

non-bridging oxygen ion band, Si-O-Na.46 The bands at 800 and 481 cm-1 are 

assigned to the presence of cristobalite, and the band at 700 cm-1 to the presence of 

mullite.46 
 

Table 1-4: XRF determined composition of fly ash and Kaolin 
 

Compound Mass (g/100g)a Compound Mass (g/100g)a 

 Fly ash Kaolinb  Fly ash Kaolinb 

SiO2 50.9(7) 45.53(9) MnO 0.038(8) 
Al2O3 37.1(6) 37.3(2) ZnO 0.024(4) 0.0035(3)
CaO 4.5(3) 0.0331(5) La2O3 0.018d 

Fe2O3 3.0(2) 0.647(3) NiO 0.017(4) 0.0014(6)
TiO2 1.8(1) 0.852(3) As2O3 0.016d 0.0009(7)
MgO 0.8(3) 0.286(3) PbO 0.015(2) 0.0108(2)
K2O 0.62(4) 0.949(4) Y2O3 0.014(5) 0.00573(8)
P2O5 0.48(4) 0.1519(5) CeO2 0.012(9) 
SO3 0.2(2)c 0.0198(5) Ga2O3 0.012(3) 0.0110(2)
SrO 0.15(2) 0.01944(6) CuO 0.010(3) 0.0008(5)
BaO 0.11(5) Rb2O 0.01d 0.0192(2)
Na2O 0.058(9) 0.049(3) Nb2O5 0.007(2) 0.0095(6)
ZrO2 0.055(9) 0.00470(9) Sc2O3 0.006d 0.0043(2)
Cr2O3 0.052(5) 0.0074(6) Ag2O 0.005d 

V2O5 0.039(8) 0.0195(3) MoO3 0.0005(2) 0.0002(2)
a. The data represents the average of four XRF analyses on fly ash and fly ash treated at 1 000 ºC 

with the standard deviation indicated in brackets, that is 50.9(7) implies 50.9 ± 0.7 g/100g 
sample. 

b. The data represents the average of four XRF analyses on Kaolin, content found in Kaolin but 
not in fly ash is omitted, for example uranium. 

c. The uncertainty in the value of SO3 is related to the heat treatment of the samples and the 
analysis method. 

d. The compound occurred only once in the set of four repeat analyses. 
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Figure 1-3: Infrared spectrum of fly ash 
 

The pH of a suspension of 10 g of fly ash in 200 ml of water is 11.473 ± 0.009 after 

10 minutes of agitation. After treating the fly ash at 1 000 ºC, the pH under similar 

conditions only reaches 8.28 ± 0.03, a statistically different pH, even at the 99.99 % 

confidence level. This possibly indicates that some of the alkali and alkaline-earth 

salts on the surface of the particles decomposed to their respective oxides, and were 

not free to go into solution. Ding and others74 identify Ca2+, K+ and Na+ as the soluble 

constituents of fly ash and find that a suspension of fly ash in water gives a pH of 

12.2, in agreement with the present study as well as the work of Foner and others.2 

Bayat31 observes similar trends in pH development over time, to a maximum of 

approximately 12.5, although some fly ash samples gave peak values as low as 9.7 

and 10.4. Bayat31 further determines, through leaching experiments, that sodium and 

potassium are almost entirely in their free ionic states, whereas calcium and 

magnesium are only predominantly in their free ionic states. Hydroxides and 

sulphates are also common in the fly ash suspensions.31 

 

Further investigation needs to be done on the characterisation of fly ash, since the 

validity of any result regarding fly ash for one batch would need to be tested for other 

batches. Furthermore, fly ash can be studied in its different fractions. Fly ash can be 
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separated based on particle size, magnetic characteristics, and density. The order of 

these fractionation steps can be swapped around, possibly yielding different results.45 

 

1.4. Past Applications of Fly Ash 
 

Many patents are claimed for the use and beneficiation of fly ash. The classification 

of fly ash is not discussed, and is reviewed by Kruger.11 The most important use of fly 

ash is in the cement industry, where the presence of fly ash adds strength to 

concrete. The minerals in South African fly ash are not hydraulic, that is the minerals 

do not add strength to cement.110 The glass phase is believed to react with lime 

released from cement while the cement is curing.110 This pozzolanic reaction adds 

strength to the cement.110 In general fly ash reduces the water consumption of 

cement, increases the setting time, reduces the heat of hydration and adds long-term 

strength to cement products, for example concrete.3 The unreactivity of the mineral or 

crystalline phases in fly ash is also evident during zeolite formation.24,73,77 The 

unreactivity of the crystalline material in fly ash in terms of cement strength 

development does not mean that these parts of the fly ash particles are unreactive in 

all situations, nor does it imply that these minerals prevent the glassy phases from 

reacting. 
 

Different applications of fly ash are tabulated below (Tables 1-5 to 1-8). The focus is 

on the period January 1980 to August 2003. In compiling the list of applications, 

applications regarding cement and concrete have largely been ignored, as well as 

non-coal based fly ash, for example municipal solid waste incineration ash. 

Helmuth19 and Wesche23 review the use of fly ash in cement, giving background on 

the characteristics of fly ash. Solid stabilisation of waste products has not been 

included either.111 
 

Fly ash is used as cement extender, or filler in the manufacture of building material 

such as panels and boards (Table 1-5), and is also added to gypsum boards. 

 

Fly ash retains water, which makes it a good soil amender. Boron and selenium 

enrichment seems to be the most detrimental aspect of fly ash amended soils. In 

these applications, fly ash is often mixed with sewage sludge (Table 1-5). The 
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possibility exists that the high levels of boron and selenium originate from the sewage 

sludge rather than from the fly ash. An extension of these soil amendment 

applications is the formation of artificial reefs.80,112,113 

 

Polymers are expensive chemical species. To make up volume without using 

unnecessary amounts of polymer other inexpensive materials are added, known as 

fillers. Functional fillers are fillers that add extra quality to the final plastic, for example 

colour, fire retardancy, or UV stability. Fly ash has the potential to be a good 

functional filler (Table 1-5), due to its spherical microscopic structure (Figure 1-1). 

Cu-coated cenosphere particles are used in conducting polymers for EMI-shielding 

applications.105 
 

The mullite and quartz in the non-magnetic fraction of fly ash could be a valuable 

resource in the ceramics industry (Table 1-5). The use of fly ash in frictional or brake 

material for the automotive industry is a high technology application of the hardness 

of fly ash.15 Some transition metals are concentrated in the magnetic fraction of fly 

ash and can, therefore, be extracted from this concentrated matrix (Table 1-6).102 

Minerals essential to humans and animals can also be recovered from fly ash.114 

Ferrospheres exist in fly ash84 and have found direct use as part of copier toner.115-118 

 

Fly ash is used as an adsorbent for organic wastes (Table 1-7). Whether this 

adsorbent nature of fly ash can be ascribed to the porous nature of the silicates or to 

the activated carbon particles embedded on the surface of the fly ash particle is still a 

matter for debate. To remove SOx from gas streams, fly ash is usually mixed with 

Ca(OH)2 (Table 1-7). Fly ash is also used for the removal of heavy metals from 

aqueous samples (Table 1-7). This property of fly ash is dramatically enhanced by 

the formation of zeolites from fly ash (Table 1-8). The zeolites formed from fly ash 

(Table 1-8) cover a substantial range of the known structures for zeolites, and have 

been reviewed by Querol and others.119 Smith,120 Suib,121 and Cundy and Cox122 

review the structure of these, and other, zeolites. Mullite is the least reactive 

component in fly ash during the formation of zeolites,24,73,77 while the glass phase 

reacts first. Hollman and others86 emphasize that the formation of the zeolite takes 

place on the surface of the fly ash particles. This leads to an impure product. In a 
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two-step synthesis, designed to separate the silica-rich leached fraction from the fly 

ash, 85 g of pure zeolite can be produced from 1 kg of fly ash.86 

 

Table 1-5:  Applications in which fly ash acts as an additive 
 

Building Industry 

Cement and Concrete 1,2,4,11,12,17,19,23, 
31,123-126 Grout 11,12,17,127 

Roof Tiles 12,128-131 Roads 123,125,132 

Bricks 11,12,30,1,123-125,131,133-135 Patches on Roads 12,133,136,137 

Panels and boards 2,12,131,133,138-144 Binder 17 

Soil Beneficiation 1,30,31,44,124,125,132,145-163 

Sewage treatment164,165 Landfill12,124,133,166-168 

Soil stabilization169-171 Sludge stabilization172-174 

Soil stabilization for roads175 

Fertiliser or composting30,49,177-181 

Coagulation and sludge conditioning 

agents97,172,176 

Filler Material 182-184 

Foams 11 

Polyisocyanurate or polyurethane foam 
185,186 

Phenolic resole foam 187 

Polyester-polyurethane hybrid resin 

foams 188 

Polyurethane foam 189 Polymers 11,133,190 

Polypropylene191,192 PVC193 

Epoxy resin 105,194 Polyester195 

Resins 11 

Rigid shaped articles based on fly ash 

and resin196 

Polyurethane197 Fibreglass 11,198 

Mineral foam 199 Fibre reinforced fly ash 107,200 

Insulating Material 125 

High temperature 11 Low temperature applications. 2,201,202,203 

Ceramic Material 11,18,30,69,108,132,133,204-207 

Mineral wool 124,133,208 Coated cellular glass pellet 209 

Glass-ceramics 70,72,124,133,210-212 Glass 213 
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Table 1-6:  Applications in which fly ash acts as a metal and metal oxide source 
1,31,133,214 

Iron 34,53,97,215-226 Gallium 215,227-230 

Germanium 228,229 Lead and Zinc 231 

Antimony  232 Chromium 232,233 

Vanadium  227,232,234 Molybdenum  232,234 

Aluminium  53,75,97,215,222-226,234-238 Boron  234,239 

Uranium  31,222 Silica  215,97,223-226 

Selenium  234 Titanium  234,222,226 

Thorium  222 Cobalt  234 
 

Table 1-7: Applications in which fly ash acts as an adsorbent 

Adsorbent for Organic wastes 173 

Chlorophenols240 Phenol241,242 

o-xylene243 Toluene244 

Oil and tar 242  

Adsorbent for Inorganic Wastes 12,31,170,173,245,246 

SOx 41,50,53,65,89-94,98,247-255 NOx  250,252,253 

Nitrates 256 Phosphate 67,68,256-258  

Cadmium 24,28,77,145,259-261 Lead 28,43,77,256 

Selenium262,263 Mercury264-266 

Radium267 Barium 24,28,77 

Strontium 61 Copper 24,28,77,88,246,256,259,261,268,269 

Zinc 24,28,77,86,269 Cobalt 24,270 

Chromium 246,259,271 Caesium 64,272 

Nickel 24,28,77,86,259,269,273 Iron 28,274 

Fluoride275 Ammonia 28,36,86,88 
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Fly ash is used to aid in the oxidation of Na2S276 and organic material277 in 

wastewater, and of H2S and ethanethiol in gas streams.278 This catalytic effect can 

also be used in other areas of chemistry, such as catalyst support, for example in the 

selective catalytic reduction of NO.279 Fly ash is used as carbon monoxide 

disproportionating catalyst, useful in the production of hydrogen and methane,280 and 

for hydrocracking.281 
 

Fly ash is composited with aluminium,103,282,283 tin,282 zinc,282 and sulphur,284 by 

melting the elements in the presence of the fly ash. A less high technology and a 

malodorous application is the manufacture of cat litter.285 

 

Table 1-8:  Applications in which fly ash acts as starting material for zeolite 
synthesis 145 
 

Zeolite Na-P1 2,24,28,43,77,86,95 Zeolite P 24,36,37,48,61,64 

Zeolite P1 87 Phillipsite 2,28,77,37 

Zeolite K-G, ZK19 and Linde A24 MCM41286 

Merlinoite and nosean 77 K-Chabazite 28,287 

Hydroxy-cancrinite, perlialite and Kalsilite 28 Zeolite F Linde 28,37 

Na-Chabazite 60,287 Herschelite and tobermorite 28 

Nepheline hydrate 29,37 Zeolite A 24,28,36,60,64,86,95,270,288 

Faujasite 28,36,48,64 Analcime 28,29,37,77 

Gmelinite  29 Sodalite and cancrinite53 

Hydroxy-sodalite 28,37,43,48,60,86,95 Zeolite Y 48,88 

Zeolite X 48,60,73,86,270,288 Zeolite J and M 287 

Zeolite R 60 Geopolymers 51,53,54,109,289-291 
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1.5. Potential Uses of Fly Ash 
 

The amorphous aluminosilicate nature of fly ash makes fly ash a possible starting 

point for many industrial reactions, such as the synthesis of ultramarine blue 

(Chapter 3).292 

 

Repeated harvesting of foodstuff depletes the trace elements in soil. Although the 

use of fly ash as soil amendment has been studied, the full-scale application of this 

technology has not been implemented. In future, farmers might use fly ash, rather 

than lime, to enrich their soil. The trace elements in fly ash might be used to replace 

the trace elements in the soil, and to increase the mineral content of the foodstuff.  

 

Fly ash can be considered a valuable resource and needs to be studied, in order to 

facilitate the application of fly ash to new and innovative areas of economic interest. 

This review aimed to act as a stepping-stone for the prospective researcher into the 

rewarding field of fly ash. 
 

1.6. Conclusion 
 

Several non-cement applications of fly ash were reported briefly, for example as filler 

in plastics. The characteristics of fly ash were also discussed, with the goal of 

challenging the scientific community to study and evaluate further potential uses of fly 

ash. 
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2. EXPERIMENTAL METHODS 

 

2.1. Chemicals 
 

Sphere-Fill (Pty) Ltd size-classified the fly ash that it obtained from the Lethabo 

power station. The different size fractions were obtained by pneumatic control within 

cyclones at the power plant, a process described as air 'classification'.1 Class F (low 

calcium carbonate content)1, fly ash samples were used in the experiments. The fly 

ash particles were of similar size: in the range of 1 µm to 12 µm, with an average 

diameter of less than 5 µm. This size distribution was determined with a laser particle 

size analyser at Sphere-Fill (Pty) Ltd. 

 

Sulphur [sulphur powder CP, Labchem (Pty) Ltd], carbon [charcoal-activated extra 

pure, Merck] and sodium carbonate [BDH AnalR] were used as starting reagents. 

 

2.2. Infrared Spectroscopy 
 

A Bruker IFS 113V Fourier transform infrared spectrometer was used to scan the 

infrared transmittance through a KBr [Uvasol, potassium bromide, Merck] pellet 64 

times at a resolution of 2 cm-1 under vacuum. This was the minimum resolution 

suggested by Russel2 for investigating minerals. The pellets were prepared with 

approximately 2 mg of sample and 100 mg of KBr. The averaged spectrum was 

background-corrected using a pure KBr pellet run under similar conditions. The 

spectra were analysed with OpusNT v 2.03 and PeakFit4 software, as well as 

dedicated self-developed software written in Delphi45 (Appendix A1). 

 

2.3. Raman Spectroscopy 
 

Laser Raman spectra were collected at room temperature using a Dilor XY Raman 

microprobe with a resolution of 3 cm-1. Radiation at 514.5 nm from an Ar+ Coherent 

Innova 300 laser was used to excite the samples. The laser power was set at 

100 mW. The recording time was set at between 30 s and 180 s, with two 

accumulations per spectrum segment. An Olympus Mplan 100X objective on an 
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Olympus BH2 microscope was used to focus on the sample. The Raman spectra 

were analysed using Labspec v 2.046 software and normalised to an intensity of 1 

with the self-developed software (Appendix A1). 

 

2.4. X-Ray Diffraction7 
 

The X-ray diffraction (XRD) analyses were performed using a CuKα (0.15418 nm) 

source (40 kV, 40 mA) from a Siemens D-501, with a graphite secondary 

monochromator and a scintillation counter detector.7 The powdered sample was 

placed on a flat plastic plate, which was rotated at 30 r/min.7 The scans were 

performed at 25 ºC in 2θ steps of 0.04°, with a 2 s recording time for each step.7 

Where accurate 2θ values were required, Si was added as internal 2θ standard.7 

 

2.5. X-Ray Fluorescence8 
 

An ARL 9400XP+ wavelength-dispersive XRF spectrometer with a Rh source was 

used for the X-ray fluorescence analyses of the samples.8 The XRF spectrometer 

was calibrated with certified reference materials.8 The NBSGSC fundamental 

parameter program was used for matrix correction of major elements, as well as Cl, 

Co, Cr, V, Sc and S. The Rh Compton peak ratio method was used for the other 

trace elements.8 Samples were dried and fired at 1 000 ºC to determine the 

percentage loss on ignition; for the fly ash samples, this was less than 2 %.8 Major 

element analyses were carried out on fused beads, following the standard method 

used in the XRD and XRF laboratory of the University of Pretoria,8 as adapted from 

Bennett and Oliver.9 A pre-fired sample of 1 g and 6 g of lithium tetraborate flux was 

mixed in a 5 % Au/Pt crucible and fused at 1 000 ºC in a muffle furnace, with 

occasional swirling.8 The glass disk was poured into a preheated Pt/Au mould and 

the bottom surface was analysed.8 The trace element analyses were done on 

pressed powder pellets, using an adaptation of the method described by Watson,10 

with a saturated Mowiol 40-88 solution as binder.8 
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2.6. Scanning Electron Microscopy 
 

Samples for scanning electron microscopy (SEM) were prepared by placing the 

powder samples on conductive carbon tape, which was in turn fixed to an aluminium 

plate. The samples were coated with gold to prevent charge build-up. The samples 

for energy dispersive analyses were coated for 30 seconds. A JEOL JSM 840 (JEOL, 

Tokyo, Japan) was used for imaging, and a JEOL JSM 5800 LV Noran Voyager 4 

Image Analysis System (JEOL, Tokyo, Japan) for energy dispersive analyses.11 

 

2.7. pH Measurement 
 

The pH of 10 g suspensions of fly ash in 200 ml of water were determined using a 

Precisa pH 900 instrument with glass electrode, filled with KCl solution. 

 

2.8. Drawdown Test 
 

A drawdown test is a colour-matching test used in the pigment industry. The pigment 

being evaluated was prepared in a standardised formulation. This formulation was 

applied to a sampling board which also had on it standard pigments. The colours 

were compared by eye to evaluate the colour-strength and purity of the pigment 

being tested.12 A representative from Rolfes Colour Pigments International (Pty) Ltd 

conducted these tests on the prepared ultramarine samples. 

 

2.9. Molecular Modelling 
 

HyperChem13 was used to perform the computations on a Compaq Pressario 1200 

notebook with Celeron 850 MHz processor and 128 MB RAM. 
 

A disadvantage inherent in all the computations was that the data obtained were 

related to gas phase molecules in vacuum at 0 K. No interaction between molecules 

within a crystal was taken into account. Therefore disparities between computed and 

observed quantities could be large. 
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Geometry optimisations were performed by means of the Fletcher-Reeves conjugate 

gradient method with a convergence limit of less than 3x10-3 kcal/Åmol. The self-

consistent field convergence limit was set at 1x10-8. The maximum number of 

iterations allowed before convergence was 50. 
 

2.9.1. Semi-empirical ZINDO/1 Modelling Scheme 

 

ZINDO/1 is a semi-empirical method based on a modified version of the Intermediate 

Neglect of Differential Overlap (INDO) method.14 The overlap weighting factors were 

set to 1 for both sigma-sigma and pi-pi interactions, as required for geometry 

optimisation.14 

 

Semi-empirical and ab initio methods took into account both molecular geometry and 

the electron distribution and the results from HyperChem13 were interpreted in terms 

of the Linear Combination of Atomic Orbitals (LCAO) - Molecular Orbital (MO) 

theory.14 These molecular orbitals were assumed to describe the motion of the 

electrons in molecules and the shapes of molecular orbitals to determine the 

reactivity of bonds in the molecule. 14 
 

Using molecular orbitals HyperChem calculated the potential energy as a basis for 

geometry optimisation and the calculation of force constants, vibrational modes, 

charge and spin density, atomic charges, dipole moments and electrostatic charges. 

The electronic spectrum could also be calculated when configuration interaction was 

taken into account.14 Because quantum mechanical computations dealt explicitly with 

the electrons, it was necessary to specify the charge and spin multiplicity of the 

molecules.14 When a singlet state was considered the computation was usually done 

with Restricted Hartree-Fock (RHF) wave functions.14 In the restricted Hartree-Fock 

method it was assumed that all electrons were paired and that each pair occupied 

the same spatial molecular orbital.14 For higher multiplicity computations the 

Unrestricted Hartree-Fock (UHF) wave functions that distinguish between spin states 

were used.14 Alpha electrons would then be in the highest occupied molecular orbital, 

because they were assigned first and then the remaining electrons to beta 

positions.14 The excess of alpha electrons was calculated based on the number of 
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electrons in the neutral atoms and the number of electrons lost or won due to the 

charge and on the specified multiplicity.14 
 

HyperChem applied the aufbau principle when assigning electrons to molecular 

orbitals14 and the highest occupied molecular orbital and lowest unoccupied 

molecular orbital of the molecules under consideration, were thereby determined. 

Self-consistency was sometimes difficult to obtain, especially when degenerate 

states were involved.14 To avoid the problem HyperChem was run with a 

convergence accelerator, the Direct Inversion in the Iterative Subspace (DIIS) 

method, although the computational effort was increased.14  
 

Several molecular properties could be plotted in HyperChem. A useful property was 

the total charge density. The total charge density was the probability of finding an 

electron at a point in space, which could be used to determine the bonding 

characteristics within a molecule.15 Individual molecular orbitals could be represented 

on a grid in space. This was the key to deductions made regarding the reactivity of 

molecules; the so-called frontier orbital approach of Woodward and Hoffmann. 16-21 
 

2.9.2. Ab Initio - 6-311G** Modelling Scheme 

 

The Møller-Plesset second-order perturbation, MP2, correlation energy22 

compensated for some of the assumptions made during the Hartree-Fock 

computations and was used to correct the calculated energy.14 The MP2 energy 

correction was only done at the energy minimum in a single point computation. This 

differed from its application in more advanced software packages. The ab initio 

computations in HyperChem expanded the molecular orbitals into a linear 

combination of atomic orbitals, without any further approximation. Several different 

basis sets to describe the atomic orbitals existed.14 The 6-311G** implied a triple 

valence basis set with polarisation functions.14 The computations were performed at 

the self-consistent Hartree-Fock level of theory extended by MP2 energy correction. 

