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‘To develop a complete mind:  

Study the science of art; 

Study the art of science. 

Develop your senses – especially learn how to see. 

Realise that everything connects to everything else.’ 

~ Leonardo Da Vinci 

 

 

‘Don’t only practice your art,  

but force your way into its secrets, 

for it and knowledge can raise men to the Divine.’ 

~ Ludwig van Beethoven 
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preface 
 

Introduction 

This thesis is devoted to the field of molecular modelling in solvent extraction, i.e. molecular 

modelling is applied to solvent extraction in an attempt to identify and describe the species that 

form during solvent extraction of Ta and Nb. Since the species are a direct result of the 

mechanisms of solvent extraction, this study will also attempt to clarify the mechanism occurring 

during solvent extraction. 

The thesis is submitted in chapter format, in accordance with the rules stated in the General 

Academic Rules (2015) for doctoral studies by the North-West University (NWU) [1]. The 

submitted articles written from the work done in this study were included as chapters in the thesis. 

The thesis will consequently not contain the conventional experimental and results and discussion 

chapters, but each of the experimental chapters (Chapters 3 to 6) will consist of an introduction, 

computational methods, results and discussion, as well as a conclusion section. The thesis, 

however, is still presented as a unit, as required by the General Academic Rules (2015), and 

therefore is supplemented with an inclusive problem statement, a literature overview and a 

general conclusion. Some repetition of ideas/text/figures may occur in some chapters. 

 

Outcomes of the thesis 

The framework, within which this doctoral degree is compiled, is prescribed in the faculty rules to 

attain the following specific outcomes [2]: 

“The student will write a thesis of high technical quality (with reference to language usage, 

illustrations, tables, graphic representations, etc.) that will demonstrate that the student:  

 has skills in quantitative and qualitative research methodology and in scientific writing; 

 is able to perform the following by integrating the above-mentioned skills and as a 

result of thorough investigation of existing knowledge as reflected by appropriate 

scientific literature: 

 identify a relevant research problem; 

 conduct the required research to solve the problem; 

 evaluate the results scientifically in the context of the problem statement; 
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 communicate the results scientifically. 

According to the requirements set out in the Yearbook 2015 for the Faculty of Natural Sciences, 

Potchefstroom Campus [3]:  

”The student will demonstrate by means of a literature investigation that she has a thorough and 

in-depth knowledge of related scientific literature; has the ability to interpret and debate different 

viewpoints and theories on a scientific basis; has looked up a large enough quantity of recent and 

appropriate historic primary and secondary sources in the speciality area. 

The student will provide proof by means of problem identification that she has a sound insight into 

the nature and aim of the research; has the ability to circumscribe the research topic properly at 

the level of a doctorate. 

Apart from the literature investigation the student will demonstrate that the research method is 

appropriate to the speciality area in view of handling the problem identified and that the research 

method has been selected in a reflexive and responsible manner. 

By scientific evaluation and communication of the results the student will demonstrate the 

following: 

 scientific processing of the thesis, with reference to the handling of appropriate 

quantitative or qualitative research methods and/or techniques, such as modelling, 

mathematical techniques of proof, experiments, observations, systematisation, 

founding of scientific statements, etc., as may be relevant to the problem investigated; 

 the ability to formulate clearly; the ability to present a logical structure; a critical attitude 

and personal insight; 

 the ability to formulate scientifically justified recommendations.” 

 

Rationale in submitting thesis in chapter format 

Currently it is a prerequisite for submitting a PhD thesis for examination purposes at the NWU 

that one article is submitted to an ISI-accredited journal for review. The candidate prepared four 

articles, of which one was accepted for publication, and the other three are under review. The 

candidate’s decision to submit in chapter format, where the four main chapters are based on the 

articles mentioned above, is motivated by the fact that the content of the chapters would already 

be peer reviewed, which will help ensure the scientific quality of the work presented. 
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Abstract 
Solvent extraction (SX) is used for the separation and purification of various metals, including 

tantalum (Ta) and niobium (Nb). Industrial processes for the separation of Ta and Nb traditionally 

use high concentrations of hydrofluoric acid (HF), sulphuric acid (H2SO4) and extractants including 

methyl isobutyl ketone (MIBK), making this process dangerous and detrimental to the 

environment. Ungerer et al. studied the separation of Ta and Nb, investigating safer chemicals 

and alternative techniques. During this study, separation was achieved in a H2SO4 medium using 

the extractants diisooctyl phosphinic acid (DioPA) and di-(2-ethylhexyl) phosphoric acid 

(D2EHPA). The main obstacle during this study remained the speciation of Ta and Nb, springing 

the question of why separation occurred with some extractants and not with the others. One 

method for determining the speciation of a reaction is by using computational techniques for 

molecular modelling. 

Progress in computational chemistry over the last 20 years has made quantum mechanical 

calculations on large molecules, chemical systems as well as on macromolecule reactions 

possible. Calculations based on the density-functional theory (DFT) are now not only used on 

light elements and small molecules, but also on metal complexes, heavy metals and especially 

on metal separation in solvent extraction. The main current goal of computational methods for SX 

is the analysis of the extraction process on the molecular level, determining the molecular 

reactions as well as the system reactions occurring during SX from a thermodynamic point of view 

and thereby developing new methods for whole system analysis of the SX process of metals. The 

advances in computational chemistry consequently provide the possibility to determine with good 

approximation the outcome of proposed SX experiments before embarking on expensive, time 

consuming experiments and environmentally harmful waste generation. 

To investigate the suitability of modelling for this application, a case study (Part 1) was selected 

where it was hypothesised that when TaF5 is dissolved in water, it could react stepwise with water 

to finally form tantalum penta-hydroxide (Ta(OH)5) and other oxyfluoride species including TaOF3. 

Due to the fact that literature on TaF5 reactions with water is limited, TaCl5 and its reactions were 

used to develop the model (method). As part of the model development and verification, DFT was 

used to calculate the energy needed for these reactions, comparing different functionals and basis 

sets. The validated model was then applied to TaF5 as a case study. From the results it was 

confirmed that the reaction of TaX5 (X = Cl or F) with water to form Ta(OH)5 and Ta2O5 is an 

endothermic reaction, while the formation of Ta(H2O)F5 and TaF4OH was exothermic. 
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The next step (Part 2) in the study of the aqueous phase was to calculate the energy needed for 

various reactions of H2SO4 and H2O in an aqueous phase. Again different functionals and basis 

set combinations were used and compared. According to the results, the deprotonation of H2SO4 

was endothermic in a 1:1 acid-water ratio, exothermic forming HSO4
- in a 1:5 acid-water ratio, 

while SO4
2- formed exothermically by a double deprotonation in a 1:10 acid-water ratio. 

Furthermore, it was seen that hydration and dehydration of H2SO4 in a bulk H2O solution was a 

continuous process. From the energy calculations it was determined that although the 

H2SO4.H2O, HSO4
-.H2O and H2SO4.2H2O species could form, they would most likely react with 

H2O molecules to form HSO4
-, H3O+ and H2O. 

The next step (Part 3) combined Part 1 (TaF5 + H2O) and Part 2 (H2SO4 + H2O). The results 

obtained were used to attempt to predict the reaction mechanism occurring during SX. From 

previous modelling it was seen that by increasing the number of water molecules, the reaction 

energy decreased due to molecule stabilisation (hydrogen bonding) and subsequently a 1:1:10 

metal:acid:water ratio was used. Results showed that in a 1:1:10 metal:acid:water ratio the 

deprotonation of H2SO4 was exothermic, leading to the formation of HSO4
- and a lowering of the 

reaction energies from being endothermic to between -40 to -103 kcal/mol. Furthermore, from the 

various reactions and geometries between TaF5, H2SO4 and H2O investigated, it was observed 

that only three species will be available in the aqueous phase during solvent extraction, namely 

TaF5.H2O in a water or diluted acid medium, TaF4.HSO4 in a concentrated H2SO4 medium and 

TaF3OH.HSO4 if the aqueous phase aged. 

In an attempt to understand how extraction occurs, molecular dynamic simulations were used, 

whereby each species (identified in Part 3) was simulated in a 3D periodic box. The stoichiometry 

of each system was determined from previous experimental (SX) conditions and each species 

was investigated at 4 and 10 M H2SO4. Simulations started at a perfectly mixed point. The small-

scale system results showed that TaF5.H2O forms at low H2SO4 concentrations and can be 

extracted with D2EHPA in both 4 and 10 M acidic conditions. The ageing of the aqueous phase 

leads to the formation of TaF4OH, which cannot be extracted with D2EHPA at either 

concentration. An H2SO4 medium leads to the formation of TaF4.HSO4, which could be extracted 

with D2EHPA from both 4 and 10 M H2SO4. The ageing of this solution results in the formation of 

TaF3OH.HSO4, which could not be extracted at either H2SO4 concentration. Furthermore, it was 

seen that, in the 4 M H2SO4 system, the aqueous phase tends to form a droplet within an organic 

bulk solution and when the H2SO4 concentration increased, both phases showed droplet 

properties with break-aways between the phases. 

Key words: Solvent extraction, molecular modelling, tantalum, niobium, DFT, sulphuric acid. 
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Opsomming 
Vloeistof-vloeistof-ekstraksie (SX) word gebruik vir die skeiding en suiwering van verskeie metale, 

insluitend tantaal (Ta) and niobium (Nb). Die industriële proses vir die skeiding van Ta en Nb 

gebruik tradisioneel hoë konsentrasies fluoorsuur (HF), swawelsuur (H2SO4) en 

ekstraheermiddels insluitend metiel-isobutiel-ketoon (MIBK), wat die proses onveilig en 

omgewingskadelik maak. Ungerer et al. bestudeer die skeiding van Ta en Nb, asook veiliger 

chemikalieë en alternatiewe tegnieke. Gedurende hierdie studie is skeiding verkry in ’n H2SO4-

medium met die ekstraheermiddels di-iso-oktiel-fosfiensuur en di-(2-etielheksiel)-fosforsuur. Die 

hoofstruikelblok gedurende hierdie studie was die spesiëring van Ta en Nb, wat die vraag laat 

ontstaan hoekom skeiding met sommige ekstraheermiddels plaasvind en nie met ander nie. Een 

metode om die spesiëring van ’n reaksie te bepaal is die gebruik van berekeningstegnieke vir 

molekuulmodellering. 

Vordering in rekenchemie oor die afgelope 20 jaar maak kwantum-meganiese berekeninge op 

groot molekule, chemiese stelsels asook op makromolekuulreaksies moontlik. Berekeninge 

gebaseer op die digtheidsfunksionaalteorie (DFT) word nou nie net op ligte elemente en klein 

molekule gebruik nie, maar ook op metaalkomplekse, swaarmetale en veral op metaalskeiding 

tydens vloeistof-vloeistof-ekstraksie. Die huidige hoofdoel van berekeningsmetodes vir vloeistof-

vloeistof-ekstraksie is die analise van die ekstraksieproses op molekuulvlak, die bepaling van die 

molekuulreaksies sowel as die stelselreaksies wat vanuit ’n termodinamiese standpunt tydens 

vloeistof-vloeistof-ekstraksie plaasvind om sodoende nuwe metodes te ontwikkel vir die algehele 

stelselanalise van die vloeistof-vloeistof-ekstraksie proses van metale. Die vooruitgang in die 

rekenchemie bied gevolglik die moontlikheid om met goeie benadering die uitkoms van 

voorgestelde vloeistof-vloeistof-ekstraksie-eksperimente te bepaal voordat duur, tydrowende 

eksperimente en omgewingsskadelike afval gegenereer word. 

Om die geskiktheid van modellering vir hierdie toepassing te ondersoek, is ’n gevallestudie (Deel 

1) gekies waar dit veronderstel is dat wanneer TaF5 in water opgelos word, dit stapsgewys met 

water kan reageer om uiteindelik tantaalpentahidroksied (Ta(OH)5) en ander oksifluoriedspesies, 

insluitende TaOF3, te vorm. As gevolg van die feit dat literatuur oor TaF5-reaksies met water 

beperk is, is TaCl5 en sy reaksies gebruik om die model (metode) te ontwikkel. As deel van die 

modelontwikkeling en -verifikasie is DFT met verskillende funksionele en basiese stelle gebruik 

om die energie wat nodig is vir hierdie reaksies te bereken. Die gevalideerde model is daarna op 

TaF5 as ’n gevallestudie toegepas. Vanuit die resultate is bevestig dat die reaksie van TaX5 (X = 

Cl of F) met water om Ta(OH)5 en Ta2O5 te vorm ’n endotermiese reaksie is, terwyl die vorming 

van Ta(H2O)F5 en TaF4OH eksotermies is. 
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Die volgende stap (Deel 2) in die studie van die waterfase was om die energie wat nodig is vir 

verskillende reaksies van H2SO4 en H2O in ’n waterige fase te bereken. Weereens is verskillende 

funksionaal- en basisstelkombinasies aangewend en vergelyk. Volgens die resultate was die 

deprotonering van H2SO4 endotermies in ’n 1:1 suur-waterverhouding, eksotermies met die 

vorming van HSO4
- in ’n 1:5 suur-waterverhouding, terwyl SO4

2- eksotermies gevorm is deur ’n 

dubbele deprotonasie in ’n 1:10 suur-waterverhouding. Verder is daar gesien dat hidrasie en 

dehidrasie van H2SO4 in ’n oormaat H2O-oplossing ’n deurlopende proses was. Uit die 

energieberekeninge is bepaal dat, hoewel die H2SO4.H2O, HSO4
-.H2O en H2SO4.2H2O spesies 

kan vorm, hulle waarskynlik met H2O-molekules sou reageer om HSO4
-, H3O+ en H2O te vorm. 