The initial guess of the molecular orbital coefficients was taken from the eigenvectors 

of the core Hamiltonian. The two-electron integral buffers were 3 200 words (double 

precision) long and the two-electron integrals used a cut-off of 1x10-10. The regular 
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integral format was used. No extra orbitals were added to the basis set, and  

five d-orbitals were used in the basis set. 
  

2.9.3. Vibrational Analyses 

 

The vibrational analysis and infrared spectroscopic data were obtained from the 

numerical Hessian matrix of second derivatives of the total energy with respect to the 

nuclear positions, and a normal coordinate analysis, based on mass-weighted 

coordinates.14 The analysis was based on data obtained from quantum mechanical 

computations, but it remained classical.14 The calculation of vibrational frequencies 

was described by Matsuura and Yoshida.23 Ab initio determined vibrational 

frequencies were usually larger than observed frequencies, and needed scaling.23,24 

The scale factor depended on the basis set and the level of theory used. The 

recommended scale factor for HF/6-311G** is 0.9051.24 The scale factor was based 

on 1 066 experimental frequencies from 122 molecules. The molecules consisted 

mainly of carbon and hydrogen atoms. Krossing and Passmore,25 however, 

suggested scale factors larger than unity be used, when considering sulphur clusters. 

Brabson and others,26 suggested a scale factor of 0.87, based on experimental data 

for S3 and a self-consistent field method. This scale factor was used in this work. 

 

2.9.4. Configuration Interaction and Electronic Transitions 

 

HyperChem supported Configuration Interaction (CI) only in the restricted Hartree-

Fock mode. The configuration interaction computations led to the energies of the 

ground state and singly excited states, which were then used to calculate the 

electronic spectrum.14 HyperChem could, therefore, only compute an electronic 

spectrum for molecules with a singlet spin state.14 Configuration interaction was 

performed in one of two ways, either as a singly excited state or as a microstate. The 

electrons are allowed to exchange from a limited number of occupied to a limited 

number of unoccupied electronic states. Configuration interaction is used to obtain a 

more accurate set of states by taking appropriate linear combinations of these 

microstates or singly excited states.14 
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Only the stable minima were characterised according to their electronic and 

vibrational spectra. Electronic spectra were computed for the structures with a spin 

multiplicity of one, using the configuration interaction approach.14 This could only be 

done with the Restricted Hartree-Fock methodology and a singly excited state. For 

the S4 species, 8 occupied and 16 unoccupied orbitals were involved to give 257 

configurations. This number of configurations was deemed sufficient to ensure that 

no degenerate orbitals were left out of the computation. For S3, 6 occupied and 13 

unoccupied orbitals were involved to give 157 configurations.  For S2O, 8 occupied 

and 10 unoccupied orbitals were involved to give 161 configurations. The number of 

configurations chosen influenced the results. Sometimes negative excitation energies 

were computed. These negative excitation energies occurred when the unrestricted 

Hartree-Fock energy was lower than the restricted Hartree-Fock energy, the so-

called triplet instabilities.27 This inversion in energy indicated that the extra 

computational effort involved in the unrestricted Hartree-Fock computations was 

worthwhile for some structures. 
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3. SYNTHESIS OF ULTRAMARINE BLUE FROM FLY ASH 

 

3.1. Introduction 
 

Ultramarine pigments come in different shades and colours, they are green, blue, 

greenish blue, reddish blue, violet, pink and red.1-8 The sulphur content of these 

pigments was lower in the violet and red species than in the blue species. In 1828, 

JB Guimet in France and Christian Gmelin in Germany developed processes for the 

industrial production of ultramarine products.1,9 Several ideal stoichiometries for 

ultramarine blue were reported: for example Na8Al6Si6O24Sx (x between 1 and 4),4,10 

Na6.9Al5.6Si6.4O24S4.2,1 Na6.3[Al4.79Si7.21O24]S3.74
6 and Na7.5[Al6Si6O24]S4.5.7 Kaolin was 

the traditional starting reagent in the synthesis of industrial ultramarine blue 

(Figure 3-1).1,11-16 The ratio of Si to Al in kaolin is 1.16. The samples of fly ash used in 

this study also had a Si to Al ratio of 1.16 (Table 1-4). This ratio determined the 

amount of sulphur that could be incorporated into the structure.1 In ultramarine 

pigments, sodium ions acted as counter-ions for both aluminium ions and 

polysulphide species. When fewer aluminium ions were present in the aluminosilicate 

framework, more sodium ions were free to act as counter-ions for the polysulphide 

species. More polysulphide molecules could, therefore, be incorporated into the 

structure. This led to a stronger colour. 

 

Ultramarine was useful in the production of plastics, paints and powder coatings, 

printing inks, paper and paper coatings, rubber and thermoplastic elastomers, latex 

products, detergents, cosmetics and soaps, artists' colours, toys and educational 

equipment, leather finishes, powder markers, roofing granules, synthetic fibres, 

theatrical paints and blue mattes, cattle salt licks and as a white enhancer.1 S3
-•, the 

blue species, and S2
-•, the yellow species,2,5,17 were stable in the aluminosilicate 

framework,18, 19 and the quality of the synthesized pigment depended on the quality 

of the aluminosilicate framework, in other words the framework should be defect-

free.20 

 

The present industrial process (Figure 3-1) involved the activation of kaolin, also 

known as Chinese clay, at approximately 700 ºC, after which it was reacted with a 

source of sodium, sulphur and a reducing agent (Table 3-1).1,11,19 Tarling and 
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others21 emphasized that the ratio of the furnace to the sample volume should be 

close to 1 in order to maintain a concentrated sulphurous environment. Sulphur was 

lost from the surface of the reagent mix due to over-oxidation. This loss led to a non-

pigmentary outer perimeter, 10 to 20 mm thick, which was usually discarded.  

 

3.2. Experimental 
 

3.2.1. Synthesis 
 

The traditional procedure for synthesizing ultramarine blue from kaolin began with 

clay activation, followed by the blending of raw materials, reductive heating, oxidative 

heating, and purification and refinement. The lefthand side of Figure 3-1 represents a 

traditional synthesis.1 The procedure used for synthesizing ultramarine blue from fly 

ash differed from the traditional in that there was no clay activation involved – this 

step was redundant because fly ash was largely amorphous. The intermediate steps 

(blending of raw materials, reductive heating and oxidative heating) were the same. 

The last step was also different, but only because the scale of the synthesis differed. 

An industrial-scale version of the fly ash-based ultramarine blue synthesis would 

have the same final steps since the same products would be formed. 

 

The process of synthesizing ultramarine blue using fly ash commenced with mixing 

sulphur (30 %), fly ash (36 %), carbon (4 %) and sodium carbonate (30 %) as starting 

reagents (Figure 3-1, Table 3-1) in a coffee mill to ensure optimal mixing of the 

reagents. The fly ash and sodium carbonate were mixed first, then the sulphur was 

mixed into the combined fly ash and sodium carbonate. Finally, the finely divided 

activated carbon was added. Because sulphur and carbon were two of the three 

ingredients of gunpowder, the carbon was added only after the sulphur had been 

mixed with the largely inert fly ash. The reagent mix was packed into an alumina 

crucible (height 50 mm, inner diameter 45 mm) with a ceramic tile lid. The crucible 

was filled to approximately 95 % capacity to minimize the amount of oxygen 

entrapped in the crucible, in accordance with the observations by Tarling and 

others.21 The filled crucible with its lid was placed into a muffle furnace, preheated to 

750 ºC. It was found that the synthesis was not successful if the crucible and furnace 

were allowed to heat simultaneously from room temperature to the desired 
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temperature. The carbon monoxide atmosphere reduced the elemental sulphur (S8) 

at 750 ºC. The time allowed for the reduction step was between 24 and 36 hours. 

After the reduction step, which yielded a green product, the crucible was opened to 

the air atmosphere of the muffle furnace, without any effort to establish a sulphur 

dioxide atmosphere, at 300 - 400 ºC. The ultramarine green was now allowed to 

oxidize over a 48-hour period to form the desired ultramarine blue. The ultramarine 

product was milled in a coffee grinder and in an agate mortar. The fine powdery 

pigment was washed with boiling water to remove excess Na2SO4. X-ray diffraction 

analysis revealed the importance of washing (Figure 3-2). The water-filtered product 

was then dried at 100 ºC. 

 

3.2.2. Kinetic Experiment 
 

The oxidation of ultramarine green to ultramarine blue was followed by reacting 2 g 

portions of ultramarine green at 1 000 °C in a 5 % Au/Pt crucible in a muffle furnace 

for 10, 30, 60 and 90 minutes. The reacted samples were allowed to cool and later 

studied by Raman spectroscopy. 
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Clay Activation 

Kaolinite is heated to 700 °C to destabilize 
the clay by removing hydroxyl ions as water. 

Blending Raw Materials 

The raw material in mass % are 
blended and dry ground to a 
mean size approaching 15 µm. 

The raw material in mass % are 
blended in a coffee bean grinder 
till homogeneous. 

Calcined Clay                       32.0  Fly Ash                                   36 
Sodium Carbonate               29.0 Sodium Carbonate                 30  

Sulphur                                34.5 Sulphur                                   30 

Reducing Agent                     4.5 Activated carbon                      3 

Reductive Heating 
The blended raw materials are heated to 750 °C in a lidded crucible, 
creating a reducing atmosphere, where sodium polysulphides and the 
aluminosilicate framework forms to encapsulate the polysulphides. 

Oxidative Heating 
The crucible and mixture is allowed to cool to 500 °C  and reacted with air 
to oxidize the green ultramarine to the blue species. The total industrial 
process can take several weeks. Laboratory scale experiments to produce 
100 g of product takes at least 48 hours. 

Aluminosilicate 
+ OH groups 

Crushed and ground The product is a hard cake 
Slurried in in warm water The hard cake is ground in a coffee 

grinder 
Filtered and washed to remove 
sulphoxides 

The ground product is boiled in water 
for 30 minutes 

Reslurrying and wet grinding releases 
further impurities and reduces the size 

The product is filtered and rinsed with 
acetone 

The impurities are floated off The product is dried at 180 °C 

Purification and Refinement 

Size separation and blending yields the 
commercial product 

Further heat treatment to burn off ex-
cess carbon is recommended 

Aluminosilicate 

Water 

Aluminosilicate, Na2CO3, S8, C 

75 % Ultramarine, 23 % sodium 
sulphoxides, 2 % S, FeS SOx (g) 

 
Figure 3-1: Flow diagram of the production of ultramarine blue; the left-hand 
side represents the industrial process, described by Cork,1 and the right-hand 
side represents the reported process 
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Table 3-1: Raw mix compositions for ultramarine productiona 
 

 Current 
work 

ref 
11 

ref 
11 

ref 
11 

ref 
12 

ref 
13 

ref 
14,15 

Kaolin     37 31 34 
Dried china clay  30 43     
Calcined china clay    34    
Diatomite  7 11 5   5 
Fly ash 36       
Sodium sulphite      24  
Soda ash 30 28 41 31 37  31 
Caustic soda   0.4     
Reducing agent (e.g. resin)      4  
Charcoal 4    4   
Rosin  4 5 2   2 
Sulphur 30 31  28 22 41 28 

a. Numbers indicate parts per mass and have been normalised to add up to 100 
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Figure 3-2: X-ray diffraction patterns of washed (bottom) and unwashed (top) 
ultramarine products identified as ultramarine blue, ultramarine red and 
Lazurite, and Na2SO4 
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3.3. Results and Discussion 
 

X-ray fluorescence analysis indicated that, as far as the toxic trace elements were 

concerned, Lethabo fly ash was not significantly less environmentally friendly than 

kaolin (Table 1-4). The fly ash used contained more iron than kaolin. Iron in the 

aluminosilicate was known to be detrimental to the successful production of 

ultramarine,22,23 and this should be taken into account when the process is applied on 

a larger scale. 

 

The reaction was repeated several times, with an 80 % success rate. When water 

vapour was allowed to come into contact with the reagents, the synthesis was 

unsuccessful. As described above, the heating method also played an important role. 

Changes in the composition, viscosity and heat capacity of the sulphur melt and 

vapour16,24,25 were probably responsible for the increased reactivity of the fly ash 

during the formation of the ultramarine pigments. The fact that these pigments 

formed only when the reactant mixture was added to a preheated furnace could be 

ascribed to the nature of sulphur.16,24,25 The ultramarine blue laboratory synthesis 

resulted in an agglomerated pigment cake. The caking coincided with an increase in 

the volume of the reagents, which sometimes caused the ceramic tile lid to become 

cemented to the crucible. At other times, the ceramic tile lid broke and the reduction 

process was not completed. The agglomerated pigment cake had a distinctive 

layered appearance (Figure 3-3) and the top part of the cake was grey due to the 

loss of dopant caused by excessive firing time. The agglomeration necessitated 

grinding, which influenced the colour strength. 

 

The X-ray diffraction patterns of the products (Figure 3-2) compare well with the 

X-ray diffraction patterns26 of ultramarine blue and ultramarine red, as well as 

lazurite, the naturally-occurring archetype. Sodium sulphate was also present in the 

unwashed samples, as can be seen from the X-ray diffraction patterns (Figure 3-2). 

The X-ray diffraction patterns for different ultramarine species were similar.19  
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} Over-oxidized grey part 

} Blue Product

} Mixture of blue and over-oxidized
 part 

 

 
Figure 3-3: Agglomerated layered pigment cake formed during the synthesis of 
ultramarine blue, using fly ash as a starting reagent 
 

The infrared spectra showed the aluminosilicate framework of this pigment, but the 

bands related to the chromophore species were obscured (Figure 3-4). Clark and 
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Cobbold2 obtained the infrared spectrum of ultramarine blue in a Nujol mull and 

observed a strong band at 582 cm-1, assigned to ν3 of S3
-•, and a weak band at 

547 cm-1, assigned to ν1.2 These bands were visible in the infrared spectrum of 

ultramarine blue reported by Afremow and Vandeberg,27 but only the 582 cm-1 band 

was visible in the current infrared spectra (Figure 3-4), which accorded with the 

literature.4,28 The spectrum, however, was undoubtedly that of ultramarine blue, which 

confirmed the identity of the product. 
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Figure 3-4: Infrared spectrum of the ultramarine blue product obtained from 
this process between 2 500 cm-1 and 400 cm-1; the band at 583 cm-1 was 
assigned to ν3 of S3

-. 
 

The observed Raman spectra of the prepared ultramarine blue and industrial product 

were compared (Figure 3-5). It was found that the spectra of the prepared product 

corresponded to those presented in the literature.4,5,16 The assignments of the 

observed bands were known from the literature (Table 3-2).4,16,29 
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Figure 3-5: Raman spectra of the ultramarine species obtained (bottom) and an 
industrial ultramarine blue sample (top) 
 

Table 3-2: Assignments of Raman bands for ultramarine productsa 
 

Lazurite Ultramarine 
Red 

Industrial Ultramarine 
Blue 

Ultramarine 
Blue 

Assignmentb 

 216w b    - 
258w bc  255w b  257w b  S3

- Bendingd 

Obse  293sh 287sh - 
   323sh - 
 461w b   - 
548st s  545st s 543st s  S3

- Symmetric 
stretch 

Obse  568sh 573sh  S2
- 

 626w b   - 
822w b  813w b 804w b - 
 994st s  967w b  Si−O 
1096m b  1097m b 1092m b  S3

- Overtone 

a. The following notation is used to describe the intensity and general shape of the peaks: 
w – weak, m – medium, st – strong, b – broad, sh – shoulder, s – sharp 

b. From references 4 and 29 
c. The description given differs from those in the cited reference, so as to have the same 

notation as the rest of the data 
d. In accordance with the plausible assignment by Chivers and Drummond17 
e. The corresponding bands were observable, but were not assigned in reference 29 
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Ultramarine blue was synthesized in two steps (Equation 3-1): a reduction step, 

followed by an oxidation step. However, the nature of these steps was disputed. 

Some authors endorsed Equation 3-1,2,5,17,30 whereas others promote the 

questionable existence of divalent species as in Equation 3-211,32,31 and 

Equation 3-3.1,32 

 

    Blue               YellowYellow    
SSS -

3
Oxidation-

2
Reduction

8  → →                     (3-1) 

[ ] [ ] 423224667223224668 SONaSOSiAl2NaOSOSOSiAl2Na +→++ −−        (3-2) 

(s)SO(s)2SO(g)SO(s)2S 2
43222

2
32

−−
−

−
− +→++                (3-3) 

 

Beardsley and Whiting11 described the production of ultramarine blue and mentioned 

that oxygen was originally used as oxidizing agent; these authors introduced the use 

of SO2 in the synthesis of ultramarine blue. For the current synthesis any sulphur 

dioxide formed during the oxidation of ultramarine green was vented from the 

furnace, as evidenced by the smell. The evolved SO2 should be treated in an 

environmentally friendly way. Nevertheless a blue oxidation product was observed. 

Oxygen was probably responsible for the oxidation process, without the help of 

external SO2. Gorshtein's mechanism32,31 was based on the slow participation of 

oxygen in the transformation from the green to the blue species. The present 

evidence suggested that it was possible that external SO2 did not play a role in the 

reaction. 

 

Gorshtein32,31 (Equation 3-2 and 3-3) successfully explained the formation of Na2SO4 

and the role of SO2, noted by Tarling and others,21 and Gobeltz and others.18 

However, this explanation was premised on the basis of the questionable 

identification of both S3
2- and S2

2- as the species responsible for the yellow 

chromophore, and of both S3
-• and S2

-• for the blue chromophore. These assignments 

were questionable in the light of the evidence that S3
-• was responsible for the blue 

colour, and S2
-• for the yellow colour.2,5,17 No spectroscopic evidence of the divalent 

species was recorded in the literature, nor in the current observed spectra. Molecular 

modelling results, however, support this hypothesis (Chapter 5). Weller and others,33 
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who synthesized ultramarine from thiocyanate sodalites, concluded that a colourless 

polysulphide sodalite was the initial product at high temperatures. They maintained 

that this initial product underwent a secondary in-cage reaction, producing the 

coloured polysulphide radical anions in situ when heated in SO2 at about 500 ºC. The 

presence of a doubly charged species might be supported by the formation of a 

noselite-like (nosean) phase, which implied that divalent anions are present, with only 

half the cages occupied.33 The high ratio of sulphur atoms to unpaired electrons in 

the ultramarine green species found by Hofmann and others6 supported the 

possibility of the existence of divalent non-radical sulphide species in the green 

ultramarine pigments. The validity of these results is, however, questionable.34 

 

Gobeltz-Hautecoeur and others34 suggested that the intermediate sulphur species 

was S2-. S2- would not be observable by infrared spectroscopy, nor by electron 

paramagnetic resonance spectroscopy. Therefore, S2- was favoured above S3
2- and 

S2
2- to be the intermediate species. Köhler and others35 were able to synthesize 

ultramarine yellow from the thiocyanide derivative of sodalite. They confirmed that 

the yellow chromophore is S2
-• and that the oxidation of ultramarine yellow leads to 

the formation of ultramarine green, with the simultaneous formation of S3
-•. The 

evidence supports the formation of S3
-• from S2

-• rather than from S3
2-. 

 

For the kinetic study the band at 545 cm-1 and the shoulder at 580 cm-1 in the Raman 

spectra of the heated ultramarine green were fitted with Gaussian-Lorentzian peaks 

and the intensity ratio of these two fitted peaks was used to estimate the relative 

concentrations of the S3
-• species and the S2

-• species (Table 3-2). Because the 

concentrations of the individual species were not known34 no direct kinetic study 

could be done on the reactions with the current data. The pseudo-kinetic analysis 

did, however, lead to a mathematical description of the generally observed trend that 

the ratio of S3
-• to S2

-• increased as the green ultramarine species changed to the 

blue species.2,5,18,30 A plot of Equation 3-4 indicated that the transformation from S2
-• 

to S3
-• was pseudo-second order relative to the ratio of the concentration of the S2

-• 

species and the concentration of the S3
-• species (Appendix B1, Figure 3-6), with a 

rate constant, k, of 0.060 ± 0.002 min-1. The second-order kinetics might indicate that 

two S2
- molecules were needed to react with each other for S3

- to form. 
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11                             (3-4) 

where R is the ratio of the peaks in question and R0 is the ratio of the peaks at time 
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Figure 3-6: Plot of the ratio, R, between the concentration of the S2
-• species 

and the concentration of the S3
-• species, against time (right axis, ■); plot of the 

second-order rate law for the conversion of S2
-• to S3

-• (left axis, ▲) 
 

The synthesized blue pigment was dark blue. A drawdown test (Figure 3-7) indicated 

that the pigment contained some black contaminants. These contaminants were not 

visible in the pigment because of the dark colour of the ultramarine blue pigment. The 

black contaminants were made visible by the drawdown test, because the black 

contaminants and the ultramarine blue had different colour strengths. The drawdown 

test further indicated that the current ultramarine blue product was of weaker colour 

strength than the industrial pigment. The prepared pigments were also tested within 

plastic samples (Figure 3-8). 

 

 Chapter 3: Synthesis of Ultramarine Blue from Fly Ash 60
 

 
 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  LLaannddmmaann,,  AA  AA    ((22000033))  

 



 Aspects of solid-state chemistry of fly ash and ultramarine pigments  

 

 
Figure 3-7: Drawdowns of two sets of ultramarine products from this research 
and a commercial standard 
 

 
Figure 3-8: Plastic samples prepared with ultramarine products from this 
research and a commercial standard as pigments 
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According to Cork,1 the mean particle size of a commercial product ranged from 0.7 

to 5.0 µm. This was considerably smaller than the particle size of the current 

ultramarine product. The weaker colour strength of the product could be due to its 

larger particle size and the related higher crystallinity. This higher crystallinity was 

demonstrated by the higher Raman intensities of the current product compared with 

those of the commercial pigment. A further improvement in the product quality could 

possibly be obtained by discarding the white or grey over-oxidized parts before 

milling. The use of fly ash as starting reagent for the synthesis of ultramarine blue 

would be beneficial to the environment because less fly ash would end up as landfill. 

Since only one size fraction of fly ash was used to synthesize the ultramarine blue 

product, other size fractions need to be tested and evaluated. The non-magnetic 

fraction of fly ash could also be tested (for a further discussion on future possibilities 

see Chapter 7). 

 

3.4. Conclusions 
 

The traditional starting reagent for the synthesis of ultramarine blue, namely kaolin, 

had to be heated before the synthesis to weaken the structure of the kaolin. Two 

batches of fine fly ash were successfully used to synthesize ultramarine blue. 

Infrared, Raman and X-ray diffraction results confirmed the formation of the product. 

Fly ash had the advantage over kaolin of being amorphous. The results further 

showed that the transition from the green ultramarine species to the blue species 

coincided with an increase in the ratio of the amount of S3
-• species relative to the 

amount of S2
-• species. 
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4. THE ROLE SULPHUR PLAYS IN THE FORMATION OF ULTRAMARINE BLUE 
 

4.1. Introduction 
 

Ultramarine Blue, a strong blue pigment, could be described, in a simplified way, as a 

zeolite-type structure that occluded a polysulphide anion radical, S2
-• and S3

-•, thereby 

stabilising the radical. The S3
-• and S2

-• were stable in the aluminosilicate framework,1 

and the quality of the synthesised pigment depended on the quality, that is defect- 

free, aluminosilicate framework.2 The main building block of this aluminosilicate 

framework was the β-cage, consisting of twelve alumina or silica tetrahedra linked to 

each other to form six- and four-membered rings of tetrahedra in a cage formation 

(Figure 4-1). According to Deer, Howie and Zussman3 the sodalite group consisted of 

sodalite, Na8[Al6Si6O24]Cl2; Nosean,  Na8[Al6Si6O24]SO4; and Haüyne, 

(Na,Ca)4-8[Al6Si6O24](SO4,S)1-2. Based on powder X-ray diffraction results Jaeger4 

concluded that there was a fixed aluminosilicate periodic framework for the 

ultramarine species and that the other components, for example sodium and sulphur 

were wandering, statistically distributed atoms. X-ray diffraction patterns, therefore, 

were dependent on the fixed framework structure. They were not greatly influenced 

by the wandering constituents. This explained why so many different ultramarine 

species yielded similar X-ray diffraction patterns (Section 3-3).4 This fixed framework 

was cubic, and closer to nosean than to sodalite,4 a notion supported by the work of 

Weller and others.5 

 

Ultramarine species had similar properties to zeolites, for example the sodium cation 

could be exchanged for several other cations, for example Ag, K, Rb, Cs, Li, Mg, Ca, 

Sr, Ba, Tl, and Pb.4 The selenium and tellurium ultramarine analogs were also 

known.4,6-8 
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Figure 4-1: POV-Ray9 images of AM1 force field10-generated β-cages 
 

The industrial process for the manufacture of ultramarine blue4,11-13 involved the 

activation of kaolinite, also known as Chinese clay, at approximately 700 ºC. The 

activation destabilizes the clay by removing the adsorbed water and the hydroxyl 

groups. The activated clay was mixed with a sodium salt (usually sodium carbonate 

or sodium sulphate) and sulphur, in the form of elemental sulphur, sodium sulphide 

or sodium polysulphides. A carbon-based reducing agent, for example coal, rosin, or 

colophony was added. The raw materials were intimately mixed and milled to a 

desired fineness. This was placed in a crucible of low permeability, to ensure that the 

reagents were not in contact with the reaction gases in the furnace. The crucible was 

placed in a furnace. A crucible with a diameter of 22 cm delivered the best results. 

Individual crucibles allow the consistent heating of the reagent mix. The product 

depends on the thermal energy added to the reagents. Overheating and 

underheating led to a heterogeneous product. The filled crucibles were heated to a 

temperature of approximately 750 ºC and maintained at that temperature for 

8 to 48 hours. This concluded the reduction phase of the ultramarine blue synthesis. 

The product at this stage was known as primary ultramarine blue and had a green 

colour - ultramarine green. The furnace and contents were then allowed to cool 

 Chapter 4: The Role Sulphur plays in the formation of Ultramarine Blue 66
 

 
 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  LLaannddmmaann,,  AA  AA    ((22000033))  

 



 Aspects of solid-state chemistry of fly ash and ultramarine pigments  

 
slowly. Air was allowed into the furnace. The green primary ultramarine was oxidized 

to the desired blue ultramarine blue. This slow cooling and oxidation could take place 

over several weeks. Alternatively, this second step could be performed in a different 

open crucible at an optimal temperature of between 400 and 550 ºC. The oxidising 

step involved the loss of between one seventh and one eighth of the sodium atoms. 

Some sodium sulphate is formed in the process. The final product contained 

approximately 10 % combined sulphur.4,11-13 

 

An over-oxidized reaction mix had a white or greyish colour. The problem of over-

oxidizing the exterior of the reaction cake and under-oxidising the interior of the 

reaction cake led to many alterations in the method of manufacturing ultramarine 

blue.12 Gessler and Kumins14 suggested that the simultaneous synthesis of the 

zeolite-type aluminosilicate framework and formation of the chromophore species 

was detrimental to both the oxidation and reduction steps in the ultramarine blue 

synthesis, because the result was "hard, fused masses". They14 stated that "[a]t this 

high temperature of formation of the zeolite the structure is compacted and less 

susceptible to the entrance of the rather large polysulphide linkage into the crystal 

lattice. The polysulphide formation is an equilibrium reaction and excess sulfur is 

required for the formation of the desirable higher polysulfides, Na2S3, Na2S4 etc. 

Under the high temperature conditions of the operation required for the reduction of 

sodium carbonate and/or sodium sulfate, these higher content polysulphides may not 

form, due to loss of sulfur by volatilization."14 Gessler and Kumins14 first synthesized 

the zeolite species by wet precipitation at 60 ºC, and then incorporated the sulphur 

species into the zeolite framework at high temperature, preferably between 750 ºC 

and 850 ºC, with the exclusion of air and preferably in the presence of hydrogen 

sulphide gas. They14 also believed that the polysulphides could be formed in situ by 

the incorporation of monosulphide into the zeolite crystal lattice. This monosulphide 

reacted with additional sulphur, and so incrementally incorporated the polysulphide 

chain into the structure.14 Gobeltz-Hautecoeur and others15 supported the 

monosulphide hypothesis, based on electron paramagnetic resonance and Raman 

spectroscopic evidence. 
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The relative formation of the aluminosilicate framework and the formation of the 

chromophores were studied in the current work. Scanning electron microscopy 

allowed one to look at the microscopic structure of the solid particles. Changes in 

microscopic structure of starting reagents indicated reaction progress. 

 

Reinen and Lindner16 reviewed the state of knowledge on ultramarine pigments. 

They16 were of the opinion that the sulphur "radicals have to be generated 

simultaneously with the formation of the zeolitic cages in the synthesis procedure, 

because the latter are impermeable for the colour centres."16 In my opinion, this 

statement was unjustified, and was researched in literature. 

 

4.2. Synthesis 
 

Fly ash was heated to 1 000 ºC (Fa1000), and kept at this temperature for twenty-

four hours. This was done to establish the effect of heating on the microscopic 

structure of fly ash (Fa). 

 

Fly ash (4 g) and sodium carbonate (4 g) (FaNa50) were intimately mixed in an agate 

mortar, and reacted in an alumina crucible at 860 ºC, for twenty-four hours. This was 

followed by the slow cooling of the products, to ensure maximum crystallinity. The 

effect of sodium carbonate on the microscopic structure of fly ash could thereby be 

determined. Ultramarine blue (UMB) was successfully synthesized from fly ash, as 

described in Chapter 3. 

 

4.3. Results 
 

Fly ash had a predominantly spherical microscopic structure (Figure 1-1). The 

micrographs were similar to those in literature. 17,18-50 Quantitative work by energy 

dispersive X-ray analysis evidenced the heterogeneous nature of the fly ash 

particles17,41-50 (Table 4-1). Ferrospheres, particles rich in iron, existed in fly ash. This 

was a prime example of the heterogeneous nature of fly ash (Sample Fa II in Table 

4-1).24 Energy dispersive analysis data (Table 4-1) indicated that the sodium 

carbonate reacted with the fly ash in the intended ratios. The data for UMB III in 

Table 4-1 were collected on a regularly shaped crystal and indicated that the 
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compositions were reconcilable with the composition of ultramarine blue, and was not 

a sodium sulphate crystal. 

 

Table 4-1: EDX-Data for the samples in the step-wise study of the formation of 
ultramarine bluea 
 

 Fa 
I 

Fab 
II 

Fa1000 
I 

Fa1000
II 

FaNa50
I 

FaNa50
II 

UMB 
I 

UMB 
II 

UMB 
III 

UMB2
I 

UMB2 
II 

Na 0.4(2) 0.4(3) 0.31(8) 0 31.5(4) 30.1(3) 20.6(3) 26.4(3) 17.9(3) 15.5(3) 12.0(3)
Al 31.0(4) 16.8(5) 36.6(4) 30.9(5) 21.0(4) 21.3(3) 20.5(4) 14.0(3) 21.0(3) 19.0(3) 18.9(3)
Si 51.5(6) 18.8(5) 53.4(5) 50.4(7) 32.4(5) 35.6(3) 30.0(5) 18.3(3) 33.0(4) 28.3(4) 27.7(4)
S 0 0 0 0 0 0 22.1(5) 34.7(4) 24.5(4) 31.1(4) 29.6(5)

a. The data represent the element mass % determined by fitting the X-ray dispersion spectrum 
and the uncertainty in the measurement, that is 15.9(7) implies 15.9 ± 0.7 mass %. Fa 
connotes fly ash, Fa1000 connotes Fa treated at 1 000 °C, FaNa 50 connotes Fly Ash 
treated with sodium carbonate at 860 °C, UMB and UMB2 represent two different sets of 
ultramarine products. 

b. The particle was rich in iron, see text. 

 

The X-ray diffraction pattern of fly ash was characterised by a large amorphous halo, 

indicating that fly ash consisted predominantly of a glassy phase. The crystalline 

material in fly ash was characterised as mullite with some quartz being present17,51 

(Figure 4-2a). Some anorthite was also present.52 
 

0

1

2

3

4

5

4 14 24 34 44 54 64

2 θ

N
or

m
al

is
ed

 C
ou

nt
s

M
M

M

M
M

MM

M
M M

M
M

Q

Q
M

MM M
M

M M MM

M
M M M

C

Q MA C

NAS
NAS

NAS
NASNO

a)

b)

c)

d)

UMB

UMB
UMB

UMB UMB UMBUMB

 

Figure 4-2: X-ray diffraction patterns of a) fly ash, b) fly ash treated at 1 000 °C, 
c) fly ash treated with sodium carbonate at 860 °C, d) ultramarine product;  
A: anorthite, C: cristobalite, M: mullite, Q: quartz, UMB: ultramarine product 
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Upon heating fly ash, the scanning electron micrographs changed only slightly28,29 

(Figure 4-3). The X-ray diffraction patterns indicated the formation of some 

cristobalite (Figure 4-2b).29 

 

 

Figure 4-3: The predominantly spherical microscopic structure of fly ash was 
intact after treatment at 1 000 °C 
 

Scanning electron microscopy indicated that the reaction between fly ash and sodium 

carbonate did not change the microscopic structure of fly ash significantly 

(Figure 4-4). However, some melted species were present. Needles observed on the 

spherical particles indicated the formation of sodium rich aluminosilicates 

(Figure 4-4). However, these needles were only visible in the secondary electron 

images and not in the backscattered images. Therefore, no quantitation could be 

done, to establish experimentally the nature of these needles (Figure 4-4). Fly ash 

hydrothermally treated with sodium hydroxide also showed the needles, and 

evidenced the formation of zeolite Na-P1 according to Woolard and others.53 These 

needles probably formed because the glass phase reacted first, and the crystalline 

phases only reacted later. The crystalline particles of the fly ash did not react and 
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formed spherical templates for the crystal growth. The glass-mullite-quartz structure 

of fly ash changed to a sodium aluminosilicate described as (Na2O)0.33NaAlSiO4 

structure (Figure 4-2c). 

 

 

Figure 4-4: The microscopic structure of fly ash treated with sodium carbonate 
at 860 °C was characterised by needle shapes crystals growing from the 
spherically shaped particles 
 

When sulphur was added to the mix, the microscopic structure changed (Figure 4-5), 

and ultramarine blue was produced (Figure 4-2d).  
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Figure 4-5: The microscopic structure of the ultramarine product showing that 
the spherical shape of the fly ash particles was lost and that the regular shape 
of zeolite-type material was formed 
 

4.4. Discussion 
 

The composition of sulphur in the liquid and vapour phase was very complex. 

Sulphur melted at a temperature of between 106 and 133 ºC.54,55,56 Sulphur 

polymerised at approximately 159 ºC.54-56 The boiling point was accepted to be 444.6 

ºC.54-56 As the temperature rose, the composition of the sulphur liquid and vapour 

changed, and the smaller molecular mass allotropes increased their contribution to 

the composition.57 The characteristics of sulphur at high temperature might have had 

an influence on the aluminosilicate structure that formed at high temperature. 
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Zeolites formed from fly ash had scanning electron micrographs that were similar to 

those observed for the synthesized ultramarine species.31,53,58,59 This zeolite 

microscopic structure was not observed when fly ash was heated or reacted with 

sodium carbonate. The conclusion was that the sulphur had a structure-directing 
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effect on the aluminosilicate building blocks provided by the fly ash. This implied that 

the three-dimensional structure, β-cages (Figure 4-1), did not only stabilize the 

polysulphide, but was formed by the sulphur. This might be related to a fluxing effect 

in the molten polysulphides. On the other hand, the polysulphides might direct the 

structure of sodium counterions and the accompanying aluminosilicate framework in 

such a way as to stabilize the radical species. Kowalak and Pawłowska60 stated that 

when zeolites A, X, and Y impregnated with sulphur radical precursors were heated 

to above 700 °C, the zeolite structures were transformed to the sodalite structure.60 

They60 believed that the sulphur had a structure-directing effect.60 Gorshtein61 

promoted the formation of the aluminosilicate framework around the polysulphide 

species. The same structure-directing effect was observed in the case of fly ash and 

sulphur. 

 

Returning to the issue of whether sulphur species could enter the aluminosilicate 

framework after the framework was formed, the following evidence to the contrary 

was offered. McLaughlan and Marshall62 hydrothermally synthesised sulphur-doped 

sodalite crystals, by adding the sulphur to the sodalite cage after the formation of the 

cage. They62 claimed that Na2S•H2O was less successful in imparting colour to the 

sodalite crystals. The addition of Na2S4 led to a blue product, when concentrated.62 

Prener and Ward63 showed that the polysulphide could be added to the sodalite 

structure after the β-cages were formed.63 Gobeltz and others,1 and Jaeger4 also 

observed this trend. Gobeltz and others1 emphasized that the polysulphides not only 

entered the sodalite structure before the oxidation process while the sodalite 

structure was formed, in accordance with results by Tarling and others,64 but also 

after the formation of the sodalite structure.1 Treating hydroxysodalite with 

ammonium polysulphide, (NH4)2S6 led to the formation of ultramarine blue type 

products.64 This demonstrates that the chromophore could be incorporated into the 

sodalite structure after the formation of the aluminosilicate framework. Reacting 

zeolite X and Y with ammonium polysulphide did not lead to a stable blue colour at 

room temperature.60 This showed that the specific aluminosilicate structure needed 

to be available to stabilize the sulphur radicals. The incorporation of the ultramarine 

chromophore into an already formed zeolitic aluminosilicate framework was 

supported by the work of Gessler and Kumins.14 A softer ultramarine product was 

 Chapter 4: The Role Sulphur plays in the formation of Ultramarine Blue 73
 

 
 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  LLaannddmmaann,,  AA  AA    ((22000033))  

 



 Aspects of solid-state chemistry of fly ash and ultramarine pigments  

 
produced when the clay was calcined to remove constitutional water and then treated 

in a solution of 10 % NaOH or 10 % LiOH.65 The resulting aluminosilicate was 

washed free of excess hydroxides and was found to have ion exchange properties.65 

This new aluminosilicate was then used in the place of the clay and some of the 

sodium species in the usual raw mix. If the above evidence was taken into account60 

this new aluminosilicate probably had a structure close to the desired zeolite-type 

structure. This was a further indication that the chromophores can be incorporated 

into the aluminosilicate framework after the framework was formed. 

 

4.5. Conclusion 
 

A comparison of the scanning electron micrographs of fly ash, fly ash treated at  

1 000 °C, fly ash reacted with sodium carbonate at 860 °C and the ultramarine 

products formed from fly ash showed that sulphur was responsible for the formation 

of the specific zeolite-type aluminosilicate framework observed in ultramarine 

pigments. Sulphur, therefore, had a structure directing effect. Literature reports that 

the sulphur was only incorporated into the ultramarine structure during the formation 

of ultramarine blue were refuted by other literature references. 
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5. MODELLING SULPHUR CLUSTERS IN ULTRAMARINE  

 

5.1. Introduction 
 

Ultramarine pigments come in green, blue, greenish blue, reddish blue, violet, pink 

and red variants.1-7 Several chromophores are present in the aluminosilicate zeolite-

type framework of the ultramarine species. S2
-• is the yellow chromophore2,5,8-10 in 

ultramarine and S3
-• (Figure 5-1) is the blue chromophore.2,5,8,9 Ultramarine green is 

an ultramarine species in which the yellow and blue chromophores are present in 

such a ratio as to allow the green colour to be observed. 
 

1 2

r1 r2
α1

OO

3 4

r4 r'4
r3

α3 α4

 

Figure 5-1: S3, S2O and SOS species: (1) Open S3 (C2v), (2) Closed S3 (D3h), 
(3) SOS (C2v), (4) S2O (Cs) 

 

As mentioned in Chapter 3 ultramarine blue is synthesised in two steps, a reduction 

step followed by an oxidation step.1,2,5,8,9,11-14 The nature of these steps is, however, 

disputed. Some authors suggested Equation 4-1,2,5,8,9 whereas others supported the 

existence of doubly charged species according to Equations 4-2 and 

4-3.1,11-13 The oxidation of ultramarine green to ultramarine blue is related to an 

increasing S3
-•/S2

-• ratio (Chapter 3),2,5,8,9,14 in support of Equation 4-1. Beardsley and 

Whiting12 described the formation of ultramarine blue with oxygen as oxidising agent 

and introduced the use of SO2 in the production thereof.12 Gorshtein11,13  

(Equations 4-2 and 4-3) successfully explained the formation of Na2SO4 and the role 
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of SO2, noted by Tarling and others15 and Gobeltz and others.8 This explanation was 

based on the identification of S3
2- and S2

2- as the yellow, and S3
-• and S2

-• as the blue 

chromophores. Other evidence identified S3
-• as responsible for the blue colour and 

S2
-• for yellow. 2,5,8,9,16 No spectroscopic evidence of the doubly charged species was 

available in the literature (Chapter 4).14 Köhler and others10 synthesized ultramarine 

yellow from the thiocyanide derivative of sodalite. They10 confirmed that the yellow 

chromophore was S2
-• and that oxidation led to the formation of ultramarine green, 

with the simultaneous formation of S3
-•.10 The evidence supported the formation of 

S3
-• from S2

-• rather than from S3
2-. On the other hand, Weller and others,17 presented 

evidence that of a doubly charged species was involved, as described on pages 58 

and 59. The high ratio of sulphur atoms to unpaired electrons found by Hofmann and 

others6 in the ultramarine green pigment supported the possible existence of doubly 

charged non-radical sulphide species. This conclusion was not generally accepted.18 
 

The ultramarine red chromophore had been identified as an isomer of the S4 

molecule (Figure 5-2).1,2,5,19 The S4 molecule could possibly form from S3
-• and S+• in 

a concerted reaction.20 The feasibility of single-step concerted reactions could be 

evaluated by examining the phase symmetry of the molecular orbitals, by the 

methods of Fukui21,22 and of Woodward and Hoffmann.23-26 The highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were 

assumed to feature in reactions to form new bonds. For a reaction to take place the 

HOMO (LUMO) of the attacked species and the LUMO (HOMO) of the attacking 

species must have had the same phase symmetry. This condition allowed regions of 

the same phase in the molecular orbitals to overlap and to form new bonding and 

anti-bonding molecular orbitals provided favourable overlap occurred. Sannigrahi and 

Grein27 used the Woodward-Hoffmann methodology to show that the formation of 

S4
2+ from S2

+ was not allowed. 

 

The molecular orbitals of S+•, S2
-•, and S3

-• were computed in this work in order to use 

a Woodward-Hoffmann analysis to evaluate the feasibility of the formation of some of 

the S4 isomers. S2, S2
2-, S3, and S3

2- were also modelled in an effort to find the most 

stable sulphur species. These results might confirm that green ultramarine yielded 

blue ultramarine by the formation of S2
-•, S3

-• from S2
2-, S3

2-.11-13 
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5.2. Experimental data 

 

Naudé28,29 studied the rotational substructure of the vibrational spectrum of S2 and 

determined the bond length to be 1.893 Å. Based on the absorption band fine 

structure between 160 and 190 nm Maeder and Miescher30 calculated a vibrational 

frequency of 724 cm-1, for S2. S2
-• had a Raman band at 590 cm-1,2,5 and S2

2- a band 

at 451 cm-1.31 

 

Hopkins and others32 observed the S3 molecule as part of an electric discharge 

reaction and observed Raman bands at 585, 490, and 650 cm-1. Brabson and 

others33 recorded the infrared spectrum of S3 in a solid argon matrix (Table 5-1). 