Die volgende stap (Deel 3) behels die kombinasie van Deel 1 (TaF5 + H2O) en Deel 2 (H2SO4 + 

H2O). Die resultate wat verkry is, is gebruik om die reaksiemeganisme wat tydens SX plaasvind, 

te voorspel. Uit vorige modellering is gesien dat die reaksie-energie deur die toename in die aantal 

watermolekule verminder is as gevolg van molekuulstabilisasie (waterstofbindings) en dus is ’n 

1:1:10 metaal-suur-waterverhouding gebruik. Resultate het getoon dat die deprotonering van 

H2SO4 in 'n 1:1:10-verhouding tussen metaal:suur:water eksotermies was, wat gelei het tot die 

vorming van HSO4
- en ’n verlaging van die reaksie-energieë vanaf endotermies na tussen -40 tot 

-103 kcal/mol. Verder is daar vanuit die verskillende reaksies en geometrieë wat tussen TaF5, 

H2SO4 en H2O ondersoek is, waargeneem dat slegs drie spesies tydens vloeistof-vloeistof-

ekstraksie in die waterfase beskikbaar sal wees, naamlik TaF5.H2O in water of verdunde 

suurmedium, TaF4.HSO4 in ’n gekonsentreerde H2SO4 medium en TaF3OH.HSO4 indien die 

waterfase verouder word. 

In ’n poging om te verstaan hoe ekstraksie plaasvind, is molekuuldinamika-simulasies gebruik, 

waardeur elke spesie (geïdentifiseer in Deel 3) in ’n 3D-periodiese boks gesimuleer is. Die 

stoïgiometrie van elke stelsel is bepaal uit vorige eksperimentele kondisies (vloeistof-vloeistof-

ekstraksie) en elke spesie is by 4 en 10 M H2SO4 ondersoek. Simulasies het begin by ’n volmaakte 

gemengde punt. Die kleinskaal-stelsel resultate het getoon dat TaF5.H2O by lae H2SO4 

konsentrasies vorm en met D2EHPA in beide 4 en 10 M suur-toestande geëkstraheer kan word. 

Die veroudering van die waterfase lei tot die vorming van TaF4OH, wat nie by enige van die 

konsentrasies met D2EHPA geëkstraheer kan word nie. ’n H2SO4-medium lei tot die vorming van 

TaF4.HSO4, wat met D2EHPA uit beide 4 en 10 M H2SO4 geëkstraheer kan word. Die veroudering 

van hierdie oplossing lei tot die vorming van TaF3OH.HSO4, wat nie by enige van die H2SO4 

konsentrasies onttrek kan word nie. Verder is gesien dat die waterige fase in die 4 M H2SO4-

stelsel geneig is om ’n druppel binne ’n organiese oormaat oplossing te vorm en wanneer die 

H2SO4-konsentrasie toegeneem het, het beide fases druppel-eienskappe getoon met wegbreek 

tussen die fases. 
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Sleutelwoorde: Vloeistof-vloeistof-ekstraksie, molekuulmodellering, tantaal, niobium, DFT, 

swawelsuur. 
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1. Background and rationale 

This chapter provides an introduction to the general theme of the thesis and includes a 

background combined with a concise literature overview, the problem statement, the aims and 

objectives of the study, and the methodology applied to achieve the specified aims and objectives. 

Consumer electronics are used on a daily basis, especially for office productivity, communication 

and entertainment. The electronic industry is a major consumer of more than 40 elements for the 

electronic components as in Table 1.1 [1, 2]. 

 

Table 1.1 – Elements and their applications in the electronic industry [1, 2] 

Elements Applications 

Aluminium Protective oxide coatings  

Antimony Infrared detectors, diodes, batteries 

Arsenic Solid state transistors, laser material 

Boron Electrical insulator 

Bromine Fire retardation in plastic  

Carbon Plastics 

Cobalt Magnets, electroplating 

Copper Wires  

Dysprosium Reduce vibration, produce colours 

Europium Produce colours  

Gadolinium Magnets, produce colours, temperature sensors  

Gold Wires 

Indium Electricity conduction in touch screens, transistors, photoconductors 

Lanthanum Produce colours, alkali resistance in glass 

Lead Solder components, vibration reduction 

Lithium Batteries and dry cells 

Neodymium Magnets, reduce vibration, laser material  

Nickel  Microphone, protective coating on other metals  

Phosphorous Semi-conductors 

Potassium Electroplating, produce colours 

Praseodymium Magnets, produce colours 

Silicon Strengthened glass screens, in semi-conductors, insulators and microchips 

Silver Wires, printed circuits, cement for glass, batteries, solder, electrical contacts  

Tantalum Capacitors, wire, electronic components  

Terbium Reduce vibration, produce colours  

Tin Electricity conduction in transparent touch screens, solder components  

Yttrium Produce colours 

 

While Table 1.1 gives a summary of the applications of these elements in the electronic industry, 

these elements are also used in various other applications. In the case of tantalum (Ta) for 

example, about 60% of the total amount currently produced [3] is used for the production of 
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capacitors and electronic components. Due to the advantageous properties (high melting point 

(3017°C), strength and inertness), Ta is used in the nuclear industry as cladding material, in the 

aircraft industry as high power resistors, and to make high strength corrosion resistant alloys, 

cutting tools and military projectiles. 

With the discovery of Ta at the beginning of the 18th century, scientists were unaware of the 

presence of its sister element niobium (Nb) [4]. A mineral sample was sent by John Winthrop 

F.R.S. from the United States to England for analysis. He called the mineral columbite after 

Columbia, the poetical name for the United States [5]. Therefore, elemental Ta and Nb were called 

columbium and only after 1866 when it was proven that two elements were present in the mineral, 

the names tantalum and niobium were used [3]. Similar to Ta, Nb also has a high melting point 

(2477 °C), is corrosion resistant and has superconductivity properties leading to high end 

applications including its use in super alloys for jet engines and heat resistant equipment, nuclear 

fuel cladding, optical lenses, medical implants and superconducting magnets [6, 7]. 

Metallic impurities such as iron (Fe), silicon (Si), titanium (Ti) and molybdenum (Mb) influence the 

super-conducting properties of Nb, while interstitial impurities such as Ta and vanadium (V) have 

a strong influence on the ductility and brittleness of Nb [8]. The hardness of Nb is used in industry 

as a sensitive indicator of purity. Two main melting methods used to produce metallic Nb are 

vacuum arc melting and electron-beam melting. The former method produces commercially-pure 

Nb with a hardness between 100 and 130 kg.mm-2, while electron-beam melting provides a metal 

with a hardness of 45 kg.mm-2 [8]. Electron-beam melting introduces gaseous impurities leading 

to a lower metallic purity. On the other hand, if Ta is the main product with Nb as an impurity, the 

tensile strength of Ta decreases especially at high temperatures [9]. In concentrated hydrogen 

environments, Nb can absorb up to 222 ppm hydrogen and Ta up to 100 ppm leading to brittleness 

and metal failure. By using pure Ta and adding Tungsten (W) the effect of hydrogen absorption 

resistance and corrosion resistance increases [10]. 

Due to the similarities between the chemical and physical properties of Ta and Nb, separation 

has been problematic since their discovery. There are various methods available for the 

separation of these two metals [7] of which solvent extraction (SX) is used most frequently [7]. 

Traditional SX processes of Ta and Nb use the extractants methyl isobutyl ketone (MIBK) and tri-

butyl phosphate (TBP) [7, 11]. MIBK gives separation factors up to 1600 for various metals [11] 

and purity up to 99% [7], is selective towards selenium (Se), tellurium (Te), antimony (Sb), 

zirconium (Zr), hafnium (Hf), Ta and Nb [12, 13], and is non-selective towards impurities such as 

calcium (Ca), manganese (Mn), copper (Cu), aluminium (Al), Ti and Fe [11, 12]. Furthermore, 

MIBK is available in a pure state in bulk quantities at reasonable cost [14] compared to other 

extractants. On the other hand, the disadvantages of MIBK include its low flash point (15°C) which 
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can result in explosions [15], health and environmental problems [16] and difficulties during phase 

separation caused by its high density [17]. 

The advantages of TBP are similar to those of MIBK, which include the cost on industrial scale, 

the selectivity towards the separation of rare earth metals, Zr, Hf, Ta and Nb [13] and it is non-

volatile at room temperature [18]. However, TBP has a high viscosity, and when diluted with an 

inert diluent, water is dissolved to some extent into the organic phase [18]. An inert diluent that is 

commonly used in industry is kerosene [7] (a cost effective by-product from the petrochemical 

industry), with a viscosity below 2 mPa.s, boiling point between 420 K and 520 K, density ranging 

from 750 kg.m-3 to 900 kg.m-3 and a flash point temperature at least 25 K higher than the working 

temperature of the plant [19]. The main disadvantage, however, of using kerosene as diluent for 

TBP in the presence of concentrated nitric acid (HNO3), is the possible formation of the explosive 

red oil [20, 21]. Various studies have been conducted to circumvent these disadvantages in 

commercial plants by, for example, using other extractants like D2EHPA (di-2-ethylhexyl 

phosphoric acid), DioPA (di-iso-octyl-phosphinic acid) [22] and ionic liquids [23]. 

In a recent study, Ungerer et al. [22] studied the SX-based separation of Ta and Nb using 

alternative and safer chemicals while investigating the suitability of membrane-based solvent 

extraction (MBSX). While partial separation of Ta and Nb was achieved, it was not possible to 

predict extraction behaviour prior to experimental testing due to the current absence of speciation 

data for Ta and Nb. A possible reason for the absence of speciation data may be due to their 

insolubility in most aqueous liquids [24, 25] and because they are UV inactive, making the 

detection and identification of the aqueous species difficult. An alternative method that could, 

however, be suitable for predicting the speciation and hence extraction of Ta and Nb is molecular 

modelling [26]. Applying molecular modelling to SX could, for example, entail a step-by-step 

analysis of the extraction process on a molecular level, thereby determining the molecular 

properties as well as the system reactions occurring during SX. 

During the experimental screening to determine the optimum variables, including the type and 

concentration of acid, type and concentration of the extractant, diluent, E/M ratio and extraction 

time, significant amounts of chemicals are used which have both cost and waste implications. 

Again, molecular modelling might be a beneficial tool to determine the mechanism underlying the 

SX, while simultaneously reducing the experimental cost and time and minimising the 

environmental impact. 

Additional advantages of using molecular modelling include accurate control over virtual 

experimental conditions, unlimited characterisation capabilities and high accuracy predictions 

[27]. Molecular modelling can be used to calculate molecular properties such as the structures of 

ground, excited and transition states, atomic charges and electrostatic potentials, bond energies 
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and reaction energies, dipole moments, polarisabilities and hyperpolarisabilities, vibrational 

frequencies (infrared and Raman spectra) and NMR chemical shifts. These could then be used 

to identify reaction pathways and mechanisms [28]. 

The disadvantages of using molecular modelling are that it is computer intensive, limited by 

computational resources and cannot predict effects not included in the simulation [27]. In addition, 

calculations can be performed on any system, even those that do not exist. Therefore, choosing 

a system to model requires some underlying verification based on either experimental or other 

modelling data [28]. 

 

2. Problem statement 

SX, also known as liquid-liquid extraction, is a separation method based on the relative solubility 

of two or more compounds in two immiscible or partly immiscible liquids. These two immiscible 

liquids are usually water (forming the aqueous phase) and an organic solution (which forms the 

organic phase). Extraction is ideally achieved if one of the compounds is retained in the one liquid 

phase and the other compound(s) is extracted into the other liquid phase. 

In a previous study, Ungerer et al. [22, 29] showed that the separation of Ta and Nb was possible 

with SX using sulphuric acid (H2SO4) in the aqueous phase, with phosphorous-based extractants 

(D2EHPA and DioPA) diluted with cyclohexane in the organic phase. The three most crucial parts 

in the understanding of the mechanistic extraction of Ta/Nb are the understanding of 1) the 

aqueous chemistry of the Ta and Nb species in acidic aqueous solutions; 2) the extractant (or 

active analogue) available for extraction in the organic solvent and 3) the interaction between the 

aqueous solute species and the extractant in the organic solvent on a molecular level. 

The extraction mechanism with D2EHPA is well known for metallic ions with a 2+ [12, 30] and 4+ 

oxidation state [31-33], but Ta and Nb both are in the 5+ oxidation state. Numerous studies have 

been done on the SX of Ta and Nb [7, 11, 34], but no model exists to theoretically explain the 

three points stated above. Although some species of Ta and Nb in acidic media have been 

identified [3], the actual speciation both in the acidic media as well as during the extraction 

process is unknown. Hence experimental studies continue on a trial-and-error basis, showing the 

need for more theoretical insight. 

An alternative method that could, however, be suitable for predicting the speciation and hence 

the extraction of Ta and Nb is molecular modelling [26], from which a theoretical model may be 

developed for future predictions of ligand choices (in both the aqueous and organic phases) and 
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possible differences between Ta and Nb to increase the separation efficiency of specific SX 

systems. 

 

3. Aim and objectives 

In view of the above mentioned, the aim of this study was the use of molecular modelling to 

investigate the SX process of Ta on a molecular level, comparing the theoretical obtained data 

with experimental data. To achieve this aim, the following objectives where identified: 

i. Geometry optimisation of all the components (metal species, ions, acids and extractants) 

involved in the SX process. 

ii. Compiling energy profiles to investigate various reaction equations to determine the most 

probable reaction pathway and the subsequent mechanisms of SX. 

iii. Simulation of the organic and aqueous phases in periodic systems (creating unit cells). 

iv. Combining the periodic organic and aqueous phases to simulate the SX process. 

v. Comparing experimental SX results with the modelled SX results. 