They concluded that the structure of S3 was the C2v open geometry, with an angle of 

116 ± 2º.33 Lenain and others34 studied the Raman spectra of S3 and also concluded 

that the C2v isomer was the observed species (Table 5-1). Clark and Cobbold2 

observed both the Raman and infrared bands for S3
-• (Table 5-1). Janz and 

others31,35,36 studied several polysulphides. For BaS3 the S3
2- structure was said to be 

C2v with vibrational modes at 227/238 (R), 458 (R,IR), and 476 cm-1 (R,IR).35 For 

K2S3 the same interpretation held, with the stretching modes accidentally degenerate: 

238 (R) and 466 cm-1 (R,IR).36 
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Figure 5-2: Isomers of S4: (5) Cis Chain (C2v), (6) Gauche Chain (C2), (7) Trans 
Chain (C2h), (8) Puckered Ring (D2d), (9) Butterfly (D2d), (10) Tetrahedral 
(Geometry optimised) (D2d), (11) Tetrahedral (Td), (12) Double Triangle (D4h), 
(13) Square Planar (D4h), (14) Rectangle (D2h), (15) Exocyclic (C2v), (16) 
Branched Chain (D3h), (17) Pyramidal (Cs), (18) Bent exocyclic (Cs) 
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Table 5-1: Experimental characteristics of S3, S3

-•, and S3
2- 

 Reference Assignment 
Infrared 

cm-1 

Raman
cm-1 

S3 [32] ν1 585

  ν2 ? 495 or 310 490

  ν3 650

 [33]  ν1 583

 [33,35] ν2 680

 [33,37] 

Vibrational 

progression 340

   450

 [34] ν1 575

  ν2 256

  ν3 656

S3
-• [2,5] ν1 548

 [2] ν3 582

 [2] ν1 547

 [38] ν2 232

S3
2- [35] ν1 or ν3 457 458

  ν2 227/238

  ν1 or ν3 476 476

 [36] ν1 and ν3 466

  ν2 238

 

5.3. Molecular Modelling 
 

When doing molecular modelling the objectives need to be clear. In the work on 

sulphur compounds the shape of the molecular orbitals was important because it 

dictated the reactivity of the species under consideration and was used in the 

Woodward-Hofmann analyses. The energies were also important as an estimate of 

the relative stability of the ionic states of S2 and S3. A potential energy surface 

specified the classical potential energy as a function of molecular structure.39 This 

concept was useful for the comparison of the possible geometrical isomers. The 

potential energy surface was inspected for S2, S2
-•, S2

2-, S3, S3
-•, and S3

2- in an effort 

to find the most favourable oxidation states of these species, and to obtain the 

molecular orbitals for use in a Woodward Hoffmann analysis. 
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5.4. Results 

 

The geometry optimisation gave reasonable results, compared to literature values 

(Table 5-2). As the charge on the S2 species became more negative the bond 

distance increased (Table 5-2). The geometry of the closed S3
-• isomer did not 

optimise to the desired D3h symmetry and the bond length was therefore set to the 

average of the values found in the literature (Table 5-2). The geometry of the closed 

S3
2- isomer optimised to unrealistically long bond lengths, and the bond distance was 

set to 2.24 Å.40 The nature of this optimisation anomaly was not investigated. 

 

The singly charged anions of both S2 and S3 were found to be the most stable states 

relative to the neutral and doubly charged states (Tables 5-3 and 5-4). The reaction 

that transformed ultramarine green to blue was exothermic.12 The calculated results 

supported the proposal that this reaction involved the transition from S2
2-, S3

2- to S2
-•, 

S3
-•.1,11-13 The computational results at the SCF UHF with the 6-311G** basis set and 

MP2 extension at the minimum energy indicated that the open, C2v, structure was the 

most stable isomer for the S3
-• molecule (Table 5-4). In fact, at this level, the closed, 

D3h, S3
-• geometry was shown to be a transition state. Since the S3

-• molecule was 

the blue chromophore in ultramarine blue,1,2,5,8,9 the geometry of this important stable 

radical polysulphide was calculated. This geometry could now be used in modelling 

the ultramarine pigment itself,41 and could assist in crystallographic interpretation.15 

The calculated vibrational frequencies for S2, S2
-•, and S2

2- were in good agreement 

with the experimental values (Table 5-5). For S2
2- the unscaled frequencies fit best 

(Table 5-5). The vibrational frequency decreased with an increase in the negative 

charge on the S2 molecule as expected from the reverse trend in the bond distances 

(Table 5-2). After applying the scale factor of 0.87 to calculated frequencies      

(Table 5-6) of the open S3 isomer, they corresponded well with experimental values 

(Tables 5-1 and 5-6). The scaled vibrational frequencies of the closed, D3h, S3 isomer 

(Table 5-7) agreed with the experimental values as well. The calculated vibrational 

frequencies of S3
-• were less accurate (Table 5-8). The antisymmetric stretching 

frequency was underestimated. Again no scaling was needed as discussed in the 

conclusion. For S3
2-, the vibrational frequencies were close to the experimental 

values without scaling    (Table 5-8). 
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Table 5-2: Bond lengths (Å) and angles (°) for S2 and S3 species 

Structure 
name 

Symmetry Structural
parametera

This 
work 

Average from 
literatureb 

References 

S2 D∞h r 1.88 1.91(2) [42-44] 

S2
-• D∞h r 2.01 2.12(8) [42,45] 

S2
2- 

 

D∞h 

 

r 

 2.21 (2.80)   

Singlet open S3 C2v r1 1.90 1.98(2) [40,43,44,46-51] 

  α1 117 116.6(7) " 

Singlet closed S3 D3h r2 2.08 2.12(2) " 

3A2 open S3
 C2v r1 1.99 2.00(4) [43,47] 

  α1 93 93(2) " 

Open S3
-• C2v r1 2.00 2.02(3) [40,45,51]  

  α1 115 113(2) " 

Closed S3
-• D3h r2 2.24 2.241(5) [40,51] 

Open S3
2- C2v r1 2.13 2.08(8) [40,45] 

  α1 113 109(6) " 

Closed S3
2- D3h r2 2.24 2.244 [40] 

a. As defined in Figure 5-1 
b. The value given is the average from several literature values, the number in brackets denotes 

one standard deviation of the mean 
 

Table 5-3: Relative energy (kJ/mol) results for S2
a 

Structure 
name 

This 
work 

S2 singlet 146 

S2 triplet 113 

S2
-• 0 

S2
2- singlet 427 

S2
2- triplet 632 ib 

a. The energy of the most stable isomer was set equal to zero and the other energies are 
reported relative to this most stable state 

b. i indicates that the species has an imaginary frequency 
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Table 5-4: Relative energy (kJ/mol) results for S3
a 

Structure 
number 

Structure name This 
work 

1 Open S3 Singlet 197

2 Closed S3 Singlet 234

1 Open S3 Triplet 297

2 Closed S3 Triplet 473 ib

1 Open S3
- 0

2 Closed S3
- 192 i

2 Closed S3
2- Singlet 720 i

1 Open S3
2- Singlet 331

2 Closed S3
2- Triplet 682 i

1 Open S3
2- Triplet 577 i

a. The energy of the most stable isomer was set equal to zero and the other energies are 
reported relative to this most stable state 

b. i indicates that the species has an imaginary frequency 
 

Table 5-5: Vibrational frequencies in cm-1 of S2 stretching vibration 
 This work Scaled values Experimental References Ratio of 

experimental 
and this work 

Singlet (triplet) S2 791 (790)a 687 724 [30] 0.92 

Doublet S2
-• 615 535 590 [2][5] 0.96 

Singlet S2
2- 426 371 451 [31] 1.06 

a. Value in brackets is for the triplet state  

 

Table 5-6: Vibrational frequencies in cm-1 of open S3 (1) 
Mode Description Symmetry This 

work 
Scaled 
valuesa

Experimental 
values34 

Spectroscopic 
activityb 

Ratio of 
experimental 
and this work

ν1 Symmetric stretch a1 

654 
(627) 569 575 R, IR 

0.88 (0.92) 

ν2 Bending a1 

294 
(211)c 256 256 R, IR 

0.87 (1.21) 

ν3 Antisymmetric 
stretch b2 

737 
(490) 641 656 R, IR 0.89 (1.34) 

 

a. Scaled with a scale factor of 0.8733 
b. R: Raman active, IR: Infrared active 
c. Values in brackets are for the triplet state 
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Table 5-7: Vibrational frequencies in cm-1 of closed S3 (2) 
Mode Description Symmetry This 

work
Scaled 
valuesa

Experimental
values 

Spectroscopic 
activityb 

Ratio of 
experimental 
and this work 

ν1 Symmetric 
Deformation 

a1' 662 576 583,33 585,32 
57534 

R 0.88, 0.88, 
0.87 

ν2 Stretch e' 500 435 450,33,37 49032 R, IR 
0.90, 0.98 

 

a. Scaled with a scale factor of 0.8733 
b. R: Raman active, IR: Infrared active 

 

Table 5-8: Vibrational frequencies in cm-1 of negatively charged open S3 (1) 

Mode 
 

Description 
 

Symmetry 
 

Doublet
S3

-• 
Experimental 
values for S3

-•
Singlet 

open S3
2-

Experimental35 
values for S3

2- 
Spectroscopic 

activitya 
ν1 Symmetric 

Stretch a1 558 5482 (0.98) 459 458 (1.00) R, IR 

ν2 Bending a1 250 23238 (0.93) 202 227 (1.12) / 
238 (1.18) R, IR 

ν3 Antisymmetric 
Stretch b2 449 5822 (1.30) 496 476 R, IR 

a. R: Raman active, IR: Infrared active 
b. Values in brackets represent the ratio between the experimental frequency and the 

calculated frequency 
 

Molecular modelling of the polysulphide species was done in order to obtain a 

molecular orbital picture of S2
-• (Figure 5-3), and S+• and S3

-• (Figure 5-4). 

HyperChem52 was used to model the S2
-• and S3

-• structures by the ZINDO/1 semi-

empirical method, and self-consistent-field unrestricted Hartree-Fock simulation using 

a 6-311G** ab initio basis set extended by MP2 correlation energy. The ZINDO/1 

results confirmed the character of the highest occupied molecular orbital for both 

open (b1) and closed (a'
2) S3

-• of a previous pictorial model20 and the work of Koch 

and others40 (Figure 5-4). 
 

 

Figure 5-3: Highest occupied (left) and lowest unoccupied (right) molecular 
orbital of S2

-• 
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Figure 5-4: Molecular orbital diagram of S+• (ZINDO/1 and 6-311G** LUMO) and 

S3
-• (ZINDO/1 and 6-311G** α and β HOMO) 

 

It was assumed that S+• (Figure 5-4) attacked the S3 (Figure 5-4) species in a 

concerted reaction to form S4 (Figure 5-2). This was tested by means of the frontier 

orbital symmetry theory of Woodward and Hoffmann.23-25 The HOMO of S3
-• 

(Figure 5-4) was placed near the LUMO of S+• (Figure 5-4) in such a way as to 

ensure that lobes of the same phase overlapped to form σ-orbitals. The charge 

distribution on the sulphur atoms of the C2V S3
-• isomer indicated that the central 

sulphur atom was positively charged (Figure 5-5), therefore attack of S+• was unlikely 

to occur on this atom. To test whether the electrostatic charges would be detrimental 

to this form of attack the distance between the fourth sulphur atom and the central 

sulphur atom, in the branched chain isomer, was increased (Figure 5-5), with the 

result that the original electrostatic charge distribution was induced in the C2v S3
-• 

moiety. Electrostatics did therefore not preclude the attack of S+• on the central 

sulphur of the open, C2v, S3
-• isomer. 
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S3
-

3d

2d 1d

0.121

-0.560 -0.560

-0.177 -0.177

0.000

0.380

0.356 -0.127

-0.127-0.127
-0.155

0.321

-0.155

-0.011

 

Figure 5-5: Charge distribution in S3
-• and branched chain S4 at thrice (3d), 

twice (2d) and at its normal distance (1d), showing that the positive charge on 
the central sulphur atom in S3

-• is not necessarily a problem in the formation of 
branched chain S4 from S3

-• and S+• 

 

A Woodward-Hoffmann analysis at the ZINDO/1 level showed that the puckered S4 

ring, pyramidal branched chain S4, gauche S4 chain and bent exocyclic S4 isomers 

were possible products of the concerted reaction of S+• and S3
-•. At the 6-311G** 

level of theory, the highest occupied molecular orbital of the closed, D3h, S3
-• isomer 

precluded the formation of the bent exocyclic S4 isomer. The symmetry of the S2
-• 

highest occupied and lowest unoccupied molecular orbital (Figure 5-3), furthermore, 

predicted that the closed, D3h, S3
-• isomer could not be formed in a concerted way 

from S2
-•. 

 

5.5. Discussion 
 

Ab initio results should not be accepted at face value because of the approximations 

made during the analysis. Strictly speaking, ab initio computations are only relevant 

to gas phase molecules in vacuum at 0 K. The environment created by the sodium 

counterions and the aluminosilicate framework was not taken into account. The 

structure of the aluminosilicate framework did ensure that the sulphur chromophores 
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acted independently as molecules and did not form part of an extended sulphur-

based "molecule". 
 

The calculated vibrational frequency of S2 at 793 cm-1, scaled (0.87) to 690 cm-1, was 

in reasonable agreement with the experimental value of 724 cm-1 (Table 5-5). The 

bond length of 1.88 Å was in close agreement with the experimental 1.893 Å.28,29 

Heinemann and others42 calculated the vibrational frequency of S2
-• to be 582 cm-1, 

close to the experimental value (Table 5-5). The current value was not far from the 

expected value (Table 5-5). Heinemann and others42 calculated that the triplet S2 

molecule was less energetic than the S2
-• molecule. The current results confirmed 

this. 

 

Rau and others53 suggested that sulphur allotrope tautomers with an energy 

difference less than 33 kJ/mol contributed appreciably to the vapour composition of 

that particular species at temperatures between 823 and 1 273 K, the so-called 

tautomeric occurrence♦. This was suggested on the basis of the work of Pauling,54 

who mentioned the estimate of tautomeric occurrence at 41 kJ/mol. Taking into 

account the reliability of the computed values, sulphur allotropic isomers with an 

energy difference of less than 41 kJ/mol relative to the most stable isomer, in this 

work, should be present in appreciable amounts. 
 

The bond angle calculated for the open S3 isomer was 117°, within the experimental 

range.33 The question of whether the open, C2v,40,43,47,48,50,51 or closed, D3h,42,50,51,55,56 

S3 isomer was the more stable seemed to be an open question, since several 

methods gave contradictory results, depending on the methodology applied to the 

problem. The open, C2v, S3 isomer was calculated to be the most stable in this work. 

The computed closed, D3h, S3 isomer had an energy only 38 kJ/mol higher than the 

open isomer, therefore both these isomers should be observable (Table 5-4) and 

probably were (Table 5-6 and Table 5-7). 
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From literature it seemed as though the open, C2v,40,49 S3

-• isomer was deemed to be 

more stable than the closed, D3h, isomer. This was confirmed in the current work. 

The scale factor of 0.87, suggested by Brabson and others,33 worked well for the 

neutral sulphur molecules (Tables 5-5, 5-6 and 5-7), but failed for the ionised species 

(Tables 5-5 and 5-8). A scaling factor closer to or larger than 1.00 seemed more 

appropriate. 

 

The assumption that the S4 molecules were formed by concerted reactions of S3
-• and 

S+• was theoretically useful, although the existence of the S+• was unlikely. Berkowitz 

and Chupka57 studied the dissociation of S2 and determined the dissociation energy 

to be 423±1 kJ/mol from the photoionization threshold of 14.74±0.01 eV for Equation 

5-1. The existence of S+•, therefore, seemed plausible. 
 

-
2

3
h2 e)PS(SS ++→ +
υ                  (5-1) 

 

Based on the fact that the tetrahedral geometry had an open-shell electronic 

configuration, Salahub and others49 ruled out the tetrahedral geometry as the ground 

state of S4 by Xα-scattered wave calculations. Landman and De Waal also reached 

this conclusion based on Woodward-Hoffmann selection rules,20 and it was verified in 

the current work. 
 

5.6. Conclusion 
 

At the SCF UHF level of theory with 6-311G** as basis set and a MP2 energy 

correction the open, C2v, structure was found to be the most stable isomer for the S3
-• 

molecule, which was the blue chromophore in ultramarine. The closed, D3h, geometry 

was calculated to be a transition state (Table 5-4). For both S2 and S3 the singly 

charged anions were calculated to be the most stable state, in relation to the neutral 

and doubly charged states (Table 5-3, Table 5-4). In light of the evidence that the 

reaction transforming the ultramarine green to the desirable ultramarine blue was 

exothermic,12 the current results supported the proposal that this reaction involved 

the transition from S2
2-, S3

2- to S2
-•, S3

-•.1,11-13 
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Woodward-Hoffmann orbital analyses based on ZINDO/1 suggested that the product 

of a concerted reaction between S3
-• and S+• was either the puckered S4 ring, 

pyramidal S4, gauche chain S4 or bent exocyclic S4 structure. At the 6-311G** level 

the formation of the bent exocyclic S4 isomer was excluded. 

 

The symmetry of the S2
-• orbitals (Figure 5-3), did not favour the formation of D3h S3

-• 

species from S2
-• in a concerted way. 
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6. AN AB INITIO STUDY OF THE RED CHROMOPHORE IN ULTRAMARINE 

 

6.1. Introduction 
 

During the synthesis of ultramarine blue a green intermediate product was obtained. 

This green species was the result of a yellow chromophore (S2
-•) and a blue 

chromophore (S3
-•) present in the zeolite structure.1-3 Wieckowksi and others4 

reported that "[u]ltramarine green can be oxidised to ultramarine blue and ultramarine 

red, in which sulphur is in a less negative oxidation state than in the blue 

ultramarine." Violet ultramarine pigments were synthesised from ultramarine blue by 

reaction with ammonium chloride at approximately 240 ºC in the presence of air.1 A 

pink product was produced from the violet species by reaction with hydrogen chloride 

gas at 140 ºC.1 Species containing chloride might, therefore be considered as 

possible red chromophores in ultramarine. Ultramarine red could be obtained by 

treating ultramarine violet at 130 - 150 ºC with nitric acid vapour. Dilute nitric acid 

yielded a deeper red colour.5,6 

 

Based on the production of SO2 and S6O6
2- when the pigment was dissolved in acids, 

Hoffmann and others7 suggested S2O to be the chromophore in ultramarine red. 

Schwarz and Hofmann8 supported this, based on an average oxidation state of 

between 1.25 and 1.37 for sulphur in the ultramarine red pigment. The average 

oxidation state was determined by the sulphur Kα X-ray fluorescence line. Tang and 

Brown9 observed the Raman vibrational frequencies of S2O in an Argon matrix at 

20 K at 382, 673, and 1 157 cm-1. Clark and Cobbold2 assigned Raman bands at 

352, 653.5, 674, and 1 024 cm-1 to the red chromophore. The 1 024 cm-1 band was 

assumed to be a combination of the 352 and 674 cm-1 band. Clark and Cobbold2 

concluded that the red chromophore could not be S2O and suggested that S4 was the 

red chromophore, based on the absorption band for S4 observed by Meyer and 

others.10 Seel and others11 concluded that the red chromophore was S4, based on 

the size of the cages in the sodalite framework, the number of alkali metal atoms 

present in the ultramarine red pigment, and the mobility of the suspect species.  

 

To elucidate the nature of the red chromophore the species S3 (1,2), SOS (3), SOS-, 

S2O (4), S2O-, S4, S4
-, S3Cl, S3Cl-, and S2Cl1,2,7,8,11 were examined by molecular 
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modelling. This set included both open (1), C2v, and closed (2), D3h, S3 (Figure 5-1), 

the S4 isomers with structures of (5) cis chain (C2v), (6) gauche chain (C2), (7) trans 

chain (C2h), (8) puckered ring (D2d), (9) butterfly (D2d), (10) tetrahedral (geometry 

optimised) (D2d), (11) tetrahedral (non geometry optimised) (Td), (12) double triangle 

(D4h), (13) square planar (D4h), (14) rectangle (D2h), (15) exocyclic (C2v), (16) 

branched chain (D3h), (17) pyramidal (Cs), (18) bent exocyclic (Cs) (Figure 5-2), 

including the negative ions of these species, gauche (19), cis, (20) trans (21), and 

branched chain (22) S3Cl isomers and their negative ions, as well as S2Cl (23) 

(Figure 6-1). 

 

6.2. Experimental data 
 

Experimental data were required as a benchmark for comparison with the modelling 

studies. Electron paramagnetic resonance showed that the red chromophore was 

less paramagnetic than the chromophores in ultramarine blue,7,12 but this was 

questioned.13 An electronic absorption band for the ultramarine red occurred at 

520 nm.2,3,7,8,11 Vibrational modes were observed in both infrared (1 210 cm-1)8 and 

Raman (352, 654, 674, and 1 024 cm-1)2,3 spectra.  