 

4. Outline of thesis 

A visual representation of the thesis outline is given in Figure 1.1. Chapter 1 includes an 

introduction to this study consisting of a short background on Ta and Nb, a problem statement, 

as well as a section stating the aim and objectives of this study followed by the outline of the 

thesis. 

Chapter 2 gives a literature overview introducing the history of molecular modelling and the type 

of modelling to be used. The basic theory of SX is discussed with reference specifically to the 

Ta/Nb system and the modelling of the SX system. 

Chapter 3 entails a model development and its verification, which was done by comparing 

experimental data of tantalum(V) chloride (TaCl5) reactions with modelled data of TaCl5 reactions 

— both in water. The model that closely represented the experimental TaCl5 data was applied to 

a case study of tantalum(V) fluoride (TaF5) reactions in water. From this the species with the 

highest probability to form were identified. 

Chapter 4 covers the development and verification of a model of sulphuric acid reactions in a 

water phase. 
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Figure 1.1 – Outline of thesis 

 

The species identified in Chapter 3 were further optimised in Chapter 5 by adding sulphuric acid 

(H2SO4) molecules to the modelled water phase to simulate the aqueous phase of the SX process. 

In addition, various functionals and basis sets were investigated to find a suitable model to 

describe the aqueous phase. 

In Chapter 6, the periodic organic phase that is needed in the SX process was built and added 

to the periodic aqueous phase to simulate an SX process. In addition, the interface interactions 

that occur between these two phases were studied focussing on the mechanism of SX. 

Chapter 3

TaX5 + H2O (X=Cl, F)

Chapter 4

H2SO4 + H2O

Chapter 5

TaF5 + H2SO4 + H2O

SX: Aqueous

Chapter 6

SX: Aqueous + Organic Phase

Chapter 1

Introduction

Chapter 2

Literature Overview

Chapter 7
Evaluation and 

Recommendations

Implicit model

Implicit & explicit 

models

Periodic model
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In Chapter 7, the evaluation and recommendation chapter, the modelling results obtained from 

Chapters 3 – 6 were reviewed, summarised and evaluated. Subsequently, recommendations are 

presented on future work focussing specifically on i) using the tetrameric form of TaF5, ii) 

investigating macro systems of SX. 
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2.1 Introduction 

The two sister elements tantalum (Ta) and niobium (Nb) are located in the same group (VB) in 

the periodic table. Due to their similar chemical and physical properties (Table 2.1), for example 

having the same ionic radius due to lanthanide contraction [1], Ta and Nb are usually found 

together in nature. This similarity of chemical and physical properties is also the reason for the 

difficulty in separating the two transition metals. However, there are subtle differences between 

the two elements and in theory these subtle differences could be exploited to achieve separation 

as has been demonstrated previously [2]. 

 

Table 2.1 – General information and properties of tantalum and niobium 

Properties Tantalum Niobium 

Discovery date [3] 1802 1801 

Discovered by [3] Anders G. Ekeberg Charles Hatchet 

Atomic Number [4] 73 41 

 

 

 

Atomic mass [3] 180.95 g.mol-1 92.91 g.mol-1 

Density [3] 16.4 g.cm-3 (20 °C)  8.57 g.cm-3 (20 °C)  

Melting point [3] 3017 °C 2477 °C  

Boiling point [3] 5458 °C 4744 °C 

Van der Waals radius [5] 0.145 nm 0.145 nm 

Ionic radius [1] 0.64 Å 0.64 Å 

Electronic shell [4] [Xe]4f145d36s2 [Kr]4d45s1 

Energy of first ionisation [4] 7.5496 eV 6.7589 eV 

Stable isotopes [6, 7] 180Ta, 180mTa 93Nb 

Minerals [3] Tantalite, microlite, wodginite  Colombite, 
pyrochlore  

Crystal structure Body centred cubic Body centred cubic 

Price (99.9% pure) [3] USD 2 /g USD 50 ¢/g 

 

Ta and Nb are valuable transitional metals, with various high-end uses. Apart from its use in the 

nuclear industry as cladding material, Ta is used in capacitors and electronic components, high 
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power resistors, high strength corrosion resistant alloys, cutting tools, military projectiles and the 

aircraft industry. Nb, on the other hand, is used in super alloys for jet engines and heat resistant 

equipment, nuclear reactor fuel cladding, optical lenses, medical implants and superconducting 

magnets [8, 9]. The value of these metals increases with purity; therefore a highly efficient 

separation process is essential. Several methods have been used to separate Ta and Nb, wherein 

high concentrations of sulphuric acid (H2SO4) and hydrofluoric acid (HF) at high temperatures are 

often used [9, 10]. 

Traditionally two process routes are used for the separation of Ta and Nb, i.e. fluorination or 

chlorination [11]. The first process entails the fluorination of the raw mineral. In this process, 

concentrated HF or a mixture of concentrated HF and H2SO4 are used. The dissolved fluoride 

metals are firstly filtrated and then separated with fractional crystallisation, producing K2TaF7. 

Disadvantages of this process include the formation of soluble fluoride impurities, which could 

contaminate the end product. In addition, both the HF and the fluorinated by-products have an 

adverse effect on the environment. The second method entails the chlorination of the raw mineral, 

producing the pentachlorides TaCl5 and NbCl5, followed by a distillation process to separate and 

purify the metals. The latter process, however, produces a large amount of by-products, while 

being a lengthy and costly separation process. 

A technology that has been used successfully for the separation and purification of various metals, 

including copper (Cu) [12], nickel (Ni) [13], iron (Fe) [14], platinum group metals (PGMs) [15-17], 

uranium (U) [18, 19], zirconium (Zr) [20], hafnium (Hf) [21], Ta [8, 9, 22, 23] and Nb [24], is solvent 

extraction (SX). SX can be used to exploit the subtle differences between Ta and Nb.  

Ta and Nb can exist in several valence states such as +5, +4, +3, +2 and +1, but only Nb(V) and 

Ta(V) are stable in solution [2, 3], forming similar species in acidic media. The reduction of Ta(V) 

to its lower valence state cannot be achieved with strong reducing agents such as aluminium (Al), 

zinc (Zn) and cadmium (Cd) [2, 23]. Nb(V) is more reactive and can be reduced in acidic solutions 

to Nb(III), where complex anions (NbCl6)3-
 or (Nb(SO4)3)3-

 are formed in concentrated solutions of 

hydrochloric acid (HCl) or sulphuric acid (H2SO4), respectively [2]. However, reduced Nb(III) is 

unstable and can be oxidized to Nb(V) by atmospheric oxygen. In neutral or acidic solutions, Nb 

and Ta hydrolyse to form hydrophilic colloids. 

The soluble species of Nb(V) and Ta(V) form complex ions with anionic ligands in acidic solutions 

which can be represented as a distribution function of pH [23]. When the pH < -1, the cationic 

form (Nb(OH)4
+) is the dominant species (> 80%). As the pH increases, the amount in the cationic 

form decreases, while the amount of the neutral Nb(OH)5 increases. At pH = -0.6, the cationic 

and neutral Nb complexes are at equilibrium, whereas only the neutral Nb compound is present 

at a pH > 1. Similar tendencies have been observed for Ta, albeit at higher pH values. When the 
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pH < 1, the relative content of the cationic Ta(OH)4
+ dominates, while the neutral Ta(OH)5 

dominates at pH > 1, reaching 100% at pH > 3. At pH = 1 the two complexes are in equilibrium. 

In HF at low concentrations, NbOF5
2- and TaF7

2- are formed, while at high concentrations NbF6
- 

and TaF6
- are formed [8, 23]. 

Apart from the above explained species distribution as a function of pH, the use and 

understanding of speciation data, specifically for SX processes, is limited due to the lack of 

detection methods [25]. In addition, it has been shown [26] that the speciation of mass transfer 

complexes do not always correspond to those represented in, for example, a pH distribution 

speciation graph. An alternative method for species identification could be molecular modelling, 

which in essence uses theoretical methods in combination with computational techniques to 

mimic the behaviour of molecules in various states and systems. 

To date, molecular modelling has been used in a variety of fields of computational chemistry, 

such as the pharmaceutical industry for drug design, computational biology, biochemistry and 

material science to study various properties such as the structure, dynamics, surfaces and the 

thermodynamics of inorganic, organic, biological and polymeric systems. A broad range of 

systems have be considered in molecular modelling, ranging from isolated molecules through 

simple atomic [27, 28], ionic [29] and molecular liquids [30] to polymers [31, 32], biological 

macromolecules such as proteins [33] and DNA [34, 35], solids [36] and surfaces [37]. The types 

of predictions possible with molecular modelling include molecular geometry or structures of 

ground-, excited- and transition states, heats of formation, bond-, molecular- and reaction 

energies, thermochemical stabilities, energies and structures of transition states (activation 

energy), reaction pathways, kinetics and mechanisms, charge distributions in molecules, 

substituent effects, electron affinities, ionisation potentials, vibrational frequencies (infrared and 

Raman spectra), electronic transitions (ultraviolet (UV) / visible spectra) and magnetic shielding 

effects (nuclear magnetic resonance (NMR) spectra) [38, 39]. The drawback of molecular 

modelling is that the higher the required accuracy of your modelled system, the higher the 

functional and basis set levels used need to be, thus increasing computational time. With the 

advances in computational abilities, especially with regard to computer memory and speed, the 

molecular modelling abilities have improved. 

In the following sections, a more detailed discussion on SX (Section 2.2) and molecular modelling 

(Section 2.3) is presented, followed by a discussion on combining both SX and modelling 

(Section 2.4). 
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2.2 Solvent Extraction (SX) 

SX, also known as liquid-liquid extraction or partitioning, is a separation method based on the 

relative solubility of two or more compounds in two immiscible or partly immiscible liquids [40]. 

These two immiscible liquids are usually based on water (forming the aqueous phase) and an 

organic solvent (that forms the organic phase). Separation is ideally achieved if one of the 

compounds is retained in the one phase while another compound(s) is extracted into the other 

phase. 

Traditional SX processes for Ta and Nb use the extractants methyl isobutyl ketone (MIBK) and 

tri-butyl phosphate (TBP) to selectively extract Ta over Nb as metal oxides (M2O5, M = Ta/Nb) 

from either a H2SO4 or HCl phase into the organic phase [23]. However, the drawback of using 

MIBK is its low flash point at 15°C, which can cause explosions in industry [41]. Health and 

environmental problems have been reported [42] and because of its high density difficulty in 

phase separation [43] was experienced. In addition TBP, when diluted in kerosene, can form an 

explosive red oil in the presence of concentrated nitric acid [44, 45]. 

In a recent study, Ungerer et al. [46] studied the solvent extraction (SX) based separation of Ta 

and Nb using alternative and safer chemicals, while investigating the suitability of membrane-

based solvent extraction (MBSX). A small scale laboratory study was done using batch single 

stage extractions. In this process, shown in Figure 2.1, the aqueous phase consisted of Ta(Nb)F5, 

dissolved in deionised water and H2SO4, while the organic phase consisted of an extractant (di-

(2-ethylhexyl)-phosphoric acid (D2EHPA) or diiso-octyl phosphinic acid (DioPA)), diluent 

(cyclohexane) and modifier (1-octanol). 

 

Figure 2.1 – Batch wise solvent extraction process [22] 
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While partial separation of Ta and Nb was achieved, it was not possible to predict extraction 

behaviour prior to experimental testing, due to the absence of speciation data for Ta and Nb, 

which may be due to i) their insolubility in most aqueous liquids [47, 48] and ii) their UV inactivity 

making the detection and identification of the aqueous species difficult. An alternative method that 

could be suitable for predicting the speciation and hence extraction of Ta and Nb is molecular 

modelling [49]. Applying molecular modelling to SX could, for example, entail a step-by-step 

analysis of the extraction process on a molecular level, thereby determining the molecular 

properties as well as the system reactions occurring during SX. 

 

2.3 Molecular Modelling 

The following section looks at the background of molecular modelling and the different functionals 

and basis sets that can be used, as well as at the advantages and disadvantages of using these 

methods. 

 

2.3.1 Background 

The SX process described above is conducted on a macroscopic level compared to molecular 

modelling which is conducted on an atomic level. This change in the process scale needs a 

change in the thinking and a different rationale. On a macroscopic level one can for example 

consider Newton’s second law of motion for everyday objects (in use since 1687) [50]: 

F = ma 

where F is the force (N or kg.m/s2), m is the mass (kg) and a is the acceleration (m/s2). This law 

mathematically predicts various kinds of motion at any time after a known initial condition [51], 

but when it is applied to the smallest scale (atomic or subatomic level) this law no longer applies. 

Thus, quantum mechanics were established at the beginning of the twentieth century and was 

applied to develop the analogue to Newton’s second law, i.e. Schrödinger’s equation [52] for a 

system consisting of atoms, molecules and subatomic (free, bound or localized) particles. 

Experimental evidence suggested that atomic particles not only behaved like particles but also as 

waves. Taking the wave-like motion into account, the Schrödinger equation was derived in 1926 

[52]: 

∂
2
Ψ

∂x
2

+ 
8π

2
m

ħ
2

(E-V)Ψ=0 
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where ∂
2
 is the second derivative with respect to x, x is the position, m is the particle mass, ħ is 

the Planck constant (J.s) divided by 2π, Ψ is the Schrödinger wave function, E is the energy (equal 

to hν, with v the frequency) and V is the potential energy (equal to ½κx2, with κ a positive constant 

and position x) influencing the particle. From this equation the general time-dependent 

Schrödinger equation is derived [53]: 

iħ
∂

∂t
Ψ(r, t)=ĤΨ(r, t) 

where i is an imaginary unit (√-1), Ψ(r, t) is the Schrödinger wave function defined over space 

and time, r is the particle’s position in space and Ĥ is the Hamiltonian operator (which 

characterises the total energy of any given wave function). This time-dependent Schrödinger 

equation describes how the wave function changes as a result of forces acting on the particle 

over time. This equation can be simplified into the time-independent Schrödinger equation for 

standing waves or stationary states, which describes the atomic orbitals and molecular orbitals 

[53]: 

EΨ = ĤΨ 

Solving these equations are time consuming, takes skill and could only be solved for hydrogen, 

containing only one electron. When a many-body problem is considered, these equations cannot 

be solved analytically. From the 1940s, development of faster and more efficient computer 

technologies made the solutions to elaborate wave equations of complex atomic systems a 

realisable objective [54]. This is where computational chemistry was born. Differing from 

theoretical chemistry, where chemistry is defined as a mathematical description, computational 

chemistry is defined by mathematics in the form of algorithms and computer programs. Both 

algorithms and computer programs have been sufficiently well developed by chemists, physicist 

and mathematicians to predict atomic and molecular properties and reactions pathways [55]. 

 

2.3.2 Modelling Methods 

Due to the increased demand to simulate realistic systems consisting of large molecules and 

reaction pathways in different media, especially in biochemistry, various methods have been 

developed, each with different approaches and approximations. Current examples of such 

modelling methods include molecular mechanics, molecular dynamics, semi-empirical and 

empirical methods, modelling in the solid state, ab initio and density functional theory (DFT) [55, 

56]. Ab initio methods have great accuracy for small molecules, but the computational cost 

increases up to a factor of N4, where N is the relative measure of the system size [39]. DFT on 
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the other hand uses approximation methods and thus has greater accuracy for systems with 

larger molecules or larger systems with many smaller molecules [39].  

Keeping the SX system that was discussed in Section 2.2 in mind, both ab initio and DFT 

modelling could be used for investigating how Ta and Nb are extracted from the water into the 

organic phase. Accordingly, a concise description of both ab initio and DFT will be discussed in 

this section.  

 

Ab Initio 

Two basic theories that have been developed to describe chemical bonding using quantum 

mechanics are the valence bond (VB) theory and the molecular orbital (MO) theory. According to 

the VB theory, a covalent bond is seen as the overlap of half-filled valence atomic orbitals, each 

containing one unpaired electron, to form weakly coupled orbitals. When a molecule is 

considered, the assumption is that the inner-shell orbitals and electrons remain unchanged during 

the formation of bonds [56]. In MO theory, it is assumed that each molecule has a set of molecular 

orbitals, where each orbital has a wave function [56]. In essence, electrons are treated as moving 

in the whole molecule, subject to the influence of the nuclei, and therefore not constrained to the 

individual bonds between atoms. 

In 1950, the Hartree-Fock (HF) method for molecules was established as the rigorous and 

consistent approach where MOs were defined as Eigen functions of the self-consistent 

Hamiltonian field [57]. The fundamental assumption of the HF theory is that each electron sees 

all the other electrons as an average field and will be influenced by the remaining electrons 

present in the same system. In other words, the HF method gives an approximate solution for 

wave function and energy of a quantum many-body system in a stationary state. However, in the 

HF method the repulsion energy between two electrons is calculated between an electron and 

the average electron density for the other electron, suggesting that two electrons have the same 

probability of being in the same space or in a separate symmetry space. This neglect of electron 

correlation has chemical consequences when determining the accurate solutions of the wave 

functions and derived properties thereof [56]. In spite of its significant fundamental assumption, 

the HF theory has been adopted into the ab initio philosophy. 

Ab initio is Latin for ‘from the beginning’, indicative of ‘from first principles of quantum mechanics’. 

Different from other computational methods, ab initio quantum chemistry is based solely on 

established laws of nature, i.e. quantum mechanics. Many types of ab initio calculations initiate 

with HF calculations, before correcting the electron-electron repulsion, also known as electronic 

correlation [55, 56] for the modelled system. The atom-centred functions used to describe the 
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atomic orbitals are in essence mathematical functions and are known as basis functions or 

collectively as a basis set. Larger basis sets have fewer restrictions on the wave function and thus 

give better approximations of the atomic orbitals, but at a higher computational cost [55]. Various 

basis sets have been developed to construct wave functions in an attempt to solve the 

Schrödinger equation. These different basis sets, approximations and functionals have given rise 

to different classes of ab initio modelling methods, having been carefully designed to give the best 

description at the lowest cost [56]. Some of the different ab initio modelling classes (such as 

Hartree-Fock, post-Hartree-Fock and multi-reference methods) with some of their dates of 

development are listed below [58, 59]: 

Hartree-Fock methods 

 Hartree-Fock (HF) (1928) [60] 

 Restricted open-shell Hartree-Fock (ROHF) (1960) [61] 

 Unrestricted Hartree-Fock (UHF) (1971) [62] 

Post-Hartree-Fock methods 

 Møller-Plesset perturbation theory (MPn) (1934) [63] 

 Configuration interaction(CI) (1977) [64] 

 Coupled cluster (CC) (1958) [65, 66] 

 Quadratic configuration interaction (QCI) (1987) [67] 

 Quantum chemistry composite methods 

Multi-reference methods 

 Multi-configurational self-consistent field (MCSCF) (1985) [68, 69] 

 Multi-reference configuration interaction (MRCI) (1973) [69, 70] 

 n-electron valence state perturbation theory (NEVPT) (2001) [71] 

 Complete active space perturbation theory (CASPTn) (1982) [72] 

 State universal multi-reference coupled-cluster theory (SUMR-CC) (1981) [73] 

The advantages of ab initio methods include absolute control over ‘experimental’ conditions, 

unlimited characterisation capabilities and high accuracy predictions [39]. The disadvantages of 

using ab initio are that they are computer intensive, hence limited by computational resources 

and cannot predict effects not included in the simulation [39]. To speed up the computation time, 

semi-empirical methods, based on quantum mechanics, were developed which replaced explicit 

calculations with experimentally based approximations [39]. 
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DFT (Density Functional Theory) 

DFT focusses on functionals (functions of functions) that return the energy of the system, in other 

words instead of using a wave function, the total energy of a system is expressed in terms of the 

one-electron density. DFT has its conceptual roots in the Thomas-Fermi (TF) model, which was 

established in 1927 [74-76]. The TF model is a statistical model to determine the distribution of 

electrons in an atom, with the approximation that the electrons are distributed uniformly in each 

small volume, but the electron density can still vary from one small volume to the next. Due to 

limited accuracy in the resulting kinetic energy, correction terms were needed to improve this 

model by adding approximations, for example the exchange energy by Dirac (1928) [77], the 

kinetic energy by von Weizsäcker (1935) [78] and others [79]. The TF model and its 

approximations were widely used for solid-state physics, but had little impact on chemistry, due 

to the deviations in the exchange energy and the complete disregard of electron correlation 

causing large errors in molecular calculations. However, in 1964 Hohenberg and Kohn provided 

two theorems [80] that established DFT as a legitimate quantum chemical methodology [56]. 

These theorems proved that i) the ground-state electronic density determines the Hamiltonian, 

which in turn determines the ground-state electronic wave function and ii) the electronic energy 

assumes its minimum for the correct ground-state density [56, 79]. 

Even with all these equations and theorems there was no satisfactory level of accuracy. For this 

reason, Kohn and Sham proposed a method (KS method) of combining wave functions and the 

electron density approach [55]. Within the KS method [81], the many-particle problem of 

interacting electrons in a static external potential is reduced to a system of non-interacting 

electrons moving in an effective potential. Now the exact ground state energy and electron density 

could be calculated if the electronic exchange correlation functional was known. However, in 

reality, this exact functional is unknown, but extensive research has been done and new variations 

are published regularly. The density approximations/variations to date can be depicted as a ladder 

(Jacob’s ladder shown in Figure 2.2), where each step on the ladder represents increasing 

chemical accuracy. 

The first step on the ladder is the local spin density approximation (LDA) of the KS method. The 

LDA takes the difference between classical and quantum electron-electron repulsion into account, 

as well as the kinetic energy difference between the real system and the non-interacting system. 

On average, the LDA gives reasonable geometries and vibrational frequencies, but overestimates 

correlation and bond energies and underestimates the exchange energy, due to the lack of spatial 

variation [79]. 
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Figure 2.2 – Jacob's ladder of density functional approximations (reproduced from [82]) 

 

The next step on the ladder is the generalised gradient approximation (GGA). The GGA gives a 

better description of spatial variation by including the gradient of density [79, 82]. The GGA 

improves the binding energies and geometries. 

The third step in the Jacob’s ladder is meta-GGA, which includes the Laplacian of the density 

(∇2ρ(r) second derivative of density) [79, 82]. While Meta-GGA gives better results, it does have 

poor numerical stability. An examples of meta-GGA is TPSS (Tao, Perdew, Staroverov and 

Scuseria correlation) [83]. 

The fourth step is the hybrid functionals where GGAs or meta-GGAs with exact exchanges are 

combined with HF theory (wave function approximation) [82]. Examples of hybrid functionals are 

B3LYP (Becke exchange plus Lee-Yang-Parr correlation [84, 85]) and PBE0 (mixing of PBE 

exchange energy with HF exchange energy at a 3 to 1 ratio, with the full PBE correlation energy 

[86]). 

The fifth and currently the last step on the ladder is hyper-GGA. Hyper-GGA has the correct formal 

properties of the hybrid functionals in the previous step, but the correlation part is more compatible 

with exact exchange. An example of hyper-GGA is RPA+ (random phase approximation [87, 88]). 

As you move down the ladder, the calculations are simpler to run, but accuracy in terms of 

exchange and correlation energies decrease, moving up on the ladder the accuracy increases 

exponentially with an increase in mathematical difficulty. Development of better approximations 

to determine the true exchange-correlation functional is certain to remain an attractive and 

promising subject for years to come. 
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As seen from the above discussion on ab initio and DFT methods, many molecular properties can 

be computed [56]. The drawback of modelling these properties listed is that calculations can be 

very expensive in terms of computational power and time required; also, calculations can be 

performed on any chemical system, including those that do not exist. Therefore, choosing a 

system to model has to have some underlying part in experimental or existing literature work. As 

such, DFT usage tends to favour a more sophisticated user. On the other hand, modelling has 

the advantage of becoming less expensive, whereas experiments are becoming more costly, 

calculations are relatively easy to perform, whereas experiments are often difficult, calculations 

are safe, whereas many experiments have an intrinsic danger associated with them [56]. 

From the discussion above, it is evident that molecular modelling can be used for investigating a 

variety of properties in various fields of application. One such field is hydrometallurgy, where SX 

plays a vital role in the extraction, separation and recovery of a range of metals. Instead of carrying 

out a myriad of experiments to optimise an SX process, molecular modelling could be used to 

investigate this process on a molecular level, which in turn could lead to expertly designed SX 

processes. 

 

2.4 Modelling of the SX system 

The SX process for the purification or separation of metals (Figure 2.1) can be divided into three 

parts: 1) the aqueous phase containing water-soluble metal salts or ore, 2) the organic phase 

containing the extractant and diluent, and 3) the interface where these two phases make contact. 

Various papers have been published on the use of molecular modelling of these three parts to 

improve the SX process on various levels and will be discussed in the following paragraphs. 

 

2.4.1 Aqueous Phase Modelling 

DFT modelling of cobalt (Co) and nickel (Ni) complexes with dithiophosphinic acid was carried 

out by Otero-Calvi et al. [89] using Gaussian 03 with the B3LYP functional [90-92]. For the 

calculations of H, O, phosphorous (P) and sulphur (S) atoms the 6-31G* basis set was used. The 

non-relativistic ECP of Hay and Wadt [93] and the valence basis set LanL2DZ were used for the 

Ni and Co atoms. In a first step, various geometries of Co and Ni complexes were identified and 

their probability to exist discussed. This was followed by a thermochemical interpretation where 

reactions with these identified complexes were simulated. The HOMO (highest occupied 

molecular orbital) and LUMO (lowest unoccupied molecular orbital) energy gaps of these 

complexes were reported where the energy difference between HOMO and LUMO was used as 
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a measure of the stability of the complexes as well as the likelihood of these extraction reactions 

of Co and Ni to occur. Although the results from crystal field theory and equilibrium processes 

showed that the tetrahedral complexes form preferentially, the small difference in energy showed 

that the octahedral Co complexes might also form. Results also showed that dithiophosphinic acid 

separated Ni and Co due to the difference in bonding between the metals and acid. 

Similar to this paper on Co and Ni, Siodmiak et al. [94, 95] modelled tantalum(V) chloride (TaCl5) 

using the Gaussian 98 program with Hartree-Fock (HF), Møller-Plesset perturbation theory (MP2) 

[63] and B3LYP [91] functionals for comparison. A quasi-relativistic ECP with a valence basis set 

(441/2111/21), which was derived from Hay and Wadt [93], was used for Ta, the (4/5)/[2s3p] 

valence basis set [96] for chlorine (Cl) and the 6-31G** basis set [97] for the O and H atoms. Step-

wise reactions of TaCl5 with H2O forming tantalum(V) oxide (Ta2O5) in the gas phase were 

investigated. It was shown that the first two hydrolysis reactions forming TaCl4OH and TaCl3(OH)2 

are exothermic, while a stable hydrated TaCl5.H2O molecule is formed. The formation of 

tantalum(V) oxychloride (TaOCl3) and Ta2O5 is endothermic. These two papers were a first 

attempt to understand the speciation chemistry of Ta in water. As part of the aqueous phase, acid 

and water are also present with the metal species and therefore play an important role in the 

understanding of how these metal species interact within the acidic medium.  