 

Phillips and others14 found that S2O had only one transition in the 230 - 600 nm 

region between 280 and 340 nm, and was colourless. The infrared spectrum of S2O 

contained stretching frequencies at 679 and 1 165 cm-1 15,16 and a bending vibration 

at 388 cm-1.16 Hopkins and others17 found infrared absorptions for S2O at 1 165, or 

1 125 cm-1 depending on the matrix in which the spectra were obtained.  
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Figure 6-1: S3Cl and S2Cl isomers: (19) Gauche (C1), (20) cis (Cs), (21) trans (Cs), 
(22) branched chain (Cs), (23) S2Cl (Cs) 
 

The neutral S4 species had an absorption band at 520 nm.18-21 S4 had been studied 

in the vapour phase18-20,22,23 and in the frozen10,19,21 state. The results were 

interpreted in terms of different isomers (Figure 5-2), such as cis chain,18,21 bent 

exocyclic,18,22 gauche chain,20 trans chain,20-23 branched chain,20 puckered ring,10 or 

planar ring10 (Table 6-1). 

 

Brabson and others concluded from the infrared spectrum of S3 in a solid argon 

matrix,21 that the structure of S3 was the C2v open geometry, with an angle of 

116 ± 2º. They observed an electronic absorption between 350 and 440 nm with 

vibrational progressions of 340 and 450 cm-1, in addition to an infrared band at 

680 cm-1 and a Raman vibrational band at 583 cm-1. Other researchers also 

observed the vibrational progressions in the electronic spectrum18,19 and the Raman 
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spectra.9 Lenain and others24 studied the Raman spectra of S3 and concluded that 

the C2v isomer was the observed species, with an absorption maximum at 395 nm 

and observed Raman bands at 575, 256, and 656 cm-1. 

 

Table 6-1:  Experimental Characteristics of S4 
Reference Suggested Structure Assignment Infrared

cm-1 
Raman

cm-1 
UV/Vis 

nm 

[17] None  668,688  
  601  
  440  

[22] Trans νs  678 530 
 νc  575  
 δs  303  

[18,21] 
Cis and/or trans, or bent 
exocyclic νas 662  518 

  δas    
 τ    

[22] Bent exocyclic νexo ring  635 560-660 
 νs  575  
 ν's  400  

[18,21] 
Cis and/or trans, or bent 
exocyclic 642  560-660 

[10] Chain 668  530 
 483   
 320   
 270   
 Puckered or planar ring 647   

[19] None   530 
[23] Trans δs  303  

 νc  575  
 νs  680  

 
 

6.3. Molecular Modelling 
 

The potential energy surface was inspected for different S4, S4
-, S3, S3Cl, and S3Cl- 

isomers in an effort to find the most favourable isomer of each species. 

 

6.4. Results 
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For S3, the open (1), C2v, isomer was calculated to be the most stable, after geometry 

optimisation (Table 6-2). The calculated vibrational frequencies of the open and 
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red (Table 6-3 and Table 6-4), since no infrared vibration is expected above 1 200 

cm-1. Furthermore, the calculated high frequency bands, 654 and 737 cm-1, were too 

far apart from each other, to be assigned to the observed bands at 654 and  

674 cm-1.2,3 Neither S3 isomer had calculated electronic transitions in the expected 

region (Table 6-5). 

 

The geometries of the S4 isomers (Figure 5-2) were optimised (Table 6-6). Some 

isomers were found to be less likely to be observed than others. Diradicals were 

expected for the chain structures, therefore multiplicities of both 1 and 3 were 

evaluated for all S4 species. The cis chain (5) geometry optimised to the gauche 

chain (6), which was surprising, in light of the relative energy results (Table 6-7). The 

butterfly (9) and tetrahedron structures (10,11) optimised to the puckered ring (8) 

geometry. The double triangle (12) was quantum mechanically equivalent to the 

square planar (13) structure, indicated by the total charge density plot (Figure 6-2). 

The exocyclic (15) structure did not yield a proper geometry, but rather seemed to 

dissociate into two S2 molecules. Furthermore, the pyramidal branched chain (17) 

optimised to a structure with an unreasonable charge density distribution. Suitable 

geometric parameters were chosen for these isomers to reflect the similarity to the 

other structures that did optimise (Table 6-6). 

 

Table 6-2:  Bond lengths (Å) and bond angles (°)a for the geometry of open and 
closed S3 

 Singlet Open S3 

Singlet 
Closed S3 

3B2 Open S3 
3A2 Open S3 

 C2v D3h C2v C2v 

 r3 α3 r4 r3 α3 r3 α3 

This work 1.90 117 2.08   1.99 93 

Average from literatureb 1.98(2) 116.6(7) 2.12(2) 2.017 106.8 2.00(4) 93(2)

Reference [25-33] [29] [26,29] 

a. The parameters are defined in Figure 5-1 
b. The value given is the average from several literature values, the number in brackets denotes 

one standard deviation of the mean 
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Table 6-3:  Vibrational frequencies in cm-1 of open S3 (1) 
 

Mode Description Symmetry Rice32 Raghavachari 
MP2/6-31G*29 

Raghavachari 
HF/3-21G*29 

This 
Work 

Spectro-
scopic 

Activitya 
ν1 Symmetric stretch a1 668 577 680 (645) 654 (627) R, IR 

ν2 Bending a1 287 263 300 (229)b 294 (211) R, IR 

ν3 
Antisymmetric 
stretch b2 769 758 783 (530) 737 (490) R, IR 

a. R: Raman active, IR: Infrared active 
b. Values in brackets are for the triplet state 

 
Table 6-4:  Vibrational frequencies in cm-1 of closed S3 (2) 
 

Mode Description Symmetry Rice32 Raghavachari 
HF/3-21G*29 This Work Spectroscopic 

Activitya 

ν1 Symmetric deformation a1' 677 651 662 R 

ν2 Stretch e' 508 504 500 R, IR 

a. R: Raman active, IR: Infrared active 
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Table 6-5:  Electronic spectrum of several suspected chromophores in 
ultramarine reda 

 

Transition Position 
nm 

Oscillator
Strength

Transition Position
nm 

Oscillator 
Strength 

S3 closed S4 branched 
1 462 0.00 1 762 0.00 
2 462 0.00 2 762 0.00 

S3 open 3 708 0.00 
1 2862 0.00 4 592 0.00 
2 1003 0.00 5 401 0.00 
3 793 0.00 6 401 0.00 
4 645 0.00 S4 cis 
5 731 0.00 1 -1428 0.00 
  2 1165 0.00 
  3 983 0.00 

S2O 4 837 0.00 
1 667 0.00 5 731 0.00 
2 575 0.00 6 697 0.00 
3 415 0.00 7 499 0.34 
4 408 0.00 S4 bent exocyclic 

SOS 1 484 0.00 
1 602 0.00 S4 puckered ring 
2 433 0.00 1 556 0.00 
3 433 0.00 2 556 0.00 

S4 trans 3 441 0.00 
1 -1595 0.00 4 420 0.01 
2 1072 0.00 5 420 0.01 
3 784 0.00   

 
a. Not all computed transitions are reported 
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Table 6-6:  Bond lengths (Å) and bond angles (°)a for S4 
Structure 
Number 

Structure Name Symmetry Structural
Parameter

This 
Work 

Average from 
literatureb 

References 
 

5 Singlet cis S4 C2v r5 2.04 1.95(2) [28,29,31,33-36] 
    r'5 2.04 2.01(2)  
    α5 110 109(2)  
6 Singlet gauche S4 C2 r6 2.04 1.99(2) [28,34,36] 

    r'6 2.02 2.11(3)  
    α6 92 105(1)  
    φ6 99 71(12)  
7 Singlet trans S4 C2h r7 1.93 1.95(2) [26,29,33-36]  

    r'7 1.97 2.01(3)  

    α7 110 109(1)  
8 Puckered ring S4 D2d r8 2.11 2.10(3)  [26,29,33-36]  

    φ8 30 (86) 33(8) {86.6(5)}  
11 Tetrahedral S4 Td r11 2.31 2.02(3) [28,31] 
13 Square planar S4 D4h r13 2.12 2.12(5) [28] 

14 Rectangular planar S4 D2h r14 2.00 1.89(2)  [26,29,33-36]  

    r'14 2.50 2.538(8)  
15 Exocyclic S4 C2v r15 2.08   

    r'15 2.08   
16 Branched chain S4 D3h r16 1.91 1.95(3)  [28,29,31,33-36]  

17 Pyramidal S4 Cs r17 2.04 1.995(5)  [33,34] 
    φ17 97 99(1)  

18 Bent exocyclic S4 Cs r18 2.10 2.11(2) [33-36]  

    r'18 1.95 1.95(2)  

    r''18 2.09 2.09(2)  

    φ18 105 115(3)  

5 Triplet cis S4 C2v r5 2.04 2.01(5) [34, 36] 
    r'5 2.04 2.22(4)  

    α5 110 107.8(6)  

6 Triplet gauche S4 C2 r6 2.04 2.04(5)  [29,33,34,36] 

    r'6 2.02 2.11(4)  

    α6 92 105.7(8)  

    φ6 99 88(5)  

7 Triplet trans S4 C2h r7 1.93 2.03(3) [34,35] 
    r'7 1.97 2.16(3)  

    α7 110 101.6(6)  

a. The parameters are defined in Figure 5-2 
b. The value given is the average from several literature values, the number in brackets 

denotes one standard deviation of the mean 
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Table 6-7:  Relative Energy (kJ/mol) results of modelling S4

a 

Structure 
Number 

Spin 
Multiplicity 

Structure 
Name  

5 Singlet Cis  0 
6 Singlet Gauche  176 (2ib)
7 Singlet Trans  29 
8 Singlet Puckered ring  84 

11 Singlet Tetrahedral  649 (3i)
13 Singlet Square planar  117 (i) 
14 Singlet Rectangular 272 (i) 
15 Singlet Exocyclic  377 (3i)
16 Singlet Branched chain 100 
17 Singlet Pyramidal  318 (i) 
18 Singlet Bent exocyclic  88 
5 Triplet Cis  96 (i) 
6 Triplet Gauche  134 
7 Triplet Trans  213 (i) 

 
a. The energy of the most stable isomer was set equal to zero and the other energies are 

reported relative to this most stable state 
b. i indicates that the species has an imaginary frequency 

 

 
Figure 6-2: Total charge density plot of the double triangle S4 isomer (12) 
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Based on the presence of negative computed infrared frequencies the tetrahedral 

(11), square planar (13), rectangular (14), gauche (singlet, 6), exocyclic (15), and 

pyramidal (17) S4 isomers could be assigned to transition states. The gauche (6) 

conformer was a stable minimum in the triplet state. Only six of the proposed twelve 

S4 isomers (Figure 5-2) were found to be stable minima by the ab initio vibrational 

analysis, with the 6-311G** basis set at the self-consistent field unrestricted Hartree-

Fock level of theory and MP2 correlation energy. The following order of stability for 

the S4 isomers was observed (Table 6-7): 

 cis chain (5) > trans chain (7) > puckered ring (8) > bent exocyclic (18) > branched 

chain (16) > gauche chain (triplet, 6). 

 

Apart from the puckered ring (8) (Table 6-8) and cis (5) S4 (Table 6-9) isomers, the 

stable S4 isomers all had one vibrational frequency large enough to be considered as 

the equivalent of the observed Raman bands, but none had two of these high energy 

vibrations (Tables 6-8 to 6-13). None reached the observed 1 210 cm-1 of the infrared 

spectrum.8 

 

A Lewis diagram of a four membered chain of sulphur atoms ( • ) was 

sufficient to indicate the diradical nature of the chain.

•
••

••

••

••

••

••

••

••
SSSS :::

7,8 Rings, however, were 

expected to have fully paired electrons.7,19,28 Despite this cis (5) S4 was the best 

candidate for the red chromophore, based on a calculated electronic transition at 

499 nm (Table 6-5) 

 

Table 6-8:  Vibrational frequencies in cm-1 of puckered ring S4 (8) 
 

Mode Description Symmetry Frequency Spectroscopic 
Activitya 

ν1 Ring stretch a1 563 R 
ν2 Pucker a1 192 R 
ν3 Ring deformation b1 532 R 
ν4 Ring deformation b2 361 R, IR 
ν5 Ring deformation e 509 R, IR 

 

a. R: Raman active, IR: Infrared active 
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Table 6-9:  Vibrational frequencies in cm-1 of singlet cis S4 (5) 

Mode Description Symmetry Frequency Spectroscopic Activitya 
ν1 Central stretch a1 502 R, IR 

ν2 Symmetric stretch a1 459 R, IR 

ν3 Symmetric deformation a1 151 R, IR 

ν4 Torsion a2 244 R 

ν5 Antisymmetric stretch b2 391 R, IR 

ν6 Antisymmetric deformation b2 322 R, IR 

a. R: Raman active, IR: Infrared active 
 

Table 6-10:  Vibrational frequencies in cm-1 of singlet branched chain S4 (16) 

Mode Description Symmetry Frequency Spectroscopic Activitya 
ν1 Symmetric stretch a1' 500 R 

ν2 Out-of-plane a2'' 282 IR 

ν3 Antisymmetric stretch e' 700 R, IR 

ν4 Symmetric deformation e' 272 R, IR 

a. R: Raman active, IR: Infrared active 

 

Table 6-11:  Vibrational frequencies in cm-1 of trans S4 (7) 

Mode Description Symmetry Frequency Spectroscopic Activitya 
ν1 Symmetric stretch ag 661 R 

ν2 Central stretch ag 596 R 

ν3 Symmetric deformation ag 269 R 

ν4 Torsion au 90 IR 

ν5 Antisymmetric stretch bu 557 IR 

ν6 Antisymmetric deformation bu 160 IR 

a. R: Raman active, IR: Infrared active 
 

Table 6-12:  Vibrational frequencies in cm-1 of bent exocyclic S4 (18) 

Mode Description Symmetry Frequency Spectroscopic Activitya 
ν1 Basal stretch  a' 622 R, IR 

ν2 Exocyclic stretch a' 563 R, IR 

ν3 Symmetric stretch a' 463 R, IR 

ν4 Wagging a' 245 R, IR 

ν5 Antisymmetric stretch a'' 427 R, IR 

ν6 Twist a'' 200 R, IR 

a. R: Raman active, IR: Infrared active 
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Table 6-13:  Vibrational frequencies in cm-1 of triplet gauche S4 (6) 
 

Mode Description Symmetry Frequency Spectroscopic 
Activitya 

ν1 Central stretch a 605 R, IR 
ν2 Symmetric stretch a 508 R, IR 
ν3 Symmetric bend a 269 R, IR 
ν4 Torsion a 64 R, IR 
ν5 Antisymmetric stretch b 520 R, IR 
ν6 Antisymmetric bend b 288 R, IR 

 

a. R: Raman active, IR: Infrared active 

 

Apart from the gauche S4 (6) triplet state, none of the other triplet state S4 isomers 

turned out to be stable minima (Table 6-14). The geometries were not re-optimised 

for the S4
- isomers. The S4 geometries were used (Table 6-15), and these compare 

well with other data.33 None of the S4
- isomers (Table 6-16) were characterised as 

stable minima. This observation implied that S4
- was not supported by ab initio 

computation to be a suitable chromophore in ultramarine red. 

 

After geometry optimisation (Table 6-17), the gauche chain was found to be the most 

stable isomer for S3Cl (19, Table 6-18). The branched (22) chain had a substantially 

higher energy, but was a stable♦ minimum (Table 6-18). For S3Cl-, only the branched 

chain was a stable minimum (Table 6-18). S2Cl (23) turned out to be a stable 

minimum as well. None of the species containing chlorine had computed vibrational 

frequencies (Tables 6-19 to 6-21) in the region of the observed2,3 654 cm-1, or the 

674 cm-1 bands in the Raman spectra of ultramarine red. These species were 

therefore not suitable candidates as the chromophore in ultramarine red. 
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Table 6-14:  Relative energy results of modelling the triplet state of S4

a 

 

Structure 
Number 

Structure Name Relative
Energy 
kJ/mol 

6 Triplet puckered ring S4 121 (2ib)
9 Triplet tetrahedral S4 485 (3i) 

13 Triplet square planar S4 13 (2i) 
14 Triplet rectangular planar S4 0 (4i) 
15 Triplet exocyclic S4 326 (2i) 
16 Triplet branched chain S4 146 (3i) 
17 Triplet pyramidal S4 142 (i) 
18 Triplet bent exocyclic S4 167 (2i) 

a. The energy of the most stable isomer was set equal to zero and the other energies are 
reported relative to this most stable state 

b. i indicates that the species has an imaginary frequency 
 
Table 6-15:  Bond lengths (Å) and bond angles (°)a of S4

- 
 

Structure 
Number 

Structure Name Symmetry Structural
Parameter

Zakrzewski 
HF/6-31+G*33 

This 
Work

5 Cis S4
- C2v r5 1.952 2.04 

  r'5 2.056 2.04 
  α5 114.28 110 
7 Trans S4

- C2h r7 2.016 1.93 
  r'7 2.022 1.97 
  α7 107.51 110 

14 Rectangular planar S4
- D2h r14 1.927 2.00 

  r'14 2.665 2.50 
16 Branched chain S4

- D3h r16 1.990 1.91 
17 Pyramidal S4

- Cs r17 2.176 2.04 
  φ17 110.93 97 

18 Bent exocyclic S4
- Cs r18 2.054 2.10 

  r'18 2.022 1.95 
  r''18 2.794 2.09 
  φ18 112.87 105 

a. The parameters are defined in Figure 5-2 
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Table 6-16:  Relative Energy results of modelling S4

- 
 

Structure 
Number 

Structure Name Relative
Energy 
kJ/mola 

Zakrzewski 
HF/6-31+G*b 33

5 Cis S4
- 243 (2i)  

6 Gauche S4
- 84 (i) ND 

7 Trans S4
- 0 (2i)  

8 Puckered square S4
- 167 (2i) ND 

11 Tetrahedral S4
- 715 (4i) ND 

13 Square planar S4
- 163 (3i) ND 

14 Rectangular planar S4
- 92 (3i) i 

15 Exocyclic S4
- 393 (4i) ND 

16 Branched chain S4
- 79 (i) i 

17 Pyramidal S4
- 96 (2i) i 

18 Bent Exocyclic S4
- 188 (3i) i 

 

a. i indicates that the structure has at least one imaginary frequency 

b. The relative energies are not provided in the cited reference, but the result 

of the vibrational analysis is included 
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Table 6-17:  Bond lengths (Å) and bond angles (°) of SOS, S2O, S3Cl, and S2Cl 
 

Structure 
Number 

Structure 
Name 

Symmetry Structural 
Parametera

This 
Work

3 SOS C2v r3 1.68 
   α3 74 
4 S2O Cs r'4 1.87 
   r4 1.43 
   α4 117 

19 Gauche S3Cl C1 r19 2.00 
   r'19 2.05 
   r''19 2.04 
   α19 104 
   α'19 108 
   φ19 84 

20 Cis S3Cl Cs r20 2.00 
   r'20 2.05 
   r''20 2.04 
   α20 104 
   α'20 108 

21 Trans S3Cl Cs r21 2.00 
   r'21 2.05 
   r''21 2.04 
   α21 104 
   α'21 108 

22 Branched S3Cl Cs r22 2.04 
   r'22 2.01 
   α22 92 
   α'22 92 

23 S2Cl Cs r23 1.95 
   r'23 2.05 
   α23 108 

 

a. The parameters are defined in Figures 5-1 and 6-1 
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Table 6-18:  Relative energy results of modelling S2O, SOS, S3Cl, and S3Cl- 
 

Structure 
Number 

Structure Name Relative
Energy 
kJ/mola 

3 SOS singlet 256 
4 S2O singlet 69 
3 SOS triplet 526 (ib) 
4 S2O triplet 313 
3 SOS- 313 (i) 
4 S2O- 0 

19 Gauche S3Cl 0 
20 Cis S3Cl 180 (3i) 
21 Trans S3Cl 29 (i) 
22 Branched S3Cl 163 
19 Singlet gauche S3Cl- -151 (i) 
20 Singlet cis S3Cl- -79 (i) 
21 Singlet trans S3Cl- -100 (i) 
22 Singlet branched S3Cl- 0 
19 Triplet gauche S3Cl- 59 (2i) 
20 Triplet cis S3Cl- 29 (2i) 
21 Triplet trans S3Cl- 33 (3i) 
22 Triplet branched S3Cl- 184 (2i) 

a. The energy of the most stable isomer was set equal to zero for each subgroup and the 
other energies are reported relative to this most stable state for that subgroup 

b. i indicates that the species has an imaginary frequency 
 

Table 6-19:  Vibrational frequencies in cm-1 of branched S3Cl (22) 
 

Mode 
 

Description 
 

Symmetry 
 

Doublet 
S3Cl 

Singlet 
S3Cl- 

Spectroscopic Activitya

 
ν1 S-S(-S) symmetric stretch a'' 524 479 R, IR 

ν2 S-Cl stretch a' 562 556 R, IR 

ν3 S-S-S bending a' 37 259 R, IR 

ν4 Symmetric deformation a' 293 292 R, IR 

ν5 Antisymmetric deformation a'' 409 459 R, IR 

ν6 S-S-Cl bending a'' 238 237 R, IR 

a. R: Raman active, IR: Infrared active 
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Table 6-20:  Vibrational frequencies in cm-1 of singlet gauche S3Cl- (19) 

Mode Description Symmetry Frequency Spectroscopic Activitya

ν1 S-S and S-Cl antisymmetric stretch a 558 R, IR 

ν2 S-S and S-Cl symmetric stretch a 549 R, IR 

ν3 Central stretch a 518 R, IR 

ν4 Antisymmetric bend a 257 R, IR 

ν5 Symmetric bend a 196 R, IR 

ν6 Torsion a 64 R, IR 

a. R: Raman active, IR: Infrared active 

 

Table 6-21:  Vibrational frequencies in cm-1 of S2Cl (23) 

Mode Description Symmetry Frequency Spectroscopic Activitya

ν1 S-S stretch a' 578 R, IR 

ν2 S-Cl stretch a' 530 R, IR 

ν3 Bending a' 241 R, IR 

a. R: Raman active, IR: Infrared active 

 
The experimental geometry for S2O was determined from the microwave spectrum to 

be r(S-O) = 1.46 Å, r(S-S) = 1.88 Å and the S-S-O angle to be 118º,37 which 

compared well with the currently determined geometry (1.43 Å, 1.87 Å, 117°) 

(Table 6-17). S2O- was determined to be the most stable S2O structure (Table 6-18) 

with vibrational frequencies larger than expected (Table 6-22). The calculated 

vibrational bands for S2O (Table 6-22) were scaled by a factor of 0.87 as suggested 

by Brabson and others.21 This procedure yielded vibrational transitions at 382, 666, 

and 1 180 cm-1, in close agreement with three of the four observed bands for the 

ultramarine red chromophore. S2O was, however, predicted to be colourless 

(Table 6-5), and was observed to be colourless.11,14 The SOS possibility was also 

negated by its vibrational frequencies (Table 6-23). 
 