In a study by Loukonen et al. [98], the stability and dynamics of small sulphuric acid-

ammonia/dimethylamine clusters were investigated by varying the number of H2SO4 molecules in 

clusters of ammonia and dimethylamine. The CP2K program package was used for the 

simulations with the Quickstep module [99] by selecting the PBE functional [86] and the GTH 

(Goedecker-Teter-Hutter) pseudo-potentials [100] for the core electrons. Since the temperature 

of the calculations was 300 K, the molecules moved constantly, resulting in a range of cluster 

configurations that are relevant to this study. With this constant movement of the molecules, the 

danger lies in the dissociated protons of the H2SO4 molecules transferring back to the acid or the 

initial H2SO4 molecules leaving the cluster completely. The PBE functional used to describe the 

polar hydrogen bonds compared with literature and the clusters stayed intact as expected. 

When metals are dissolved in acidic media, other ions may also be present in the solution. Kurtén 

et al. [101] investigated the effect of different ions (H3O+, OH-, Li+, Na+, F- and Cl-) in the presence 

of H2O and H2SO4. Gaussian 03 software was used for the simple ions at the MP2(full)/6-

311++G(3df,3pd) level [63, 102] with default convergence criteria. For the more complex ions the 

Spartan, SIESTA [103] and Turbomole [104] software programs were used with BLYP/DZP 

geometries and RI-MP2 or RI-CC2 for vibrational frequencies and energy corrections. The results 

showed that the anionic species bind much more strongly to H2SO4 than the cations. The binding 

energies of the H2SO4-anion lay between 45 and 55 kcal/mol and 18 – 22 kcal/mol for the H2SO4-

cation binding energy. This indicates that not only does the acid have an influence when the 
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metals are extracted, but also that the presence of other ions in solutions influence the acid, which 

in turn effects the extraction into the organic phase. 

 

2.4.2 Organic Phase Modelling 

Various papers have been written, especially on extractant design for specific SX processes. In  

Table 2.2, a list is given of papers on the molecular modelling of extractants and their complexes, 

highlighting the software used and the objectives of the respective studies. 

Table 2.2 – Some research trends of molecular modelling of the organic phase 

Author (Year) 
[Ref.] 

Modelling Method 
Metal/ extractant/ 
solvent 

Objective / Results 

McCann et al. 
(2016) [105] 

 HostDesigner 3.0 
Software [106], MM3 
force field, MP2/cc-
pVTZ level of theory 

 Lanthanides/ bis-
phosphine oxide 
ligands 

In this DFT study, the influence of structural 
effects on selectivity was investigated. The 
structural effects included the length, alkyl 
chains, degree of alkylation and different ligand 
substitutes on a P=O back bone. The angle of 
M-O-P should be larger for sufficient chelating 
with larger metal ions. The solvent effect was 
not considered. 

Arora et al. 
(2015) [107] 

 Gaussian 09 
software, B3LYP 
functional [85, 91] 
and LANL2DZ-ECP 
basis set 

 Sb(III), Sb(V), Zr(IV), 
Co(II)/ thiourea/ 
polystyrene 

DFT calculations in the gas phase differed from 
experimental data. With the inclusion of 
solvation, the experimental and modelled 
adsorption data correlated. 

Dartiguelongue 
et al. (2015) 
[108] 

 Mathematical 
software Scilab© 
5.4.0 [109] 

 U(VI)/ D2EHPA and 
n-octyl phosphine 
oxide/ kerosene 

A Gibbs free energy based algorithm was used 
to calculate the aqueous phase speciation. The 
modelled data correlated with experimental 
data whereby one U(VI) was extracted by two 
monomeric extractant molecules in the 
presence of five H2O molecules. 

Pahan et al. 
(2015) [110] 

 Turbomole 6.3, with 
BP86 functional and 
split valence plus 
polarisation basis set 
(similar to 6-31G* 
basis set) 

 UO2
2+ and Pu4+ / tetra 

methyl di-glycol 
amide/ dodecane 

Molecular modelling was performed in both the 
gas phase and with COSMO to simulate solute 
interactions. The experimental and modelled 
selectivity did not correlate, possibly due to 
omission of hydrated nitrate ions that would be 
present during an experiment. The free energy 
of extraction was high in dodecane, which has 
a low dielectric constant. 
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Ali (2014) [111]  Turbomole software 
with BP86 functional 
[90, 112], the TZVP 
basis set [113, 114] 
and COSMO [115] 
were used for both an 
implicit and explicit 
solvation effect 

 Sr2+ / crown ether 
ligands 

The results indicated that metal extractions with 
crown ether increased when an organic solvent 
with a moderate dielectric constant was used. 
Results with regard to the partition coefficients, 
solubility and solvent extraction effects 
correlated with experimental data. However, the 
metal ion selectivity, in both models, did not 
correlate with experimental selectivity, possibly 
due to not having enough solute molecules in 
the solvation sphere while the effect of the 
nitrate ion on this system was not considered. 

Ali (2008) [116]  B3LYP [91] functional 
with a 6-311++G(d,p) 
split valence basis 
function 

 Li and Na/ different 
crown ethers/ solvent 
effect not considered 

In this DFT study, geometry optimisation was 
based on semi-empirical PM3 (parametrised 
model number 3 [117, 118]) with ions in the gas 
phase. Binding enthalpy for Li+ with crown ether 
was found to be higher than expected, but the 
results with Na+ correlated with experimental 
data. 

Sieffert and 
Wipff (2006) 
[119] 

 Molecular dynamic 
(MD) simulation with 
AMBER 7.0 

 Na+, K+, Rb+, Cs+ and 
the PF6

-and Tf2N- 
anions in the gas 
phase/ different calix 
crown ligands/ 
different ionic liquids 

Cs+ was best extracted with the calix crown 
ligands into the ionic liquid. The modelled 
complexation results were shown to be 
predictive. The modelled extraction results 
correlated with experimental data. 

Krishna et al. 
(2004) [120] 

 DFT hybrid 
B3LYP[85, 91] with 
Lanl2sz and TZP 
basis sets 

 Zr and Hf/ MIBK and 
TBP / acetone and tri 
methyl phosphate 

The Hf complexes had a larger stability in the 
two solvents (acetone and tri-methyl 
phosphate) and therefore Hf was preferably 
extracted into the organic phase. The data from 
the gas phase calculations was sufficient to 
explain the experimentally observed separation 
of Zr and Hf. 

Lumetta et al. 
(2002) [121] 

 Ab initio MP2/aug-cc-
pVDZ functional/basis 
set settings 

 M3+ lanthanides and 
actinides/ alkylated 
malonamides/ solvent 
effect not considered 

Different ligands were investigated both 
theoretically (modelling) and experimentally. 
The new ligands (alkylated malonamides) 
showed an increase in Eu3+ extraction affinity. 
The increased acid concentration leads to an 
increased extraction percentage. The modelled 
data correlated with the experimental data. 

 

From these papers on the molecular modelling of extractants and their complexes, it is evident 

that different models or methods within molecular modelling yield results that are always an 

approximate to experimental values. Some points to consider when modelling that will influence 

the obtained results include: 
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 State of the system to be modelled – gas phase or simulated liquid phase. The gas phase 

gives adequate approximations, whereas a liquid environment better imitates the 

experimental setup but usually at the cost of computation time. 

 Temperature of the system – by modelling at 0 K, a more ideal system is selected with 

less vibrational modes, which works well for single molecules or small systems. However, 

at 298.15 or 300 K, the molecules have higher kinetic energy, resulting in an increasing 

number of possible geometries with a closer mimicking of experimental results, while 

again increasing computational cost. 

 Functional and basis sets chosen – for single molecules or small systems basic settings 

will give good experimental approximation. However, when these single molecules are 

collectively added to form a large system, the choice of functional/basis sets is important. 

This choice depends on the interaction or result the researcher wants to investigate, for 

instance if the systems contain ionic species, a functional/basis set designed with 

dispersion corrections could be used. 

In Sections 2.4.1 and 2.4.2, it was shown that both the aqueous and organic phases can be 

described with molecular modelling. However, for SX the emphasis is on the metal(s) being 

extracted from the aqueous to the organic phase. Therefore, the interface between these phases 

is of vital importance for understanding how the SX process occurs. 

 

2.4.3 Interface Modelling 

Table 2.3 lists some research papers on the molecular modelling of the interface as well as the 

SX process as a whole, again showing the modelling software used and some of the objectives 

or results. 

 

Table 2.3 – Research trends of the molecular modelling of the interface and the SX process 

Author (Year) 
[Ref.] 

Modelling Method 
Metal/ extractant/ 
solvent 

Objectives / Results 

Holte et al. 
(2014) [122] 

 Molecular dynamic 
(MD) simulations with 
AMBER 12 software 
with POL3 polarisable 
water model [123] 

 Na+ and water/ lauric 
acid/ chloroform and 
hexane 

The lauric acid molecule stayed near the 
interface, with its orientation changing with the 
depth of the organic layer. In the layer nearest 
to the water, the carbonyl oxygen pointed 
toward the aqueous phase and the hydrophobic 
tail towards the organic phase. In the water 
layer the carbonyl oxygen pointed toward the 
organic phase. This phenomenon was 
supported by experimental frequency studies. 
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Kujawski and 
Bogacki (2012) 
[124] 

 AMBER 10 software, 
atoms and bond types 
were estimated with 
Antechamber 
software and atom 
charges with the 
B3LYP/DGDZVP 
functional/basis set 
settings. 

 ZnCl2 / TBP / 
Chloroform 

In this MD study, it was seen that TBP 
molecules adsorbed at the interface after 350 
ps, with the polar parts pointed toward the 
aqueous phase and the alkyl chains pointed 
toward the organic phase. When simulating 30 
TBP molecules in this system, the TBP pulled 2 
– 3 water molecules into the organic phase. The 
observed TBP dimers (or water fingers) were 
confirmed with experimental research. 

Cao et al. 
(2010) [125] 

 TURBOMOLE [104] 
with all electron 
calculations using the 
Wood-Boring scalar-
relativistic HF 
approach 

 Am(III), Cm(III) and 
Eu(III)/ Cyanex 301 / 
kerosene 

Am(III) had 6- and 7-fold coordination and 
Eu(III) had a 7-fold coordination between the 
metal and ligand in the presence of water. The 
Gibbs free energy in the gas phase was 
Am(III)>Cm(III)>Eu(III), while it was reverted for 
the aqueous solution and extraction. It was 
suggested that the hydration Gibbs free energy 
calculations are a more accurate measure of 
extraction. 

Chaumont and 
Wipff (2007) 
[126] 

 AMBER 7.0 software 

 S- or Cl- and S+ or Na+ 
in water / 1-butyl-3-
methyl-imidazolium 
cation (BMI+) or 1-
octyl-3-
methylimidazolium 
cation (OMI+) /PF6 

With the MD runs it was seen that the less the 
charge on solutes, the more hydrophobic their 
character and therefore the more soluble they 
are in the ionic liquid. This phenomenon likely 
explains why the extraction mechanism 
changed, i.e. neutral complexes extracted with 
[OMI][PF6] and the charged complexes 
extracted with [BMI][PF6]. 

Coupez et al. 
(2004) [127] 

 AMBER 5.1, with the 
TIP3P and OPLS 
models 

 M3+ lanthanides and 
actinides, HNO3 and 
water/ calixarene 
ligands/ chlorinated 
cobalt dicarbollide 
ions [Co(C2B9H8Cl3)2]– 

(CCD-) 

During the MD simulations, the CCD- showed 
high surface activity resulting in the high 
attraction of the Eu3+ cations promoting the 
extraction by the ligands. Where usually the 
interface repels ions, the CCD- ions created a 
negative potential. Only the 1:1 stoichiometry 
was investigated, therefore the possibility of the 
formation of aggregates, oligomers and 
supramolecular assemblies are possible but 
were not investigated. 

Coupez et al. 
(2003) [128] 

 AMBER 5.1, AMBER 
force field [129], HF 
calculations with 6-
31G* basis set [130] 

 M3+ lanthanides and 
actinides/ TBP and 
Cyanex 301/ 
chloroform 

Chloroform was chosen due to shorter 
relaxation times compared to long chain linear 
alkanes. As the [TBP] increased, more H2O 
molecules where absorbed into the interface, 
leading to the decrease in surface tension, 
facilitating extraction into the organic phase. 

Baaden et al. 
(2002) [131] 

 AMBER 5.0 software, 
AMBER force field 
[129] 

Modelling data from the MD simulations differed 
from experimental data due to modelling at a 
neutral pH, whereas nuclear waste solutions 
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 UO2(NO3)2 / TBP/ 
supercritical CO2 

have a low pH. A micro emulsion of the water 
and organic phase formed at the interface. 

Baaden et al. 
(2001) [132] 

 AMBER 5.0 software, 
AMBER force field 
[129] (ab initio 
method) using the 6-
31G* basis set. 

 HNO3 / TBP/ 
chloroform 

Acid and extractant concentrations were varied 
in this MD study to determine the chemical and 
physical interactions at the interface. At low 
[TBP], the biphasic solution separated in less 
than 1 ns, at high [TBP] water formed a vertical 
slab or micro droplets at the interface. 

 

It can be seen that a wide range of software packages, models, functional/basis sets are available 

for molecular modelling, which all give an insight into what is happening at the interface during 

SX. This data is all based on models and therefore cannot give exact answers. From this table 

(Table 2.3) it is evident that various variables have to be considered when molecular modelling is 

used for interface modelling: 

 The starting system is important. Simple molecules or small systems are easy enough to 

simulate and then progress to larger systems. However, if a simulation is started with a 

large system with many unknown factors (geometry of ligands, ion-ion exchange, ligand 

interactions, secondary reactions, etc.) the various approximations and assumptions 

cause some of these interactions to be missed [133], which influences the outcome of the 

modelling and how well the modelling data fits experimental data. 

 It is also important to note whether the species of the starting material are all ionic, half-

ionic, half-neutral or neutral species as this dictates which functional/basis set to use. 

 The size of the system, in other words should only the interface be studied or is there a 

need to ‘track’ the molecules from the bulk aqueous phase through the interface into the 

bulk organic phase. Again, the disadvantage of the bigger system is the cost in 

computational time. 

From these papers on the molecular modelling of extractants and their complexes it is evident 

that, by using different models or methods within molecular modelling, the results are always an 

approximate to experimental values. However, molecular modelling is still a useful tool in 

understanding and visualising how molecules behave in certain environments, while also helping 

in the understanding of certain phenomena, thereby possibly improving the SX systems in terms 

of chemicals used, extraction time, extraction efficiency and waste created. 
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2.5 Conclusion 

Since the two sister metals Ta and Nb are found together in nature and have similar properties, 

there have been more than 200 years of investigations on the separation of these two metals. In 

spite thereof, the separation to date remains tedious and expensive with numerous challenges. 

These metals have significant applications in the modern world, of which the most important are 

for structural purposes and nuclear power plant use. 

The results presented in this overview show the viability of using molecular modelling to 

understand how metal species behave, react and change during homogeneous processing like 

solvent extraction. In most cases presented, the modelling data were validated with experimental 

results. For molecular modelling to be truly effective in yielding large scale results, the small scale 

interactions need to be investigated before leading up to the complete solvent extraction system. 

It is likely that more emphasis will be focussed on this technology in future. 
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CHAPTER 3 
 

Chapter 3 consists of the article titled ‘Molecular modelling of tantalum penta-halides during 

hydrolysis and oxidation reactions’, which is added into this thesis in the exact format in which it 

was published in the Journal of Computational and Theoretical Chemistry (2016) 1090: 112 – 

119. The journal can be found at http://www.sciencedirect.com/science/journal/2210271 

X/1090/supp/C. (Date of submission: 5 February 2016) 
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3.1 Introduction 

While several techniques have been proposed for separation and purification of various metals 

[1], solvent extraction (SX) is widely used for amongst others copper (Cu), nickel (Ni), iron (Fe), 

platinum group metals (PGMs), zirconium (Zr), hafnium (Hf), tantalum (Ta) and niobium (Nb). Ta 

and Nb are valuable metals with various high-end uses, where Ta is used in the nuclear industry 

as cladding material, as capacitors, as high power resistors and to make high strength corrosion 

resistant alloys, while Nb is used in super alloys for jet engines and heat resistant equipment. Ta 

and Nb, which co-occur in mineral deposits, have near identical properties making their separation 

challenging. 

In a recent study Ungerer et al. [2] studied the SX based separation of Ta and Nb, using alternative 

and safer chemicals while investigating the suitability of membrane-based solvent extraction 

(MBSX). While partial separation of Ta and Nb was achieved, it was not possible to predict 

extraction behaviour prior to experimental testing, due to the current absence of speciation data 

for Ta and Nb. Speciation data for Ta and Nb is not available, possibly due to their insolubility in 

most aqueous liquids [3, 4] and because they are UV inactive making the detection and 

identification of the aqueous species difficult. An alternative method that could however be 

suitable for predicting the speciation and hence extraction of Ta and Nb is molecular modelling 

[5]. Applying molecular modelling to SX could for example entail a step-by-step analysis of the 

extraction process on a molecular level, thereby determining the molecular properties as well as 

the system reactions occurring during SX. 

According to the previously published data [2], the SX process of Ta and Nb can be divided into 

three parts: 1) the aqueous phase containing water soluble tantalum(V) penta-fluoride (TaF5) , 2) 

the organic phase containing the extractant and diluent and 3) the interface where these two 

phases make contact. For the modelling of the first step (TaF5 in an aqueous environment), the 

molecular structure of TaF5 is required. Since single crystals of TaF5 do not form readily, they 

exist as oligomeric penta-fluorides with three possible structure types [6], neither the 

experimentally determined molecular structure of TaF5 is well known, nor have these properties 

been modelled. However, for TaCl5 both the molecular structure [7] as well as its interaction in an 

aqueous environment have been modelled [8, 9]. If it is assumed that TaF5 has a similar 

symmetrical structure and behaviour in water than TaCl5, (an assumption that will be evaluated 

in this paper), then TaCl5 could be used to validate the novel modelling approach before applying 

the modelling to a compound of which the structure and behaviour is unknown.  

According to Agulyansky [7] TaCl5 has a trigonal bipyramidal structure, assuming above 

mentioned similarity, TaF5  would have a similar trigonal bipyramidal structure. The differences 

between TaF5 and TaCl5 will be discussed further in Section 3.3. 
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Using the above information, it is the aim of this paper to develop a molecular modelling approach 

to validate the structure of TaF5 while determining the possible hydrolysis and subsequent 

oxidation reactions thereof in an aqueous environment. However, as stated above limited 

experimental or modelling data is available for the reactions of TaF5 to verify the suitability of the 

newly developed model. Hence, the paper was subdivided into two sections. Firstly, the model 

will be verified in terms of the structure of TaCl5 as well as its possible hydrolysis and oxidation 

reactions. Once the correlation of the modelled and literature data has been demonstrated for 

TaCl5, a case study is presented where the verified model will be used to confirm the structure of 

TaF5 as well as to calculate its possible hydrolysis and oxidation reactions. In a final step a brief 

section is presented discussing the possible transition states found during the most likely 

hydrolysis reaction of TaF5 to TaF4(OH). 

 

3.2 Computational Methods 

3.2.1 Model Verification (TaCl5) 

For the molecular modelling of TaCl5 and its reactions with H2O in an aqueous environment, the 

DMol3 module of the Biovia Materials Studio 6.1 software from Dassault Systems (previously 

Accelrys) [10] was used in conjunction with the DFT semi-empirical dispersion interaction 

correction module (DFT-SEDC). For comparison five different combinations of functional and 

basis sets were used to determine the structure of the TaCl5 molecule (geometry optimisation [11, 

12]), as well as its hydrolysis and oxidation reactions.  

1) Generalized-gradient approximation (GGA) with Perdew-Wang correlation functional 

(PW91) [11] and DND (double-numeric polarization plus d-functions) basis set with basis 

file 4.4 and OBS dispersion correction. (DND is comparable with the Gaussian 6-31G* 

basis set.) 

2) GGA PW91 functional with basis set DNP (double-numeric polarization functions), with 

basis file 4.4 and OBS dispersion correction. (DNP is comparable with the Gaussian 6-

31G** basis set.) 

3) GGA PW91 functional with basis set DNP+ (double numerical plus polarization, with 

addition of diffuse functions) with basis file 4.4 and OBS dispersion correction. (DNP+ is 

more accurate than a Gaussian basis set (Gaussian 6-31G**) of the same size.) 

4) GGA with Perdew-Burke-Ernzerhof (PBE) [13] correlation, with basis set DNP+ and basis 

file 4.4. 

5) Becke exchange plus Lee-Yang-Parr correlation (B3LYP) [14, 15] hybrid exchange-

correlations energy functional, with basis set DNP and basis file 4.4. 
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For the calculations done with PBE(DNP+) and B3LYP(DNP), no dispersion correction was 

added. Only Tkatchenko-Scheffler (TS) [16] and Grimme [17] dispersion corrections were 

available in these settings and in both TS and Grimme the element coverage for Ta was 

unavailable. Under the electronic properties, smearing of 0.005 Hartree (Ha) was chosen for all 

the calculations [18]. Furthermore, the conductor-like screening model (COSMO) [19] was used 

to simulate the molecules within a solvent. In this case the solvent was water, with a dielectric 

constant of 78.54. 

After the geometry optimisation process, single point energy calculations were done to calculate 

various electronic properties with the same settings that were used for the geometry 

optimisations. The calculations were done at 0 K and an energy correction term was added to 

give Gibbs free energy values at 298.15 K. The zero-point vibrational energy (ZPVE) was included 

in all calculations. Frequency calculations were used to confirm optimised structures (minimum 

energy) and transition states (one imaginary frequency).  

 

3.2.2 Case Study (TaF5) 

For the molecular modelling of TaF5 and its hydrolysis and oxidation reactions, the DMol3 module 

of the Biovia Materials Studio 6.1 software from Dassault Systems (previously Accelrys) [10] was 

used with the GGA PBE functional [13]. The basis set used was DNP+ with basis file 4.4, which 

includes diffuse functions. Under the electronic properties, smearing of 0.005 Hartree (Ha) was 

chosen [18]. The single point energy calculations were done as described in Section 2.1. A 

potential energy surface (PES) scan was done by a stepwise shortening of the distance between 

the Ta atom of TaF5 and the O atom of one of the surrounding H2O to determine the energy and 

geometry change during the formation of Ta(H2O)F5. 

 

3.3 Results and Discussion 

3.3.1 Model Verification (TaCl5) 

3.3.1.1 Geometry optimisation of TaCl5 

The TaCl5 molecule was geometrically optimised with the five functional and basis set settings 

(Section 3.2.1). The bond lengths and bond angles between the Ta and the five Cl atoms were 

measured and compared to experimental literature as shown in Table 3.1. 
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Table 3.1 – Calculated and experimental literature values of bond lengths and bond angles of 
TaCl5 

Bond/Angle 
Literature 

[6] 
PW91 

(DND) 

PW91 

(DNP) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP) 

Ta-Cl1 [Å] 2.284 2.327 2.327 2.327 2.321 2.331 

Ta-Cl3 [Å] 2.426 2.381 2.381 2.379 2.379 2.385 

Ta-Cl4 [Å] 2.426 2.381 2.381 2.379 2.380 2.385 

Ta-Cl5 [Å] 2.284 2.317 2.317 2.317 2.321 2.314 

Ta-Cl6 [Å] 2.284 2.317 2.317 2.317 2.322 2.321 

Cl1-Ta-Cl6 [°] 120.00 120.61 120.61 120.80 119.96 122.40 

Cl1-Ta-Cl5 [°] 120.00 120.61 120.61 120.80 120.13 121.16 

Cl1-Ta-Cl3 [°] 90.00 89.28 89.28 89.54 89.99 88.94 

Cl1-Ta-Cl4 [°] 90.00 89.28 89.28 89.54 90.00 89.94 

 

From Table 3.1 it can be seen that according to the modelled values the two Ax Cl atoms (Cl3 

and Cl4) have longer bond lengths than the three Eq Cl atoms (Cl1, Cl5 and Cl6), which correlates 

with various literature sources [6, 20, 21]. This implies that the three Eq Cl atoms push the two 

Ax Cl atoms out of the plane, making the Ax bond lengths longer and hence the bond strength 

weaker. From the experimental literature values [6] the difference in bond lengths between the 

Ax and Eq Cl atoms is 0.142 Å, where with the modelling it was found to be 0.065 ± 0.006 Å. This 

difference is due to literature values are for crystals where the modelled values are simulated for 

a liquid. Previous theoretical values calculated with ab initio B3LYP method [8] showed Ax and 

Eq bond length to be 2.337 Å and 2.287 Å respectively. The modelled bond lengths are closer to 

the experimentally observed values [6] than the values presented by Siodmiak et al. [8]. In terms 

of the bond angle the values with PW91(DND), PW91(DNP) and PW91(DNP+) were similar with 

a 0.22 ± 0.04° deviation from each other and differed by 0.66 ± 0.006° from literature [6]. The 

bond angles calculated with PBE(DNP+) differed by 0.007 ± 0.006° from literature [6]. The 

modelled data from B3LYP(DNP) showed a 1.42 ± 1° average deviation from literature [6]. 

Calculations with PW91(DND), PW91(DNP), PW91(DNP+) and PBE(DNP+) yielded realistic 

values in a relatively short calculation time, whereas B3LYP(DNP) calculations were time 

consuming with a generally greater deviation in bond lengths and angles. 

To further confirm the stability of the molecule structure, the model was used to determine the 

vibrational frequencies of the TaCl5 which were compared to experimental literature values. Since 

TaCl5 is a nonlinear molecule with 3N-6 degrees of freedom and N = 6 atoms, TaCl5 has 12 

degrees of freedom and therefore 12 types of molecular vibrations (stretching and bending 

modes). Of these 12 only 8 vibrations are experimentally observed because the symmetry class 

E is double degenerated, which means that both the degenerated modes are observed as a single 

infrared absorption band [8]. Table S1 shows the experimental literature and modelled vibrational 
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frequencies for the 8 molecular vibrations of TaCl5 calculated with the five functional and basis 

set settings stated in Section 3.2.1.  

Comparing all five functional and basis sets with each other, the frequencies are within 6 cm-1 

from each other. The frequencies obtained with PW91(DND), PW91(DNP) and PW91(DNP+) 

were similar with a deviation less than 4 cm-1 from each other. The modelled values are lower 

than the experimental literature values, because the experimental frequencies of TaCl5 are in the 

gas phase and the modelling within an ideal system cannot simulate all the stretching and bending 

vibrations. Also the frequencies shown here are calculated harmonic vibrational frequencies (ω) 

without a scaling factor [22, 23] to account for the error between harmonic vibrational frequency 

and fundamental vibrational frequency (ν). The modelled frequencies had a standard deviation of 

less than 10% with literature, except for ω6 and ω8. The e’’ vibrational mode is formally symmetry 

forbidden, but coupling may let the ω6 and ω8 vibration mode mix with other vibrations, leading to 

this error in symmetry assignment [24]. The obtained results of vibrational frequencies are shifted 

higher because of electron correlation and anharmonicity effects in the theoretical treatment used 

within the modelling, which in turn could cause the bond length over estimation seen previously.  