Table 6-22:  Vibrational frequencies in cm-1 of S2O (4) 

Mode 
 

Description
 

Symmetry 
 

Doublet
S2O- 

Singlet
S2O 

Triplet
S2O 

Spectroscopic Activitya 

 
ν1 S-O stretch a' 1401 1357 1342 R, IR 

ν2 S-S stretch a' 796 766 742 R, IR 

ν3 Bending a' 344 440 154 R, IR 

a. R: Raman active, IR: Infrared active 
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Table 6-23:  Vibrational frequencies in cm-1 of singlet SOS (3) 

Mode Description Symmetry Frequency Spectroscopic Activitya 
ν3 Bending a1 592 R, IR 

ν2 Antisymmetric stretch b2 657 R, IR 

ν1 Symmetric stretch a1 907 R, IR 

a. R: Raman active, IR: Infrared active 

 

6.4.1. Modelling the Cavities in the Ultramarine Structure 
 

The volumes of the cavities of the β-cage of ultramarine blue,38 and several sodalite 

structures, which also contain β-cages,39-43 were calculated using the method and 

atomic-ionic radii of Gavezzotti,44 Bondi45 and Shannon.46 The details of the 

computer algorithm can be found in Appendix A2. The volumes of the sulphur 

species considered (Table 6-24) were smaller than the volumes of the cavities in the 

sodalite structure (Table 6-25). The volumes of the cavities were calculated taking 

the counter ions into account, and represent the maximum volume available to the 

chromophore. The small percentage difference for the volumes calculated by the 

HyperChem Quantitative Structure-Activity Relationships (QSAR) and the current 

method indicated the reliability of the current method (Tables 6-24 and 6-25). The 

volume of the crystal cavity was approximated as a truncated octahedron in the 

crystal structure, by Equation 6-1: 

[ ]322
9
2 234V bcaba −+=                        (6-1) 

with 

V: volume of the truncated octahedron as an approximation of the available volume 

in sodalite structures, assuming that the octahedron was formed by two regular 

square pyramids and that the truncation was done by subtracting a smaller regular 

square pyramid from the octahedron. 

a: distance between two tetrahedral atoms on opposite sides of the six-membered 

tetrahedral ring, the size of the base of the original octahedron. 

b: distance between two tetrahedral atoms on opposite sides of the four-membered 

tetrahedral ring, the size of the base of the subtracted octahedron. 

c: distance between the base plane of the original octahedron and the base plane of 

the subtracted octahedron. 
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Table 6-24:  Volume (Å3) of the modelled species 
 

Structure 
Number 

Molecule QSARa This Work Difference 
% QSAR 

1 Open S3 61.300 61.00 0.5 
2 Closed S3 59.485 59.21 0.5 
3 SOS 47.633 47.42 0.4 
4 S2O 47.299 47.07 0.5 
5 Cis S4 80.363 79.99 0.5 
6 Gauche S4 79.717 80.12 -0.5 
7 Trans S4 78.433 78.10 0.4 
9 Puckered ring S4 78.433 76.47 2.5 
10 Tetrahedral S4 77.733 77.54 0.3 
13 Square S4 77.122 76.74 0.5 
14 Rectangular S4 79.751 79.39 0.5 
15 Exocyclic S4 78.034 77.68 0.4 
16 Branched S4 77.556 77.19 0.5 
17 Pyramidal S4 80.302 79.98 0.4 
18 Bent exocyclic S4 77.229 76.99 0.3 
19 Gauche S3Cl 79.271 78.99 0.4 
20 Cis S3Cl 78.886 78.50 0.5 
21 Trans S3Cl 79.263 78.90 0.5 
22 Branched S3Cl 78.416 78.08 0.4 
23 S2Cl 60.293 60.04 0.4 

 

a. QSAR: Quantitative Structure-Activity Relationships in HyperChem47 

 

6.5. Discussion 
 

The optimised geometries for the different isomers of S3 (1,2) fell within the range of 

previously determined geometrical parameters (Table 6-2).25-33 The calculated 

vibrational frequencies were similar to those of previous studies.29,32 The question of 

whether the open, C2v,25,26,29,30,32,33 or closed, D3h,32,33,35,48,49 S3 isomer was the more 

stable seemed to be an open one, since, depending on the methodology applied to 

the problem, several methods gave contradictory results. The open (1), C2v, S3 

isomer was calculated to be the most stable isomer in this work. The fact that the 

closed (2), D3h, S3 isomer had an energy only 42 kJ/mol higher than the open isomer, 

suggested that both these isomers should be observable at approximately 723 K.50,51 
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Table 6-25:  Approximations of the volumes (Å3) of the cavities in sodalite 
structures 

  This Work QSAR Difference Crystal 
Structurea 

 Ref 
 

Total 
volume 

Volume occupied 
by the atoms 

Cavity 
volume

 (%)  

AM1 Cage Sib  1014.21 840.83 184.00 844.92 0.5 231.1
AM1 Cage Alc  1324.59 1196.76 139.12 1202.56 0.5 231.1
Modified 
Tarlingd 

[38] 1323.17 1208.37 126.07 1215.15 0.6 215.8

Nielsen [39] 1195.83 1060.83 146.20 1066.07 0.5 227.4
Nielsen [39] 1181.91 1053.60 139.44 1059.15 0.5 221.6
Nielsen [39] 1172.18 1048.84 134.40 1054.21 0.5 217.5
Felsche [42] 1169.25 1045.47 135.27 1050.48 0.5 213.1
Löns [43] 1168.57 1047.87 131.82 1053.15 0.5 217.0
Werner [41] 1117.95 1017.64 110.60 1022.89 0.5 198.9
Werner [41] 1136.75 1028.52 118.79 1033.36 0.5 205.2
Werner [41] 1150.24 1036.56 124.43 1041.56 0.5 209.8
Werner [41] 1171.47 1048.66 133.86 1054.32 0.5 217.1
Mead [40] 1195.68 1059.83 147.24 1066.04 0.6 226.5
Mead [40] 1199.59 1061.47 149.53 1066.79 0.5 228.4
Mead [40] 1196.62 1060.02 148.05 1065.80 0.5 226.6
Mead [40] 1203.93 1063.55 151.85 1068.64 0.5 230.0

a. The volume of the cavity in the crystal structure was approximated as a truncated 
octahedron, Equation 6-1. 

b. The AM1 semi-empirical method of HyperChem was used to model the cage structure, 
where all the tetrahedral atoms were silicon atoms. 

c. The same structure as b, but the silicon atoms were replaced by aluminium atoms. 
d. The structure of Tarling and others,38 was modified so that all the tetrahedral atoms were 

the larger aluminium atoms. 
 

The bond angles of the gauche S4 chain (6) were determined to be smaller than the 

angles presented in the literature, whereas the dihedral angle was determined to be 

larger28,34,36 (Table 6-6). The angle made by the external sulphur-sulphur bond with 

the ring for the bent exocyclic (18) isomer was determined to be smaller than in the 

literature,29,33-35 but comparable with the value determined by Kao36 (Table 6-6). The 

other geometries of the other isomers compared well with those determined in the 

literature26,28,29,33-36 (Table 6-6). The correspondence between the geometries 

(Table 6-6) was also reflected in the agreement of the vibrational frequencies 

(Tables 6-9 to 6-12).21,34 Again the gauche chain parameters deviated most from the 

literature values.29,34 The exocyclic stretching frequency of the bent exocyclic isomer 

was affected by the different geometries (Table 6-13).22,34 The slightly longer bond 

distances in the currently calculated geometry of the cis (5) chain was reflected in a 

large difference in the calculated stretching frequencies(Table 6-9). 29,34 
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Several S4 isomers had in the past been calculated to be the most stable isomer, 

they were cis (5) chain,29,31,33,34,52 puckered ring (8),35,52 branched chain (16),28 

gauche chain (Triplet, 6),36 and rectangular (14) (Table 6-7).26,29 The disparity in 

relative energy results for S4 (Table 6-7) could be related to the slightly different 

geometries considered (Table 6-6). The rectangular (14) S4 isomer could not be 

considered as a stable minimum, because the current analysis showed it to be a 

transition state. Other researchers confirmed this conclusion. 29,33,34 

 

According to the computed energy of the cis (5) and trans (7) chain S4 species 

(Table 6-7), both species were expected to be present in the vapour phase, since the 

energy difference between these species was only 29 kJ/mol, compared to the 

42 kJ/mol estimated for species that contribute to the occurrence of S4 species at 673 

to 1 173 K.50,51 The simultaneous occurrence was supported by experimental 

conjecture.18,21 
 

The application of only a single determinant unduly favours triplet states.36 

Unfortunately no configuration interaction was allowed for the triplet state in the 

current investigation. This limitation did not seem to be a problem in the current 

computations, since most of the triplet states were transition states. The gauche 

chain triplet was a stable minimum, but was not considered as the most stable 

structure. A higher level of theory might refute this conclusion. 

 

The lack of a stable tetrahedral state (11) was predicted by the concerted reaction 

approach of Landman and De Waal (Appendix F).53 Only the trans (7), cis (5), 

branched (16), gauche chain (6), puckered ring (8) and bent exocyclic (18) isomers 

for S4, stood the test of the vibrational analysis. The last three corresponded to 

structures that withstood the Woodward-Hoffmann analysis, although with the 

6-311G** basis set the bent exocyclic structure was ruled out (Chapter 5). The trans 

(7) and cis (5) chains were conformers of the Woodward-Hoffmann allowed gauche 

chain (6), whereas the branched chain (16) was the more stable conformer of the 

Woodward-Hoffmann allowed pyramidal structure (17). 
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Wong and Steudel54 used several quantum mechanical methods and concluded that 

cis (5) S4 had a visible absorption at 527/525 nm in close agreement with the 

observed value of 520-530 nm18-21 (Table 6-1), and the current calculated value of 

490 nm (Table 6-5). 

 

6.6. Conclusion 
 

The relative volumes of the suspected chromophore species and the cavities 

available in the β-cages of the aluminosilicate framework, taking the counter ions into 

account, did not exclude any of the species from being a possible chromophore. 

 

On vibrational spectroscopic grounds the S4 isomers did not correspond too well with 

the chromophore in ultramarine red. Due to the diradical nature of sulphur chains,8,7 

the linear chain isomers of S4 were not regarded as acceptable chromophores, since 

the chromophore was known to be diamagnetic.7,12 However, the cis (5) S4 chain 

(C2v) had a calculated electronic transition at 499 nm (Table 6-5), which made it the 

only possible red chromophore, based on electronic transition, which was the primary 

consideration. 

 

In ab initio computations the S4
- isomers did not represent stable minima (Table 6-16) 

and were therefore not predicted to be suitable chromophores in ultramarine red. 

 

None of the chlorine containing species (19-23) had computed vibrational 

frequencies (Tables 6-19 to 6-21) in the region of the observed2,3 Raman bands of 

ultramarine red, and were not regarded as viable options for the ultramarine red 

chromophore. The current vibrational analysis of the open (1) and closed (2) S3 

isomers and SOS (3) and S2O (4) discounted them as possible chromophores in 

ultramarine red (Tables 6-3, 6-4, 6-22 and 6-23). 

 

The scaled calculated vibrational frequencies for S2O (4) were 382, 666, and 1 180 

cm-1. These values were in close agreement with the observed bands for the 

ultramarine red chromophore. On these grounds S2O was a likely chromophore in 

ultramarine red as suggested before.8 However, S2O is a colourless gas.14 Since the 
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aluminosilicate framework was more likely to influence vibrational, rather than 

electronic spectra, the cis S4 species, with a computed electronic transition at 

499 nm, was still the best candidate as red chromophore. 
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7. SUGGESTIONS FOR FURTHER INVESTIGATION 
 

Most of the suggestions in this section are supported by preliminary studies and 

results. These are routes not taken in the final assembly of this report on PhD 

research. 
 

7.1. The Spectroscopy of Silicates 
 

Two-dimensional spectroscopy, peak fitting and cluster analysis can aid in the 

understanding of the convoluted infrared spectra of aluminosilicates. This would 

facilitate the further elucidation of the solid-state chemistry of fly ash and its potential 

uses. 
  

7.2. Ultramarine Blue 
 

The successful synthesis of ultramarine blue was reported (Chapter 3). The reactivity 

and chemical potential of fly ash could be estimated by several experiments related 

to the spectroscopic methods established in this work, thereby estimating the 

feasibility of using fly ash in different reactions for the synthesis of other chemical 

species. 
 

7.2.1. Industrial Process for the Synthesis of Ultramarine Blue 
 

The large-scale production of ultramarine blue was a time- and energy-intensive 

process, and great care needed to be taken to ensure the success of the reaction.1 

Pretorius2 explained that an ideal recipe for the preparation of pigment material 

should have had the following properties: 

• homogeneous pigment cake, same pigment colour and strength throughout 

the pigment cake 

• firing time is independent of the crucible depth, cannot over-calcine the 

pigment, or in the case of ultramarine cannot over-oxidise the pigment 

• minimum dopant for maximum colour 

• water dispersible pigment cake 

• fine pigment particles 

• no excess starting reagents. 
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Harden3 promoted a greater understanding of ceramic pigments in order to facilitate 

the design of pigments for specific applications, taking into account both technical 

and economical aspects. These considerations were important in the optimising of 

any pigment synthesis process. 
 

 

7.2.1.1. Laboratory Preparation and Optimisation 
 

The temperature and time needed for the formation of ultramarine pigments still need 

to be optimised. The composition was not optimised, because this was deemed to be 

close to optimum. Some changes were, however, made to the literature reaction mix. 

On the basis of the reaction mechanism one can predict the theoretical maximum 

amount of sulphur that can be accommodated by the fly ash aluminosilicate matrix. 

This amount is increased to compensate for the amount lost during the synthesis 

procedures. Adding other sources of silica, for example glass cullet, to increase the 

silica content of the final pigment could be addressed as well. Sodium sulphate 

instead of sodium carbonate can be tested. Different grades of fly ash can be tested 

to see whether fly ash can be used as it is produced in the power plant furnace or 

whether one is restricted to the fine PlasFill 5 fraction. The effect of the iron content 

on the formation of the ultramarine product can be tested. Possibly magnetic 

separation techniques would need to be applied to the fly ash raw material to ensure 

that the iron concentrations are limited to an acceptable level. The effect of milling 

between the reduction and oxidation step needs to be established. 
 

The soluble polysulphides contained in the primary ultramarine can be leached out, 

but this was not financially viable in 1945.4 These polysulphides form insoluble 

crystals once precipitated, and can in future be studied by single crystal 

crystallography. The products obtained from the leached primary ultramarine blue are 

of comparable strength with the unleached primary ultramarine blue, and the 

polysulphides can be used as starting reagents for the following runs.5,6 Studying 

crystals from the wash water of the ultramarine blue synthesis before and after the 

oxidation step can give insight into intermediate chemical species. These species 

need to be precipitated in a clean beaker in pure water, because the product was 

found not to redissolve to obtain recrystallised pure crystals. 
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7.2.1.2. Scaling Up 
 

When scaling up one would obviously need to do things on a larger scale. Larger 

scale would include a larger time frame, maybe in the order of weeks or only a 

couple of days, depending on the process implemented. The proposed use of 

briquettes4 and the use of milder oxidizing agents, like sulphur dioxide4 and water in 

air7 can be studied. Hydrothermal methods8,9 can solve most of the environmental 

problems related to the pyrogenic process. Better crucibles with lids that seal-in the 

carbon monoxide and sulphur vapours to ensure that the sulphur and carbon 

monoxide stay in contact with each other to ensure the formation of the desired 

chromophore species need to be designed with strength in mind. The ultramarine 

pigment cake expands and often breaks the crucible (Figure 7-1). 

 

 
Figure 7-1: Broken alumina crucible used for the synthesis of ultramarine blue 

 

7.2.2. Kinetics 
 

Preliminary reported results turn out to be a bit optimistic (Chapter 3). The kinetics of 

solid-state reactions are often faster than expected and ultramarine is no exception. 

The experimental procedure is to synthesise the ultramarine product until the 

reduction step has proceeded to a certain degree, stopping at the green stage. This 

green product is then oxidised at a chosen temperature and the reaction followed by 

Raman spectroscopy. The relative peak intensities/areas of the S2
-• and S3

-• are then 

used as an indication of the progress of the reaction.10 The problem here is that the 

reaction, after milling the intermediate, seems to take place at room temperature as 
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well. This might have important economic consequences. However, it makes 

following the reaction more difficult, but not impossible. 

 

7.2.3. The Crystal Structure of Ultramarine Pigments 
 

Jaeger11 stated that the true symmetry of ultramarines was in doubt, but that the 

ultramarines had a cubic structure, like those of the sodalite group of minerals.11 The 

X-ray powder patterns of different ultramarines, containing different relative amounts 

of silicon and sulphur, were similar, regardless of the colour of the ultramarines.11 

Jaeger11 concluded that there was a fixed periodic framework for the ultramarine 

species and that the other components, for example sodium and sulphur were 

wandering, statistically distributed atoms, thereby explaining why so many different 

ultramarines gave similar X-ray diffraction patterns. This fixed framework was closer 

to nosean than to sodalite, supported by the work of Weller and others.12 

 

Choosing not to assign specific positions for the sulphur atoms for the S3
-• group in 

ultramarine blue, Tarling and others13 were able to refine X-ray powder diffraction 

data to obtain a possible structure for Ultramarine (Figure 7-2), presumed to be 

related to Sodalite. The data was, however, very uncertain, with excessively large 

thermal parameters for the sulphur atoms.13 Furthermore, the sulphur - sulphur bond 

distances were in the order of 1 Å, a situation that was unacceptable to Gordillo and 

Herrero.14 This question could be studied by electron diffraction. 
 

 
Figure 7-2: Ultramarine blue crystal structure suggested by Tarling and 
others13 
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7.3. Treating Fly Ash with Surfactants 
 

In order to incorporate the hard inorganic fly ash particles into plastics a surfactant 

needs to be added to facilitate an interaction between these chemical species. No 

tests were run on polymers, but the effect of different surfactants on the stability of 

suspensions of fly ash in water were tested. 5 g of fly ash was added to water 

containing similar volumes of surfactants. The fly ash in water was shaken up for 

1 minute to form the suspension. After 5 minutes of settling time, the degree of 

suspension loss was assessed (Figures 7-3 to 7-6). Both anionic and cationic 

surfactants can be studied further. Large non-ionic surfactants can be tested as well. 
 

7.3.1. Anionic Surfactants 
 

Synperonic A4, Synperonic A7, Synperonic A9, Hypermer CG6, Empicol LZ/D, 

Morez, Tamol NN 8906, stearic acid, stearic acid/NaOH, sulphonated naphthalene 

formaldehyde and sulphonated naphthalene formaldehyde sodium salt were tested 

as anionic surfactants. Synperonic A7, Empicol LZ/D, and stearic acid did not 

stabilise the suspension, whereas Synperonic A4 and Hypermer CG6 gave the best 

results (Figure 7-6). 
 

7.3.2. Cationic Surfactant 
 

Octadecyltrimethylammonium bromide was tested as a cationic surfactant and did 

stabilise the fly ash suspension to some extent (Figure 7-5). 
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Figure 7-3: Synperonic A9, Tamol NN 8906, stearic acid/NaOH, and sulphonated 
naphthalene formaldehyde used to suspend fly ash in water, after 5 minutes of 
settling time 

 

 

Figure 7-4: Hypermer CG6 (successful), Empicol LZ/D, Morez, and stearic acid 
used to suspend fly ash in water, after 5 minutes of settling time 
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Figure 7-5: Octadecyltrimethylammonium bromide (successful), Synperonic A4 
(successful), Synperonic A7, sulphonated naphthalene formaldehyde sodium 
salt used to suspend fly ash in water, after 5 minutes of settling time 

 

 

Figure 7-6: Synperonic A4 (successful), Hypermer CG6 (successful), and 
sulphonated naphthalene formaldehyde sodium salt used to suspend fly ash in 
water, after 5 minutes of settling time 
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7.4. Adding Colour to Fly Ash 
 

The original aim was to change the colour of fly ash, so that fly ash would be more 

marketable (Chapter 0). To this end several different elements in the periodic table 

were tested to see whether any colour could be imparted to fly ash (Figure 7-7). 
 

 

Figure 7-7: Periodic table of experiments and colours obtained. Grey indicates 
elements that were not tested, and the coloured cells indicate the colour 
obtained with the aid of the element 
 

7.4.1. Alkali Metals 
 

Sodium is regarded as something that did not work, because the white colour sodium 

imparts is not very strong and 30 % m/m sodium carbonate needs to be added to 

obtain this colour. At a 3:1 mass ratio of sodium carbonate to fly ash a green mineral- 

type colour is obtained. This hard green product of fly ash and sodium carbonate 

(BDH AnalR) is worth investigating, since the green colour is believed to result from 

reduced iron, which seems chemically improbable due to the oxidizing atmosphere in 

the muffle furnace. 
 