 

3.3.1.2 Hydrolysis and oxidation reactions of TaCl5 

In Figure 3.1, the most important hydrolysis (shown as Reaction 1 – 5) and oxidation (Reaction 6 

– 12) reactions that might occur are presented. While various other reactions and geometries may 

occur during this reaction, the probability of only those reactions shown in Figure 3.1 was 

determined. For the purpose of this discussion, first the hydrolysis reactions (Reaction 1 – 5) and 

then the oxidation reactions (Reaction 6 – 12) will be discussed. 
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Figure 3.1 – Possible hydrolysis and oxidation reaction scheme of TaCl5 with H2O 

 

TaCl5 has five Cl atoms that can be individually replaced by OH groups (Reaction 1 – 5), when 

reacting with five consecutive H2O molecules, finally resulting in the formation of tantalum penta-

hydroxide (Ta(OH)5). During these reactions with H2O, the OH group can either substitute a Cl in 

the axial (Ax) or in the equatorial (Eq) positions. When considering these orientations of the 

substitution (Reaction 1 – 5 (Figure 3.1)) a significant number of conformers can be produced as 

is shown in Figure 3.2. 
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Figure 3.2 – Proposed TaX5 (X = Cl or F) hydrolysis reaction scheme considering the orientation 
of substitution 

All 12 geometries presented in Figure 3.2 were geometrically optimised and single point energy 

calculations were done. Again the five functionals and basis set settings were compared as had 

been done in Section 3.3.1.1 for the bond lengths, angles and vibrational frequencies. The relative 

energies of the conformers are presented (Table 3.2) relative to the conformer where a single OH 

group was Eq coordinated. 

Table 3.2 – Relative energies (kcal/mol) of tantalum hydroxyl chloride conformers  

Molecule* 

PW91 

(DND) 

PW91 

(DNP) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP) 

TaCl4OH      

E 0.0 0.0 0.0 0.0 0.0 

A 1.32 1.03 0.27 1.52 1.38 

TaCl3(OH)2      

EE 0.0 0.0 0.0 0.0 0.0 

AE 1.35 1.08 1.51 1.34 1.99 

AA 2.92 3.00 3.95 2.44 2.91 

TaCl2(OH)3      

EEE 0.0 0.0 0.0 0.0 0.0 

AEE 1.70 2.00 2.24 1.43 0.56 

AAE 0.41 0.48 -0.73 0.74 0.84 

TaCl(OH)4      

AAEE 0.0 0.0 0.0 0.0 0.0 

AEEE 0.05 0.10 -0.84 0.16 0.51 

 * E and A refer to the equatorial or axial position of the OH group respectively 
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TaCl4OH has two conformers, one where the OH group is in the Eq position (OH-E) and one 

where it is in the Ax position (OH-A). The OH-E conformer has a lower energy than the OH-A 

conformer for all the functionals and basis sets and is therefore most likely to form. Siodmiak et 

al. [8, 9] also found the OH-A conformer to have a higher energy than OH-E, by an average of 

1.03 kcal/mol, which correlates best with the results obtained from the PW91(DNP) calculation. 

The lowest correlation was observed for PW91(DNP+). TaCl3(OH)2 has three conformers, i) both 

OH groups are in the Eq position (EE), ii) one OH group is Ax and the other Eq (AE) and iii) both 

OH groups are Ax (AA). The EE conformer was lower in energy, followed by the AE conformer 

and then the AA conformer according to all the functionals and basis sets. This was confirmed by 

Siodmiak et al. [8, 9] who found the AE conformer to have a higher energy than EE, by an average 

of 0.85 kcal/mol with the AA conformer having the highest energy with an average of 1 kcal/mol. 

While the tendency is the same the differences observed in this study were slightly higher, which 

could be attributed to the fact that different models being compared. The literature values stated 

here were done with Gaussian 98, Ta had a quasi-relativistic core potential and the oxygen and 

hydrogen atoms were calculated with a 6-31G** basis set. 

TaCl2(OH)3 has three conformers, where the OH can be oriented either EEE, AEE or AAE. The 

EEE conformer had the lowest energy, followed by AEE and then AAE. Similar tendencies were 

again observed by Siodmiak et al. [8, 9]. With TaCl(OH)4 two conformers were investigated, i.e. 

AAEE and AEEE. According to Table 3.2, the AAEE conformer has a lower energy than the AEEE 

conformer. From these results it seems when an OH group bonds and evicts an HCl, both the 

first and the second OH will preferentially replace an Eq Cl. However, with the introduction of the 

third OH group, a rearrangement takes place to preferentially yield either AAE or AEE in almost 

equal form, with an energy difference less than 1.52 kcal/mol . In the fourth replacement again an 

Eq attachment was observed yielding AAEE preferentially before Ta(OH)5 is formed in the final 

step. 

When considering the subsequent oxidation reactions (Figure 3.1, Reaction 6 - 12), various 

oxyfluoride species are formed. Due to their importance much of this discussion will however 

focus on TaOCl3 and TaO2Cl. TaOCl3 and TaO2Cl, the structure of which is shown in the 

supplementary section (Figure S1 and Figure S2 respectively), were also geometrically optimised 

with the five functional and basis set settings described in Section 3.2.1. The obtained bond 

lengths, angles and vibrational frequencies are given for TaOCl3 and TaO2Cl in Table S2 and 

Table S3 respectively. Since there are no experimentally determined bond lengths and angles for 

the molecular structure of these two molecules, the modelled values were compared to modelled 

values obtained by Siodmiak et al. [8] who used an ab initio method with B3LYP at 0 K. 

For TaOCl3 the modelled values (Table S2) with regards to bond lengths differed 0.038 ± 0.007 

Å from literature and less than 0.013 Å from each other. Comparing the bond angles the modelled 
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data differed by less than 1° from literature and less than 0.4° from each other. TaOCl3 is a 

nonlinear molecule with 9 degrees of freedom, where only 6 vibrations are experimentally 

observed. Table S2 shows the literature and modelled vibrational frequencies for the 6 molecular 

vibrations of TaOCl3 (ω1 – ω6), where ω1 is assigned to the Ta-O bond stretch, ω2 to the Ta-Cl 

symmetric bond stretch, ω3 to the Cl–Ta-Cl symmetric bending, ω4 to the Ta-Cl asymmetric bond 

stretch, ω5 to the O-Ta-Cl bending and ω6 to the Cl-Ta-Cl asymmetric bending. All the modelled 

values correlate with literature values (error = 10%), except for ω6 (error = 15%) which probably 

mixes with other vibrations as was observed for TaCl5 (see Table S1). The core treatment 

parameter with these calculations was ‘All Electron’ and this theoretical treatment of electron 

correlation and anharmonicity might account for the difference in frequency between the literature 

and modelled values. 

While Ta in the +5 valence state is expected to have an sd4 hybridisation structure, TaO2Cl has 

most likely an sd2 hybridisation structure because of the double bonds with oxygen. Accordingly, 

one could expect that TaOCl2 had a planar structure, however the modelling results revealed a 

nonplanar structure as shown in Figure S2. In an ideal sd2 structure, the ligand-metal-ligand angle 

would be 90°, but because of ligand-ligand repulsion and metal-ligand overlap these angles 

deviate from 90° [25], resulting in a trigonal pyramidal structure which has been confirmed by 

Siodmiak et al. [9]. According to the results obtained (Table S3) the bond length error with all five 

functional and basis sets were 0.01 Å compared to each other and less than 0.03 Å compared to 

literature. With regards to the modelled bond angles, the O-Ta-O angle with PBE(DNP+) and 

PW91(DND, DNP, DNP+) was slightly smaller than the literature value, while being bigger when 

modelled with B3LYP(DNP). Comparing the values obtained from the modelling to the literature 

modelled results there were a less than 2% deviation in bond angle. When the planar structure 

was modelled, the bonds became longer (Ta-O = 1.768 Å, Ta-Cl = 2.404 Å) and the energy was 

higher, indicating a more unstable structure.  

TaO2Cl is a nonlinear molecule with 6 degrees of freedom, while only 4 vibrations are 

experimentally observed. Table S3 shows the literature and modelled vibrational frequencies for 

the 4 molecular vibrations of TaO2Cl. The vibration of ω1 is assigned to the Ta-O bond symmetric 

stretch, ω2 to the Ta-Cl bond stretch, ω3 to the Cl-Ta-O2 symmetric bending and ω4 to the Ta-O 

bond asymmetric stretch. Again the literature values were obtained from the modelled values of 

Siodmiak et al. [8]. The modelled frequencies differed by 6% from literature values, except for ω3 

that had an error of 17%, which mixes with other vibrations of O-Ta-O bending. 

While in the previous paragraphs the energies of individual reagents and products were 

presented, Table 3.3 shows the modelled energies of formation (ΔHf
298.15 K / kcal/mol) for Reaction 

1 – 12 with all five functional and basis set settings, to determine a possible reaction mechanism 
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for the formation of oxyhalide species. Accordingly, Reaction 1 and 2 were moderately 

endothermic with the PW91 functional and three basis sets, while being exothermic with 

PBE(DNP+) and B3LYP(DNP). Theoretical literature [8, 9] also showed Reaction 1 and 2 to be 

exothermic. Reactions 3-12 were moderately endothermic (except for Reaction 9 which was 

strongly endothermic) irrespective of the functional used, which is possibly why the experimental 

observation of the oxychloride has been particularly difficult [26]. 

Table 3.3 – Energy of formation (ΔHf
298.15 K / kcal/mol) of tantalum chloride and oxychloride 

reactions with water. 

 

Literature 

[8, 9] 

PW91 

(DND) 

PW91 

(DNP) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP) 

1) TaCl5 + H2O → 

TaCl4OH + HCl 
-8.6 2.13 1.82 2.25 -0.94 -2.67 

2) TaCl4OH + H2O → 

TaCl3(OH)2 + HCl 
-7.4 1.06 1.11 2.41 -0.13 -3.89 

3) TaCl3(OH)2 + H2O → 

TaCl2(OH)3 + HCl 
 4.15 4.06 4.67 3.53 0.80 

4) TaCl2(OH)3 + H2O → 

TaCl(OH)4 + HCl 
 6.50 6.18 7.13 5.18 2.29 

5) TaCl(OH)4 + H2O → 

Ta(OH)5 + HCl 
 11.01 10.92 10.43 10.61 9.39 

6) TaCl3(OH)2 →  

    TaOCl3 + H2O 
16.6 5.61 6.13 8.51 8.18 1.14 

7) TaCl4(OH) →  

TaOCl3 + HCl 
9.2 6.68 7.24 10.92 8.05 -2.76 

8) TaOCl3 + H2O → 

TaO(OH)Cl2 + HCl 
78.7 

4.99 4.83 5.12 3.77 1.54 

9) TaO(OH)Cl2 →  

     TaO2Cl + HCl 
52.54 52.67 53.62 52.41 46.61 

10) TaO2Cl + H2O → 

Ta(OH)O2 + HCl 
 10.46 10.31 10.36 8.52 6.93 

11) TaO2Cl + Ta(OH)O2 

→ Ta2O5 + HCl 
 6.01 6.13 6.62 7.22 3.55 

12) 2 TaO2Cl + H2O → 

Ta2O5 + 2 HCl 
 16.47 16.44 16.98 15.74 10.49 

With regard to Reaction 1 and 2, the modelling results with PW91(DND), PW91(DNP), 

PW91(DNP+) showed the reactions to be endothermic and had an average of 2 kcal/mol deviation 

from each other and differed by 9.6 ± 1.2 kcal/mol from theoretical literature. B3LYP(DNP) and 

PBE(DNP) correlated to literature and also showed Reaction 1 and 2 to be exothermic, with an 

average deviation of 5.5 ± 1.2 kcal/mol, but B3LYP(DNP) was computationally the most expensive 

to use and had the highest bond angle deviation of 1.42 ± 1°. Theoretical literature [8] did not 

show the formation of TaO(OH)Cl2 in Reaction 8, but showed Reaction 8 and 9 together where 

TaOCl3 reacted with water to form TaO2Cl directly with the reaction energy at 78.7 kcal/mol. This 
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high energy value could indicate a multistep reaction taking place and by indicating a two-step 

reaction (as shown by Reaction 8 and 9) the energy values decreased. The lowest energy values 

for both Reaction 8 and 9 were achieved with B3LYP(DNP) (1.54 and 46.61 kcal/mol respectively) 

followed by PBE(DNP+) (3.77 and 52.41 kcal/mol respectively), which implies that the two-step 

reaction proposed in this study is more likely. 

Based on all these results it was decided that calculations on TaF5 and its related species will be 

done with PBE(DNP+) combination which gave the best computational time to accuracy 

compromise. 

 

3.3.2 Case Study (TaF5) 

The Case Study follows the same outline as was used in the Model Verification presented in 

Section 3.3.1 where first the geometry variables (bond lengths, bond angles and vibrational 

frequencies) were modelled and compared to literature values, before calculating the hydrolysis 

and oxidation reactions of TaF5 and comparing these to the results presented on the reactions 

discussed for TaCl5. Finally a more detailed reaction mechanism is presented for the most likely 

hydration mechanism of TaF5 forming Ta(H2O)F5.  

 

3.3.2.1 Geometry optimisation of TaF5  

The TaF5 molecule was geometrically optimised (as in Section 3.2.2) and the bond lengths and 

bond angles between the Ta and the five F atoms were determined (Table 3.4) and compared to 

experimental literature values. 