7.4.2. Alkaline-earth Metals 
 

Magnesium as magnesium sulphate anhydrous (BDH AnalR), barium as barium 

thiosulfate·H2O (ICN Pharmaceuticals Inc) and calcium as calcium carbonate (Merck) 

were tested. Fly ash does not seem to react with the alkaline-earth metals. Higher 

temperatures, like in the clinkering of cement, might be needed. 
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7.4.3. Main Group Elements 
 

Phosphorus (di-ammonium hydrogen phosphate - GR/ACS Merck; Iron(III)phosphate 

- Aldrich Chemical Company, Inc.), tin (SnSO4 - Merck) and lead (lead dioxide - Extra 

Pure Reagent, Kanto Chemical Co., Inc.) were also reacted with fly ash, with minimal 

success. Incorporating lead into fly ash led to small coloured particles within the 

sample, some particles were pink, some green, but most of them the familiar brown 

of a failed reaction. 
 

7.4.4. Transition Metals 
 

Transition metals seemed the best domain to dig out an answer to the colour 

problem. Unfortunately the transition metals did not deliver, except cobalt and 

vanadium. Cobalt carbonate reacted at 1 000 ºC to yield a blue pigment (Figure 7-8), 

at an unfortunately high loading of 10 % m/m. NH4VO3 reacted with fly ash to yield a 

yellow pigment (Figure 7-8) and will be discussed in a future publication. Titanium 

(titanium dioxide - Analysed Reagent, SAARCHEM Pty Ltd), chromium (sooium 

dichromate crystals - Merck), manganese (potassium permanganate CP - 

SAARCHEM Pty Ltd), Iron (Ferric Citrate CP - SAARCHEM Pty Ltd), Nickel 

(nickel(II)-carbonat - Riedel-De Haën AG Seelze-Hannover), copper (kupfer(II)-nitrat-

3-hydrat  - Riedel-De Haën AG Seelze-Hannover), zirconium (zirconia sand and 

ZrSO4), and tungsten (sodium tungstate Analar - Hopkin & Williams Ltd) were tested. 

In most cases a brown coloured product was obtained. Iron showed some promise, 

but the reddish colour was heterogeneously scattered throughout the powdered 

sample. 
 

 

Figure 7-8: Fly Ash reacted with cobalt salt (left) and with 15 mass % NH4VO3 
(right) 
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7.5. Artificial Neural Networks 
 

Peak fitting will be discussed in a further publication, but another related topic is 

worth mentioning. Artificial neural networks are versatile aids in data interpretation, 

and can be used to perform tasks where conventional computer programs fail.15 A 

neural network could be designed and trained to perform spectroscopic functions, for 

instance baseline determination and peak fitting of predefined valuable peaks. 
 

The baselines of several samples were determined with the PeakFit16 program. 

These were statistically analysed and ranges for the different parameters that define 

a cubic polynomial were determined. In order for the baseline to resemble the 

original, three significant digits are required. 
 

A set of assignable peaks was chosen. The ranges for the parameters that define the 

peaks were established (Table 7-1). Artificial infrared spectra can be generated from 

these parameters to train a neural network to give the peak fitting parameters as 

output. The peak fitting-neural network methodology can be applied to other regions 

of the infrared spectra, for example to study the water and OH content of cements. 
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Table 7-1:  Ranges for the parameters describing standard peaks to be found in 
the infrared spectra of fly ash and its derivatives 
 

Peak 
designator 

 Intensity 
(Absorbance)

Position
(cm-1) 

Width 
(cm-1) 

Fraction 
Gaussian 

Decimal places Required 3 1 1 2 
Min 0.047 416.1 9.2 0.00430 Max 0.524 444.0 87.2 1.00
Min 0.320 462.8 24.3 0.00472 Max 0.784 481.7 71.3 1.00
Min 0.089 498.2 19.7 0.13507 Max 0.507 517.8 50.2 1.00
Min 0.022 555.0 9.1 0.16566 Max 0.491 577.9 72.1 1.00
Min 0.008 611.6 14.7 0.00617 Max 0.264 623.4 39.8 1.00
Min 0.000 677.4 0.0 0.00685 Max 0.322 693.9 55.7 1.00
Min 0.085 708.7 24.7 0.21725 Max 0.355 742.0 73.7 1.00
Min 0.042 815.7 40.2 0.44831 Max 0.373 847.5 99.0 1.00
Min 0.128 872.4 62.6 0.20890 Max 0.611 907.5 126.9 1.00
Min 0.245 963.3 111.4 0.55981 Max 1.139 999.4 187.3 1.00
Min 0.326 1076.5 79.7 0.001092 Max 0.966 1107.3 177.3 1.00
Min 0.065 1142.5 48.1 0.001164 Max 0.548 1184.7 147.7 1.00
Min 0.040 1417.5 20.8 0.071438 Max 0.166 1457.9 394.1 1.00

 

7.6. Molecular Mechanics 
 

There is no known force field for vanadium-containing species. Based on crystal 

structural data and spectroscopic data a force field for such interactions can be 

developed, using programs such as MOMEC9717 or PEFF18 to develop a force field 

with parameters for vanadium. An example of such an endeavour is the work of JJP 

Stewart19 in the development of the PM3 semi-empirical method. 
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Another project is to model the interaction of polymers with aluminosilicates. 

Molecular mechanics can be used to model calcium silicates, aluminosilicates and 

polymers separately, therefore modelling the interaction of aluminosilicate species 

with polymers is not too far off. The ability to do such modelling would prove valuable 

to the composites industry. A probable solution to this problem is mixed 

quantum/classical models as described in the HyperChem Computational guide.20 
 

7.7. Density Functional Theory 
 

The Amsterdam Density Functional21,22,23 program can be used to calculate 

geometries, energies, infrared spectra24,25 and Raman scattering.26 The Electron 

Paramagnetic Resonance (EPR)27,28 and Electron Spin Resonance (ESR) 

spectra29,30 can also be calculated. Aluminosilicate, vanadia and sulphur species can 

be studied to enhance our understanding of these systems. 
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APPENDIX 

Aspects of solid-state chemistry of fly ash and ultramarine 
pigments 
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A. PROGRAMS 

 
  
A1. SPECTRAL MANIPULATIONS PROGRAM 
 

 
 
unit Spectra_an; 
{This program incorporates previous programs and allows the user to 
manipulate spectra in several ways and calculate relative areas as defined by the user.} 
interface 
{The area is calculated by the trapezoidal Rule as described in 

 R Ellis, D Gulick, Calculus With Analytical Geometry, 5th edition, Saunders College 
Publishing, Fort Worth, 1994, pp 470-471} 

uses 
  Windows, Messages, SysUtils, Classes, Graphics, Controls, Forms, Dialogs, 
  StdCtrls, Buttons, ExtCtrls, math; 
type 
    TForm1 = class(TForm) 
    CloseButton: TBitBtn; 
    Bevel1: TBevel; 
    intro_Label: TLabel; 
    infiles_Label: TLabel; 

    wavenumber_Label: TLabel; 
    intensity_Label: TLabel; 
    baseline_Label: TLabel; 
    outfiles_Label: TLabel; 
    outwavenumber_Label: TLabel; 
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    outintensity_Label: TLabel; 
    added_programmes_Label: TLabel; 
    temp1_Label: TLabel; 
    temp2_Label: TLabel; 
    sequential_Label: TLabel; 
    CalculateButton: TButton; 
    endbox: TEdit; 
    areaout_Label: TLabel; 
    Norm_int_radio: TRadioButton; 
    numberofspectrainput: TEdit; 
    Normarea_radio: TRadioButton; 
    Norm_area_input: TEdit; 
    Base_corr_radio: TRadioButton; 
    base_int_corr_radio: TRadioButton; 
    base_area_corr_radio: TRadioButton; 
    norm_area_input2: TEdit; 
    standard_area_calc_radio: TRadioButton; 
    costum_area_calc_radio: TRadioButton; 
    region1_CheckBox: TCheckBox; 
    region1begin: TEdit; 
    region1end: TEdit; 
    region2_CheckBox: TCheckBox; 
    region2begin: TEdit; 
    region2end: TEdit; 

    region3_CheckBox: TCheckBox; 
    region3begin: TEdit; 
    region3end: TEdit; 
    region4_CheckBox: TCheckBox; 
    region4begin: TEdit; 
    region4end: TEdit; 
    region5_CheckBox: TCheckBox; 
    region5begin: TEdit; 
    region5end: TEdit; 
    region6_CheckBox: TCheckBox; 
    region6begin: TEdit; 
    region6end: TEdit; 
    calc_ratio_Label: TLabel; 
    numeratoregion: TEdit; 
    ratio_to_Label: TLabel; 
    ratiodenominator: TEdit; 
    MaximumvalueCheckBox: TCheckBox; 
    maxwaveinput: TEdit; 
    othermaxint_radio: TRadioButton; 
    input_maxint: TEdit; 
    input_maxint2: TEdit; 
    procedure CalculateButtonClick(Sender: 
TObject); 
  end; 

var 
  Form1: TForm1; 
  datasize, topratioarea, bottomratioarea: integer; 
  maximumwavelength, maxintensity: real; 
  total, normarea, topratioareareal, bottomratioareareal: real; 
  intensityarray, basearray, areaarray: array of array of real; 
  totalint, flag, areaarraydimension: integer; 
  I, J, A, B, err, temp: integer; 
  interval: array[0..11]of integer; 
  wavearray, minarray, maxarray: array of real; 
  namearray: array of string; 
  textfile, textfile2: text; 
  region1min, region1max, region2min, region2max: real; 
  region3min, region3max, region4min, region4max: real; 
  region5min, region5max, region6min, region6max: real; 
  inputerror: boolean; 
  inputused: array[1..6] of boolean; 
implementation 
{$R *.DFM} 
Procedure wavenumbers_size_maximumset; {Determine the number of data points that the 
user is interested in} 
var 
   x: integer;    wavenumber: real; 
begin 
     assignfile (textfile,'wavenumber.dat'); 
     reset(textfile); 
     x:= 0; 
     readln(textfile,wavenumber); 
     x:= x + 1; 
     while ((wavenumber < maximumwavelength) and not(eof(textfile))) do 
           begin 
                readln(textfile,wavenumber); 
                x:= x + 1; 
           end; 
     if wavenumber > maximumwavelength 
        then datasize:= x-2 
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             else datasize:= x-1; 
     closefile(textfile); 
end; 
Procedure wavenumbers_size_fileset; {Determine the number of data points that the file 
supplies} 
var 
   x: integer;    wavenumber: real; 
begin 
     assignfile (textfile,'wavenumber.dat'); 
     reset(textfile); 
     x:= 0; 
     readln(textfile,wavenumber); 
     x:= x + 1; 
     while not(eof(textfile)) do 
           begin 
                readln(textfile,wavenumber); 
                x:= x + 1; 
           end; 
     datasize:= x; 
     closefile(textfile); 
end; 
Procedure initialise_arrays; {Specify the size of the arrays} 
begin 
     setlength(intensityarray, totalint, datasize); 
     setlength(wavearray, datasize); 
     setlength(minarray, totalint); 
     setlength(areaarray, totalint, areaarraydimension); 
     setlength(maxarray, totalint); 
     setlength(namearray, totalint); 
end; 
Procedure assign_wavenumbers; {Assign values to the wavenumber array} 
var 
   x: integer; 
begin 
     assignfile (textfile,'wavenumber.dat'); 
     reset(textfile); 
     for x:= 0 to (datasize-1) do 
         begin 
              readln(textfile,wavearray[x]); 
         end; 
     closefile(textfile); 
end; 
Procedure intensities; {Input the absorbance values} 
var 
   x, y, position: integer;    tempstring: string; 
begin 
     assignfile (textfile,'outintensity.prn'); 
     reset(textfile); 
     readln(textfile, tempstring); 
     for x:= 0 to (totalint-2) do 
         begin 
              position:= pos(' ',tempstring); 
              if position = 1 
                 then position:= pos(' ',copy(tempstring,2,1000000)); 
              namearray[x]:= copy(tempstring, 1, position); 
              delete(tempstring,1,position); 
         end; 
     namearray[totalint-1]:= tempstring; 
     for x:= 0 to (datasize-1) do 
         begin 
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              for y:= 0 to (totalint - 1) do 
                  begin 
                       read(textfile,intensityarray[y,x]); 
                  end; 
         end; 
     closefile(textfile); 
end; 
Procedure baseline; {Input Baseline parameters} 
var 
   x, y: integer;    tempstring: string; 
begin 
     assignfile (textfile,'baseline.dat'); 
     reset(textfile); 
     readln(textfile, tempstring); 
     for x:= 0 to 3 do 
         begin 
              for y:= 0 to (totalint - 1) do 
                  begin 
                       read(textfile,basearray[y,x]); 
                  end; 
         end; 
     closefile(textfile); 
end; 
Procedure find_min; {Find minimum absorbance} 
var x, y: integer; 
begin 
     for x:= 0 to (totalint -1) do 
         begin 
              minarray[x]:= intensityarray[x,0]; 
              for y:= 1 to (datasize-1) do 
                  begin 
                       minarray[x]:= min(minarray[x],intensityarray[x,y]); 
                  end; 
         end; 
end; 
Procedure find_max; {Find maximum absorbance} 
var x, y: integer; 
begin 
     for x:= 0 to (totalint -1) do 
         begin 
              maxarray[x]:= intensityarray[x,0]; 
              for y:= 1 to (datasize-1) do 
                  begin 
                       maxarray[x]:= max(maxarray[x],intensityarray[x,y]); 
                  end; 
         end; 
end; 
Procedure normalise_intensity; {Change intensities so that all absorbance values are between 
0 and 1} 
var x, y: integer; 
begin 
     for x:= 0 to (totalint - 1) do 
         begin 
              for y:= 0 to (datasize-1) do 
                  begin 
                       intensityarray[x,y]:= (intensityarray[x,y]-minarray[x])/(maxarray[x]-
minarray[x])*maxintensity; 
                  end; 
         end; 
end; 
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procedure calculate_total_area; {Calculate the current total area} 
var x, y: integer; 
begin 
     for x:= 0 to (totalint -1) do 
         begin 
              areaarray[x,0]:= 0; 
              for y:= 0 to (datasize - 2) do 
                  begin 
                       areaarray[x,0]:= areaarray[x,0] - 0.5*(wavearray[y]-
wavearray[y+1])*(intensityarray[x,y]+intensityarray[x,y+1]-2*minarray[x]); 
                  end; 
         end; 
end; 
Procedure normalise_area; {Insure that the minimum absorbance is 0 and that the total area 
equals the desired normarea} 
var x, y: integer; 
begin 
     for x:= 0 to (totalint - 1) do 
         begin 
              for y:= 0 to (datasize-1) do 
                  begin 
                       intensityarray[x,y]:= normarea*((intensityarray[x,y]-minarray[x])/(areaarray[x,0])); 
                  end; 
         end; 
end; 
Procedure baseline_correction; {Subtract the baseline} 
var 
   x, y: integer; 
begin 
     for x:= 0 to (totalint-1) do 
         begin 
              for y:= 0 to (datasize-1) do 
                  begin 
                       intensityarray[x,y]:= intensityarray[x,y] - 
basearray[x,0]*(wavearray[y]*wavearray[y]*wavearray[y]) - 
basearray[x,1]*(wavearray[y]*wavearray[y])- basearray[x,2]*wavearray[y]- basearray[x,3]; 
                  end; 
         end; 
end; 
Procedure determine_intervals; {The starting wavenumbers for the six regions are defined} 
var x: integer; 
begin 
     flag:= 0; 
     For x:= 0 to (datasize-1) do 
         begin 
   if (wavearray[x] >= region1min) and (flag = 0) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
  
if (wavearray[x] >= region1max) and (flag = 1) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
 if (wavearray[x] >= region2min) and (flag = 2) 
                 then 

                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
if (wavearray[x] >= region2max) and (flag = 3) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
if (wavearray[x] >= region3min) and (flag = 4) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
if (wavearray[x] >= region3max) and (flag = 5) 
                 then 
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                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
if (wavearray[x] >= region4min) and (flag = 6) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
if (wavearray[x] >= region4max) and (flag = 7) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
 if (wavearray[x] >= region5min) and (flag = 8) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 

                     end; 
  if (wavearray[x] >= region5max) and (flag = 9) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
 if (wavearray[x] >= region6min) and (flag = 10) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
if (wavearray[x] >= region6max) and (flag = 11) 
                 then 
                     begin 
                          interval[flag]:= x; 
                          flag:= flag + 1; 
                     end; 
         end;

 
end; 
Procedure write_output; {Export the intensity normalised spectra} 
var x, y, z: integer; 
begin 
  Assignfile (textfile,'outintensity.prn'); 
  Assignfile (textfile2, 'outwavenumber.dat'); 
  rewrite(textfile); 
  rewrite(textfile2); 
  for z:= 0 to (totalint -1) do 
      begin 
           write(textfile, namearray[z]); 
           write(textfile, ' '); 
      end; 
  writeln(textfile); 
  for x:= 0 to (datasize-1) do 

      begin 
           for y:= 0 to (totalint-1) do 
               begin 
                    write(textfile, intensityarray[y,x]); 
                    write(textfile, ' '); 
               end; 
           writeln(textfile); 
           writeln(textfile2, wavearray[x]); 
      end; 
      closefile(textfile); 
      closefile(textfile2); 

end; 
Procedure Mean Frequency; {Calculate the mean frequency} 
var 
x, y, flag: integer; area: real; 
begin 
     for x:= 0 to (totalint-1) do 
         begin 
              flag:= 0; 
              y:= 0; 
              area:= 0; 
              while flag = 0 do 
                    begin 
                          area:= area - 0.5*(wavearray[y]-
wavearray[y+1])*(intensityarray[x,y]+intensityarray[x,y+1]-2*minarray[x]); 
                          if (area > (0.5*areaarray[x,0])) 
                          then 
                              begin 
                                   areaarray[x,8]:= wavearray[y]; 
                                   flag:= flag +1; 
                              end; 
                          y:= y + 1; 
              end; 
         end; 
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end; 
procedure relative_areas; {Calculate the relative area in each region} 
var x, y, n: integer; 
begin 
     for x:= 0 to (totalint - 1) do 
         begin 
              n:= 0; 
              while n <= 11 do 
                  begin 
                       y:= interval[n]; 
                       while y <= interval[n+1] do 
                           begin 
                           areaarray[x,round((n/2)+1)]:= areaarray[x,round((n/2)+1)]-0.5*(wavearray[y]-
wavearray[y+1])*(intensityarray[x,y]+intensityarray[x,y+1] - 2*minarray[x]); 
                           y:= y + 1; 
                           end; 
                       areaarray[x,round((n/2)+1)]:= areaarray[x,round((n/2)+1)]/areaarray[x,0]*100; 
                       n:= n + 2; 
                  end; 
              areaarray[x,7]:= areaarray[x,topratioarea]/areaarray[x,bottomratioarea]; {ratio} 
         end; 
end; 
Procedure write_relative_area_output; {Export the Area, ratio and mean frequency data}  
var x, y: integer; 
begin 
  Assignfile (textfile,'areaoutput.dat'); 
  rewrite(textfile); 
  writeln(textfile, 'Name Total Region1 Region2 Region3 Region4 Region5 Region6 Ratio Mean 
Frequency'); 
  for x:= 0 to (totalint - 1) do 
      begin 
           write(textfile, namearray[x]); 
           write(textfile, ' '); 
           for y:= 0 to 8 do 
               begin 

                    write(textfile, areaarray[x,y]); 
                    write(textfile, ' '); 
               end; 
           writeln(textfile,'') 
      end; 
      closefile(textfile); 

end; 
procedure TForm1.CalculateButtonClick(Sender: TObject); 
begin 
     inputerror:= false; 
{Obtain the dimensions of the arrays based on wavenumber} 
     if MaximumvalueCheckBox.Checked 
        then 
            begin 
                 val (maxwaveinput.text, maximumwavelength,err); 
                 wavenumbers_size_maximumset; 
            end; 
     if standard_area_calc_radio.Checked 
        then 
            begin 
                 maximumwavelength:= 2500; 
                 wavenumbers_size_maximumset; 
                 {define interval regions} 
            end; 
     if not(MaximumvalueCheckBox.Checked or standard_area_calc_radio.Checked) 
        then wavenumbers_size_fileset; 
{Obtain the dimensions of the arrays based on number of spectra} 
     Val (numberofspectrainput.text,total,err); 
     totalint:= round(total); 
{Obtain the dimensions of the arrays based on whether the areaarray is used to normalise the 
area or do a region analysis} 
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     if (costum_area_calc_radio.Checked or standard_area_calc_radio.Checked) 
        then areaarraydimension:= 9 
             else areaarraydimension:= 1; 
{Input intensities into initialised arrays} 
     initialise_arrays; 
     assign_wavenumbers; 
     fix_minus_intensity; 

     get_rid_of_extra_spaces_intensity; 
     intensities; 

{Normalise intensity to 1} 
     if Norm_int_radio.Checked 
        then 
            begin 
                  maxintensity:= 1; 
                  find_min; 

                  find_max; 
                  normalise_intensity; 
                  write_output; 
                  endbox.text:= 'Done'; 
            end; 

{Normalise intensity to another value} 
     if othermaxint_radio.Checked 
        then 
            begin 
                 val 
(input_maxint.text,maxintensity,err); 
                 find_min; 

                 find_max; 
                 normalise_intensity; 
                 write_output; 
                 endbox.text:= 'Done'; 
            end; 

{Area normalisation} 
     if normarea_radio.Checked 
        then 
            begin 
                 val 
(Norm_area_input.text,normarea,err); 
                 find_min; 

                 find_max; 
                 calculate_total_area; 
                 normalise_area; 
                 write_output; 
                 endbox.text:= 'Done'; 
            end; 

{Baseline correction and area normalisation} 
     if base_area_corr_radio.Checked 
        then 
            begin 
                 fix_minus_base; 
                 get_rid_of_extra_spaces_base; 
                 setlength (basearray, totalint, 4); 
                 baseline; 
                 baseline_correction; 

                 val 
(Norm_area_input2.text,normarea,err); 
                 find_min; 
                 find_max; 
                 calculate_total_area; 
                 normalise_area; 
                 write_output; 
                 endbox.text:= 'Done'; 
            end; 

{Baseline correction without area normalisation} 
     if Base_corr_radio.Checked 
        then 
            begin 
                 fix_minus_base; 
                 get_rid_of_extra_spaces_base; 
                 setlength (basearray, totalint, 4); 

                 baseline; 
                 baseline_correction; 
                 write_output; 
                 endbox.text:= 'Done'; 
            end; 

{Baseline correction and intensity normalisation} 
     if base_int_corr_radio.Checked 
        then 
            begin 
                 fix_minus_base; 
                 get_rid_of_extra_spaces_base; 
                 setlength (basearray, totalint, 4); 
                 baseline; 
                 baseline_correction; 

                 val 
(input_maxint2.text,maxintensity,err); 
                 find_min; 
                 find_max; 
                 normalise_intensity; 
                 write_output; 
                 endbox.text:= 'Done'; 
            end; 

{Calculate predefined area ratios} 
     if standard_area_calc_radio.Checked 
        then 
            begin 
                 region1min:= 401; 
                 region1max:= 500; 
                 region2min:= 501; 

                 region2max:= 800; 
                 region3min:= 801; 
                 region3max:= 1000; 
                 region4min:= 1001; 
                 region4max:= 1300; 
                 region5min:= 1301; 
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                 region5max:= 1700; 
                 region6min:= 1701; 
                 region6max:= 2498; 
                 topratioarea:= 2; 
                 bottomratioarea:= 1; 
                 determine_intervals; 
                 find_min; 

                 calculate_total_area; 
                 relative_areas; 
                 Mean Frequency; 
                 write_relative_area_output; 
                 endbox.text:= 'Done'; 
            end; 

{Calculate user defined area ratios} 
      if costum_area_calc_radio.Checked 
         then 
             begin 
      if region1_CheckBox.Checked 
     then 
     begin 
      val (region1begin.text, region1min, err); 
      val (region1end.text, region1max, err); 
          if (region1min >= region1max) 
         or (region1min < wavearray[0]) 
        or (region1max > wavearray[datasize-1]) 
           then inputerror:= true; 
      inputused[1]:= true; 
     end 
     else 
     begin 
      region1min:= wavearray[1]; 
      region1max:= wavearray[0]; 
      inputused[1]:= false; 
     end; 
      if region2_CheckBox.Checked 
     then 
     begin 
      val (region2begin.text, region2min, err); 
      val (region2end.text, region2max, err); 
          if (region2min >= region2max) 
         or (region2min < wavearray[0]) 
        or (region2max > wavearray[datasize-1]) 
           then inputerror:= true; 
      inputused[2]:= true; 
     end 
     else 
     begin 
      region2min:= wavearray[1]; 
      region2max:= wavearray[0]; 
      inputused[2]:= false; 
     end; 
      if region3_CheckBox.Checked 
     then 
     begin 
      val (region3begin.text, region3min, err); 
      val (region3end.text, region3max, err); 
      if (region3min >= region3max) 
         or (region3min < wavearray[0]) 
        or (region3max > wavearray[datasize-1]) 
           then inputerror:= true; 
      inputused[3]:= true; 
     end 
     else 
     begin 
      region3min:= wavearray[1]; 
      region3max:= wavearray[0]; 

      inputused[3]:= false; 
     end; 
      if region4_CheckBox.Checked 
     then 
     begin 
      val (region4begin.text, region4min, err); 
      val (region4end.text, region4max, err); 
      if (region4min >= region4max) 
         or (region4min < wavearray[0]) 
        or (region4max > wavearray[datasize-1]) 
           then inputerror:= true; 
      inputused[4]:= true; 
     end 
     else 
     begin 
      region4min:= wavearray[1]; 
      region4max:= wavearray[0]; 
      inputused[4]:= false; 
     end; 
      if region5_CheckBox.Checked 
     then 
     begin 
      val (region5begin.text, region5min, err); 
      val (region5end.text, region5max, err); 
      if (region5min >= region5max) 
         or (region5min < wavearray[0]) 
        or (region5max > wavearray[datasize-1]) 
           then inputerror:= true; 
      inputused[5]:= true; 
     end 
     else 
     begin 
      region5min:= wavearray[1]; 
      region5max:= wavearray[0]; 
      inputused[5]:= false; 
     end; 
      if region6_CheckBox.Checked 
     then 
     begin 
      val (region6begin.text, region6min, err); 
      val (region6end.text, region6max, err); 
      if (region6min >= region6max) 
         or (region6min < wavearray[0]) 
        or (region6max > wavearray[datasize-1]) 
           then inputerror:= true; 
      inputused[6]:= true; 
     end 
     else 
     begin 
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      region6min:= wavearray[1]; 
      region6max:= wavearray[0]; 
      inputused[6]:= false; 
     end; 
      val (numeratoregion.text, topratioareareal, 
err); 
      val (ratiodenominator.text, 
bottomratioareareal, err); 
      topratioarea:= round(topratioareareal); 
      bottomratioarea:= 
round(bottomratioareareal); 
      if not(inputused[topratioarea] and 
inputused[bottomratioarea]) 
     then inputerror:= true; 

      if not(inputerror) 
     then 
     begin 
      determine_intervals; 
      find_min; 
      calculate_total_area; 
      relative_areas; 
      Mean Frequency; 
      write_relative_area_output; 
      endbox.text:= 'Done'; 
     end 
      else endbox.text:= 'There is an error in the 
input'; 

end; 
end; 
end. 
 
 
A2. VOLUME CALCULATION PROGRAM 
 

 
 
{This program uses the Cartesian coordinates and atomic numbers of the input file 
to calculate the volume based on the method of A Gavezzotti, J. Am. Chem. Soc. 105, 5220-
5225, 1983 
The atomic radii are taken from Gavezzotti, 
R.D. Shannon, Acta Cryst. A32, 751-767,1976 
A Bondi, J. Phys. Chem. 68(3), 441-451, 1964} 
unit Vol_calc; 
uses 
  Windows, Messages, SysUtils, Classes, Graphics, Controls, Forms, Dialogs, 
  StdCtrls, Buttons, Math; 
type 
  TForm1 = class(TForm) 
    CloseBitBtn: TBitBtn; 
    Calculate_button: TButton; 
    files_GroupBox: TGroupBox; 
    input_Label: TLabel; 
    format_Label: TLabel; 
    description_Label: TLabel; 
    example_Label: TLabel; 

    more_Label: TLabel; 
    output_Label: TLabel; 
    user_comm: TEdit; 
    example_Label2: TLabel; 
    inout2_Label: TLabel; 
    Presicion: TEdit; 
    procedure Calculate_buttonClick(Sender: 
TObject); 

  end; 
var 
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  Form1: TForm1; 
  coordinate_array: array of array of real; 
  in_atom_array: array of array of array of real; 
  VDWrad, Atom_rad: array of real; 
  number_of_atoms, err, number_pointsx, number_pointsy, number_pointsz: integer; 
  volume_total, volume_incr, startx, starty, startz: real; 
  volume_atoms, volume_cavity, endx, endy, endz: real; 
  flag_inside_atom, flag_in_cavity: boolean; 
implementation 
{$R *.DFM} 
procedure input_vdwrad; 
var 
   textfile: text;    x: integer; 
{Reads the van der Waals radii into the array} 
begin; 
      assignfile (textfile, 'vdw_rad.txt'); 
      reset(textfile); 
      setlength(VDWrad, 103); 
      
 

 for x:= 0 to  102 do 
          begin 
               readln(textfile); 
               readln(textfile,VDWrad[x]); 
          end; 

end; 
procedure input_from_file; 
var 
   textfile: text; 
   x, y: integer; 
   atomnumber_real: real; 
{Reads in the data from the input file: input.prn} 
begin; 
     assignfile (textfile,'input.prn'); 
     reset(textfile); 
     {First determine the number of atoms} 
     x:= 0; 
     while not(eof(textfile)) do 
           begin 
                readln(textfile); 
                x:= x + 1; 
           end; 
     number_of_atoms:= x-1; 
     reset(textfile); 
     {Initialise the dinamic arrays} 
     setlength(coordinate_array, (number_of_atoms+1), 3); 
     setlength(Atom_rad, (number_of_atoms+1)); 
     {Read the values into the appropriate arrays} 
     for x:= 0 to number_of_atoms do 
         begin 
              read(textfile,atomnumber_real); 
              Atom_rad[x]:= VDWrad[round(atomnumber_real)-1]; 
              for y:= 0 to 2 do 
                  begin 
                       read(textfile,coordinate_array[x,y]); 
                  end; 
              readln(textfile); 
         end; 
     closefile(textfile); 
end; 
procedure coordinate_system; 
var 
   x: integer;    maxrad: real; 
{Determines the dimensions of the volume to be searched} 
begin; 
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      startx:= 0; 
      starty:= 0; 
      startz:= 0; 
      endx:= 0; 

      endy:= 0; 
      endz:= 0; 
      maxrad:= 0; 

      for x:= 0 to number_of_atoms do 
          begin 
               endx:= max(endx,coordinate_array[x,0]); 
               endy:= max(endy,coordinate_array[x,1]); 
               endz:= max(endz,coordinate_array[x,2]); 
               startx:= min(startx,coordinate_array[x,0]); 
               starty:= min(starty,coordinate_array[x,1]); 
               startz:= min(startz,coordinate_array[x,2]); 
               maxrad:= max(maxrad,atom_rad[x]); 
          end; 
      {ensure that the molecule is in the correct octant of 3D space} 
      for x:= 0 to number_of_atoms do 
          begin 
               coordinate_array[x,0]:= coordinate_array[x,0] + abs(startx) + 1.1*maxrad; 
               coordinate_array[x,1]:= coordinate_array[x,1] + abs(starty) + 1.1*maxrad; 
               coordinate_array[x,2]:= coordinate_array[x,2] + abs(startz) + 1.1*maxrad; 
          end; 
      number_pointsx:= trunc((2*1.1*maxrad + endx - startx)/volume_incr) + 1; 
      number_pointsy:= trunc((2*1.1*maxrad + endy - starty)/volume_incr) + 1; 
      number_pointsz:= trunc((2*1.1*maxrad + endz - startz)/volume_incr) + 1; 
      setlength(in_atom_array, number_pointsx+1, number_pointsy+1, number_pointsz+1); 
end; 
Procedure initialise_in_atom_array; 
var 
   x, y, z:integer; 
begin 
     for x:= 0 to number_pointsx do 
         begin 
              for y:= 0 to number_pointsy do 
                  begin 
                       for z:= 0 to number_pointsz do 
                           begin 
                                in_atom_array[x,y,z]:= 0; 
                           end; 
                  end; 
         end; 
end; 
procedure calculate_volume; 
var 
   a, x, y, z, molendz:integer; 
   posx, posy, posz, centerx, centery, centerz, sum_total, sum_cavity, sum_atoms : real; 
   flag_inside_mol, flag_inside_wall: boolean; 
begin; 
      initialise_in_atom_array; 
      for x:= 0 to number_pointsx do 
         begin 
              posx:= x*volume_incr; 
              for y:= 0 to number_pointsy do 
                 begin 
                      posy:= y*volume_incr; 
                      for z:= 0 to number_pointsz do 
                          begin 
                              posz:= z*volume_incr; 
                               flag_inside_atom:= false; 
                               a:= 0; 
                               while ((a <= number_of_atoms) and not(flag_inside_atom)) do 
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                                   begin 
                                        centerx:= posx - coordinate_array[a,0]; 
                                        centery:= posy - coordinate_array[a,1]; 
                                        centerz:= posz - coordinate_array[a,2]; 
                                        flag_inside_atom:= (((centerx*centerx)+(centery*centery)+(centerz*centerz)) 
<= (Atom_rad[a]*Atom_rad[a])); 
                                        if flag_inside_atom 
                                             then in_atom_array[x,y,z]:= 1; 
                                        a:= a +1; 
                                     end; 
                            end; 
                   end; 
          end; 
     sum_total:= 0; 
     sum_atoms:= 0; 
     sum_cavity:= 0; 
     for x:= 0 to number_pointsx do 
         begin 
              for y:= 0 to number_pointsy do 
                  begin 
                       flag_inside_mol:= false; 
                       flag_inside_wall:= false; 
                       molendz:= number_pointsz; 
                       z:= number_pointsz; 
                       while z >= 0 do 
                           begin 
                                if (in_atom_array[x,y,z] = 1) 
                                   then 
                                       begin 
                                            molendz:= z; 
                                            z:= 0; 
                                       end; 
                                z:= z -1; 
                           end; 
                       for z:= 1 to molendz do 
                           begin 
                                sum_atoms:= sum_atoms + in_atom_array[x,y,z]; 
                                if (in_atom_array[x,y,z] = 1) 
                                   then 
                                       begin 
                                            flag_inside_mol:= true; 
                                            flag_inside_wall:= true; 
                                       end; 
                                if flag_inside_mol and not (in_atom_array[x,y,z] = in_atom_array[x,y,(z-1)]) 
                                   then flag_inside_wall:= false; 
                                if flag_inside_mol and not(flag_inside_wall) 
                                   then sum_cavity:= sum_cavity + 1; 
                                if flag_inside_mol 
                                   then sum_total:= sum_total + 1; 
                           end; 
                  end; 
         end; 
     volume_incr:= Power(volume_incr,3); 
     volume_total:= sum_total*volume_incr; 

     volume_cavity:= sum_cavity*volume_incr; 
     volume_atoms:= sum_atoms*volume_incr; 

end; 
procedure output; 
var 
   x, y, z:integer; 
   textfile: text; 
{The results are saved in the file output.prn} 
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begin 
     assignfile (textfile,'output.prn'); 
     rewrite(textfile); 
     write(textfile, 'Total volume: '); 
     writeln(textfile,volume_total); 
     write(textfile, 'Volume ocuppied by the 
atoms: '); 

     writeln(textfile,volume_atoms); 
     write(textfile, 'Cavity volume: '); 
     writeln(textfile,volume_cavity); 
     closefile(textfile); 

end; 
procedure TForm1.Calculate_buttonClick(Sender: TObject); 
begin; 
      input_vdwrad; 
      input_from_file; 
      Val(Presicion.text,volume_incr,err); 
      coordinate_system; 

      calculate_volume; 
      output; 
      user_comm.text:= 'Done'; 

end; 
end. 
 
 

B. RAW DATA 
 
B1. ULTRAMARINE BLUE KINETIC PEAK FITTING DATA 
 
 
Spectrum Peak 1 Peak 1 Int Peak 2 Peak 2 Int Ratio Ave Ratio Uncertainty

umbl10 542.725 3456.36 578.986 670.653 0.2  
umbl102 540.069 2283.56 574.995 958.82 0.4  
umbl103 543.762 1183.07 578.865 215.091 0.2 0.19 0.02
umbl104 541.757 1197.34 576.442 463.313 0.4 0.3 0.1
umbl301 546.424 193.663 585.666 21.9575 0.1  
umbl302 545.009 705.423 582.165 81.9958 0.1  
umbl303 544.169 1854.61 580.265 287.992 0.2  
umbl304 542.403 4272.75 578.351 857.254 0.2  
umbl305 543.625 1178.56 579.748 222.864 0.2 0.15 0.04
umbl60 544.527 2808.5 582.919 347.586 0.1  
umbl602 545.156 2785.09 583.421 314.326 0.1  
umbl603 544.237 4318.1 581.031 578.612 0.1  
umbl604 544.215 6725.48 581.998 851.471 0.1 0.12 0.01
umbl95 545.967 759.234 578.029 69.1982 0.1  
umbl953 546.469 1253.29 583.098 93.691 0.1  
umbl954 545.479 1483.57 582.583 157.149 0.1  
umbl955 544.44 4829.83 578.315 617.86 0.1 0.10 0.02
Umblack 543.982 1506.58 579.563 263.521 0.2  
Umblack2 543.945 3788.4 577.968 900.849 0.2  
Umblack3 543.943 11462.2 578.36 2456.75 0.2  
Umblack4 542.649 3574.16 579.635 853.635 0.2 0.22 0.03
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C. RAW DATA FOR THE CALCULATION OF THE TRUNCATED 
OCTAHEDRON VOLUME IN SODALITE CRYSTALS  

 
Authors Large 

Base 
Å 

Small 
Base 

Å 

Diagonal 
Height 

Å 

Height 
Å 

Volume 
Å 3 

Werner1 6.273 4.435 4.959 3.841 217.1
Werner2 6.202 4.386 4.903 3.797 209.8
Werner3 6.156 4.353 4.867 3.770 205.2
Werner4 6.092 4.308 4.816 3.730 198.9
Flesche 6.234 4.408 4.928 3.817 213.1
Nilesen1 6.276 4.438 4.962 3.844 217.5
Nilesen2 6.316 4.466 4.993 3.867 221.6
Nilesen3 6.370 4.505 5.036 3.900 227.4
Mead1 6.362 4.498 5.029 3.895 226.5
Mead2 6.380 4.511 5.043 3.906 228.4
Mead3 6.363 4.500 5.030 3.896 226.6
Mead4 6.394 4.522 5.056 3.916 230.0
Lons 6.272 4.435 4.958 3.840 217.0
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D. POSTERS 
 
 
Landman AA, De Waal D, Interpreting Infrared Spectra of Silicates, proc SACI2000, 26 September 
2000, p 138. 
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Landman AA, De Waal, Using The Microscope To Elucidate Sub Microscopic Changes During The 
Formation Of Ultramarine Pigments, December 2001, proc Microscopic Society of Southern Africa, 31, 
p 37, 2001. 
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Landman AA, Boeyens JCA, De Waal D, The Nature of the Ultramarine Red Chromophore, 7th 
Annual Materials Modelling Meeting, University of the North, Polokwane, 2003. 
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Landman AA, De Waal D, Vanadium in the Mullite Structure, SACI Inorganic '03, Roode Vallei Country 
Lodge, Pretoria, 2003. 
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Landman AA, De Waal D, Symmetry in Pigmentary Chromophores, proc INDABA III, p , 8 August 
2000. 
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Landman AA, De Waal D, Vanadium electrons in Pigmentary Chromophores, proc INDABA III, p,  9 
August 2000. 
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De Waal D, Landman AA, Kruger RA, van Schalkwyk J, Using Raman Spectroscopy to verify pigment 
identity, proc Seventeenth International Conference on Raman Spectroscopy (ICORS 2000), Beijing, 
China, p , 20-24 August 2000. 
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Landman AA, De Waal D, Vibrational Spectroscopy of Vanadia in Silicates, proc Colloquium 
Spectroscopicum Internationale (CSI) XXXII, p P8-9, 10 July 2001. 
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Landman AA, De Waal D, The Benefits of Deconvoluting Vibrational Spectra of Pigments Based on 
Aluminosilicates, The First International Conference on Advanced Vibrational Spectroscopy ICAVS-1, 
p P5.44, 19 - 24 August 2001. 
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E. BENEFICIARIES 
 
 
E1. SPHERE-FILL (PTY) LTD 
 
"Sphere-Fill (Pty) Limited is a wholly owned subsidiary of Ash Resources, South Africa. Ash 
Resources currently sells over 1,2 million tons/annum of the finest quality fly ash in Southern Africa 
and the Middle East." (Contact Details - Company profile, Sphere-Fill, 
http://www.superpozz.com/contact1.html, 2002, downloaded 10 September 2002 - 10h00.) The 
spherical form of fly ash makes it potentially functional in improving the workability of plastics. The 
current grey colour of fly ash is however a deterrent, since this colour hides the colour of added 
pigments and fly ash is not marketable in its grey state. Sphere-Fill (Pty) Ltd needed to know whether 
it is possible to colour fly ash. The new colours observed in fly ash will make fly ash more marketable, 
especially the heat treated fly ash. Any company utilising the proposed pigment syntheses will be 
expected to sign a contract with Sphere-Fill (Pty) Ltd as exclusive supplier of fly ash. 
 
E2. ROLFES COLOUR PIGMENTS INTERNATIONAL 
 
Rolfes Colour Pigments International is interested in producing ultramarine blue locally. They can now 
consider using fly ash to produce the pigment. 
 
E3. UNIVERSITY OF PRETORIA 
 
"The University of Pretoria's mission is to: 

• be an internationally recognised academic institution which provides teaching, undertakes 
research and renders community service; 

• fulfil the educational, cultural, social, economic and technological needs of the South African 
and Southern African communities; and 

• be a member of the international scientific community." (University of Pretoria Mission 
statement, University of Pretoria, http://www.up.ac.za/history/mission.html, 05 May 2001, 
downloaded 5 May 2001 - 22:30.) 

 
This project aids in achieving these goals by: 

• Research that is relevant to local companies 
• Research output, with international exposure, in the form of journal articles (1 published, 1 

accepted, 2 submitted and 4 prepared), conference contributions in the form of posters (9) and 
lectures (4) and a thesis/dissertation. 

• Research grants help in extending and improving the facilities at the University of Pretoria. 
 
E4. SCIENCE 
 
Fly ash is a powerful starting reagent in the synthesis of ultramarine blue, and could possibly be used 
in other applications as well. Science gained from this research a methodology for studying the solid-
state reactions of fly ash. 
 
E5. ENVIRONMENT 
 
Man harnesses energy for beneficial purposes. Unfortunately this often has a price. In the Republic of 
South Africa the price of using low grade, abundantly available coal in generating electricity is 
mountains of fly ash. The aim of this project is to find other uses for fly ash and therefore reduce the 
problem of unused resources that pose environmental problems. Less fly ash in the environment will 
benefit not only the Republic of South Africa but also all countries that use coal-fired power plants. 
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F. PUBLISHED ARTICLE 
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