Table 3.4 – Modelled and experimental literature values of bond lengths and angles of TaF5 

 Experimental literature  

Bond/Angle Edwards [27] Ischenko [6] PBE(DNP+) 

Ta-F1 [Å] 1.75 ± 0.02 1.846 ± 0.005 1.89 ± 0.02 

Ta-F3 [Å] 2.06 ± 0.02 2.062 ± 0.002 1.93 ± 0.02 

Ta-F4 [Å] 2.07 ± 0.02 2.062 ± 0.002 1.93 ± 0.02 

Ta-F5 [Å] 1.78 ± 0.05 1.846 ± 0.005 1.89 ± 0.02 

Ta-F6 [Å] 1.78 ± 0.05 1.846 ± 0.005 1.89 ± 0.02 

F1-Ta-F6 [°] 103.6 ± 2 96.4 ± 1.5 120 ± 0.5 

F1-Ta-F5 [°] 123.6 ± 2 173.1 ± 2.1 120 ± 0.5 

F1-Ta-F3 [°] 94.8 ± 2 96.4 ± 1.5 90 ± 0.5 

F1-Ta-F4 [°] 95.8 ± 2 83.5 ± 0.6 90 ± 0.5 
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From Table 3.4 it can be seen that the two Ax F atoms (F3 and F4) have longer bond lengths 

than the three Eq F atoms (F1, F5 and F6), which has been confirmed in experimental literature 

[20, 21], as was observed with TaCl5. The bond angle between the Ax F atom and Eq F atom of 

TaF5 (Table 3.4) was 90° ± 0.01, while the bond angle between the Eq F atoms was 120° ± 0.1, 

as was expected and seen in the modelling of TaCl5. Modelled and experimental literature values 

differ because the modelled values in this study were obtained from a single TaF5 molecule where 

the experimental literature values were derived from four metal atoms as a unit cell (Ta4F20) [27] 

and a trimeric unit cell (Ta3F15) [6]. Because of the rigidity of the crystal structure, distortion of 

bonds and angles can occur [28], which explains the deviation from unity (90° and 120°) observed 

when working with tetra- and trimeric unit cells. When comparing the results of TaF5 with TaCl5, 

the bond length of Ta-F was shorter than the bond length of Ta-Cl, as the atom radius of F is 

smaller than that of Cl. Similar to TaCl5, TaF5 is a nonlinear molecule with 12 vibrational modes 

of which 8 were observed as shown in Table 3.5. 

Table 3.5 – Modelled vibrational frequencies* (cm-1) with PBE(DNP+) for TaF5 

Frequency Wavenumber (cm-1) 

ω1(a’1) 674 

ω2(a’1) 640 

ω3(a2’’) 642 

ω4(a2’’) 239 

ω5(e’) 642 

ω6(e’) 191 

ω7(e’) 89 

ω8(e’’) 240 

* Modelled vibrational frequencies indicate the harmonic vibrational frequency without a scaling 
factor. 
 

Because the availability of vibrational data for TaF5 is limited, 0.1g TaF5 salt (Sigma-Aldrich 

product, 99.5% purity) was used to determine the infrared (IR) spectrum on a Bruker bench top 

diamond tip infrared spectrometer, where two main peaks were observed at 634 and 682 cm -1. 

The IR spectrum of TaF5 was also obtained from vibrational calculations and again two main 

peaks were observed at ~ 640 and 674 cm-1, which correlates with the experimental values 

(modelling data error = 5%). A shift in the modelled data was observed which could be due to the 

correction term used in COSMO which was added to account for H2O molecules surrounding 

TaF5. 
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3.3.2.2 Hydrolysis and oxidation reactions of TaF5  

Both the energies of formation of the hydrolysis and oxidation reactions are presented in Table 

3.6, including the orientation of the hydrolysis substitutes, as has been done for TaCl5 (Section 

3.1.2) using the same reactions and conformers shown in Figure 3.1 and Figure 3.2 respectively.  

Table 3.6 – Energy of formation of TaF5 reactions with water (PBE(DNP+)) 

  ΔHf
298.13 K / (kcal/mol) 

1) TaF5 + H2O → TaF4OH + HF E -2.35 

 A -4.80 

2) TaF4OH + H2O → TaF3(OH)2 + HF EE 5.87 

 AA 5.32 

 AE 5.20 

3) TaF3(OH)2 + H2O → TaF2(OH)3 + HF EEE 6.29 

 AEE 7.67 

 AAE 6.20 

4) TaF2(OH)3 + H2O → TaF(OH)4 + HF AAEE 10.93 

 AEEE 10.32 

5) TaF(OH)4 + H2O → Ta(OH)5 + HF  10.90 

   

6) Ta(OH)2F3 → TaOF3 + H2O  12.35 

7) TaF4(OH) → TaOF3 + HF  15.78 

8) TaOF3 + H2O → TaO(OH)F2 + HF  5.93 

9) TaO(OH)F2 → TaO2F + HF  54.92 

10) TaO2F + H2O → Ta(OH)O2 + HF  7.66 

11) TaO2F + Ta(OH)O2 → Ta2O5 + HF  6.35 

12) 2 TaO2F + H2O → Ta2O5 + 2 HF  14.01 

 

When considering the hydrolysis reaction (Reaction 1 – 5 in Table 3.6), the energy of TaF4OH 

with the OH group in the Ax and Eq position was -2.35 and -4.80 kcal/mol respectively for Reaction 

1, implying that although the reaction was instigated from an Eq position, the molecules shifted 

to form a lower energy product where the OH group is in the Ax position. These values and 

transitions are similar to those observed for the TaCl5 reactions. From the differences observed 

between the Ax and Eq position of the H2O molecule, the energy of the TaF4OH molecule was 

calculated where the OH group was situated in the Ax and Eq positions (Supplementary Data - 

Figure S4). 

For Reaction 2, the energy of TaF3(OH)2 was higher at 5.20 and 5.32 kcal/mol with the OH groups 

in the axial-equatorial (AE) and axial-axial (AA) positions respectively, followed by the equatorial-

equatorial positions (EE) at 5.87 kcal/mol. Since the Eq OH groups are 120° from each other in 

the EE position, the two Ax F groups have longer bond lengths, because they are pushed out of 
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the plane which therefore could result in these bonds more readily participating in the substitution 

reaction. 

In Reaction 3, three OH groups were substituted onto the Ta atom for which three different 

molecules for TaF2(OH)3 were identified, i.e. AAE, with the relative energy 6.20 kcal/mol, AEE, 

which yielded a relative energy of 7.67 kcal/mol and EEE with a relative energy of 6.29 kcal/mol. 

From these results it can be seen that the energy between the AAE and EEE conformer are 

similar with the AEE conformer at a higher energy. These results are similar to the conformers 

formed during the hydrolysis of TaCl5, where EEE was at the lowest energy followed by AAE and 

then AEE. 

For Reaction 4, two geometries were identified for TaF(OH)4, i.e. AAEE (OH group added Eq to 

AAE), with a relative energy of 10.93 kcal/mol, while a similar relative energy (10.32 kcal/mol) 

was attained for AEEE (OH group added Eq to AEE). In the last reaction (Reaction 5), all five F 

atoms are replaced by five OH groups to form Ta(OH)5 which has a relative energy of 10.90 

kcal/mol. It is clear from Table 3.6 that the energy increased with increasing OH groups. From 

these results it is clear that although the OH group approached from an Eq position the molecule 

rearranges to form the OH-A conformer, where a second OH group approaches again form the 

Eq position to form the AE conformer. Rearrangement takes place again to form AA conformer 

and when the third substitution takes place, the AAE conformer is formed, followed by AAEE. 

As shown for TaCl5 (Table 3.3), it is again apparent that the oxidation of TaF5 (Reaction 6 – 12 in 

Table 3.6) is unlikely to occur spontaneously. Unlike for TaCl5 where the first two hydrolysis 

reactions were likely (exothermic), only the first hydrolysis reaction (Reaction 1) was exothermic 

when using TaF5 (Table 3.6) with a significant difference between the E and A conformers.  

In an attempt to explain this difference in energies between the two conformers, the transition 

energies for the first hydrolysis reaction were determined and are presented in Figure 3.3. It is 

clear from this analysis that between the reagent (TaF5 – Point A) and the product (TaF4OH – 

Point E), three transition states (Points B, C and D) are possible. Point A in Figure 3.3 shows the 

reagents TaF5 and H2O of which the energies were set to 0 kcal/mol. All subsequent energies 

were calculated relative to these two molecules. After optimisation of the structure, the H2O 

molecule was modelled from both an Ax and Eq position respectively. However, at the lowest 

energy for the first transition (Point B), the H2O was in the Eq position in both cases, with energies 

of approximately -20 kcal/mol, indicating an exothermic reaction with no distinct orientation 

preference.  

In the next step it seems that the H2O bonded to the TaF5 (Point C). For this state the only 

observable difference was that when the H2O molecule approached from the Ax position (Figure 

3.3 point C), the H atoms of the H2O molecule turned towards the Eq position while when the H2O 
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molecule approached from the Eq position, the H atoms had turned towards the Ax position. The 

reaction energy at this point was only slightly higher than Point B at -18 kcal/mol, confirming that 

the formation of Ta(H2O)F5 was also exothermic. It is interesting to note that the two Ax F atoms 

in Point C were distorted from a 90° angle to accommodate the H2O molecule and possibly due 

to the formation of hydrogen bonds. To determine the degree of distortion, the bond lengths and 

bond angles were calculated and shown in Supplementary Data (Figure S3). 

 

Figure 3.3 – Hydrolysis reaction of TaF5 with regards to transition state energies 

 

In the third step, Point D in Figure 3.3, a four membered cyclic ring was formed between the TaF5 

and bonded H2O, by the association of an F atom and an adjacent H atom, which ultimately results 

in the release of HF and the formation of TaF4OH, with the remaining OH group either in the Ax 

or Eq position. At this point the geometry changed from trigonal bi-pyramidal to square pyramidal. 

As the HF molecule moved further away from TaF4OH, the geometry changed back to trigonal bi-

pyramidal. It is interesting to note that Point D correlates perfectly with the mechanism proposed 

by Siodmiak et al. [9] for TaCl5, when calculating the hydrolysis of TaCl5 in water showing that the 

water molecule first bonded to the metal atom before evicting HCl. It can thus be concluded that 

when TaF5 is dissolved in water, the water molecule firstly bonds to the Ta to form Ta(H2O)F5, 

followed by the formation of a cyclic transition state where one H atom of the water molecule 

bonds with one F atom, before evicting the HF group from TaF4OH. This can also be expressed 

as shown in Figure 3.4. 
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Figure 3.4 – Proposed mechanism for the reaction of TaX5 (X = Cl or F) with one H2O molecule 
(reproduced from Siodmiak et al. [9]) 

 

According to Figure 3.3 10.58 kcal/mol was needed for the formation of the four membered cyclic 

ring, while the energy of the final TaF4OH was -4.80 and -2.35 kcal/mol in the Ax and Eq position 

respectively, indicating that the Ax position yielded a lower energy state and therefore was more 

favourable to form. This correlates with the calculation made in Table 3.4, where the length of the 

Ax F atom was shown to be longer, therefore more unstable and thus favouring a reaction in this 

position. 

 

3.4 Conclusion 

Due to a lack of speciation data, molecular modelling was used to confirm the molecular structure 

of both TaCl5 and TaF5 while calculating the energies of the hydrolysis and oxidation reactions. 

To confirm the suitability of the model, the model was developed and then verified for TaCl5 for 

which data is available before applying the verified model to TaF5. 

For the calculated bond lengths and bond angles of TaCl5 PW91(DND), PW91(DNP), 

PW91(DNP+) and PBE(DNP+) gave values that were closest to theoretical literature with an 

average deviation of 0.065 ± 0.006 Å for PW91 and 0.66 ± 0.006° for PBE(DNP+). While 

PBE(DNP+) had the smallest bond angle deviation of 0.007 ± 0.006, B3LYP(DNP) had the 

highest bond angle deviation of 1.42 ± 1° as well as a high computational cost. With regards to 

the frequency calculations the overall deviation between the functional and basis sets was 6 cm-

1 and less than 10% with literature. When using this approach on a range of molecules it was 

shown that the larger basis set combination PBE(DNP+) was the most suitable.  

When comparing the results from TaCl5 (method verification) and TaF5 (case study), similar data 

and trends were observed, verifying the suitability of the model for studying TaF5 reactions with 

H2O. For the hydrolysis reactions only TaX4OH or TaCl3(OH)2 will form with lower energies when 

substituents were in the Eq position. From the proposed oxidation reactions, it is evident that the 

oxyfluoride species TaOX3 and TaO2X will not form via these reactions as all oxidation reactions 

were endothermic both for TaCl5 and TaF5. According to the transition state energy calculations 
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of TaF5 with H2O one H2O molecule bonded to TaF5 to form a stable Ta(H2O)F5 before the eviction 

of HF forming TaF4OH, with a transition state energy of 10.58 kcal/mol. 

Future work will entail the investigation of molecular modelling to determine the influence of acid 

on the metal-H2O interaction thereby identifying the possible speciation in an aqueous phase as 

found during SX. 
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3.6 Supplementary Data 

Table S1 – Experimental literature and modelled vibrational frequencies* (cm-1) for TaCl5 

Frequency 
Literature 

[8] 
PW91 

(DND) 

PW91 

(DNP) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP) 

ω1(a’1) 406 369 368 369 367 372 

ω2(a’1) 324 306 306 310 305 304 

ω3(a2’’) 371 342 342 346 340 340 

ω4(a2’’) 155 147 147 150 146 151 

ω5(e’) 402 376 376 374 374 379 

ω6(e’) 181 123 123 124 120 124 

ω7(e’) 54 54 54 55 51 53 

ω8(e’’) 127 167 167 166 166 172 

* Modelled vibrational frequencies indicate the harmonic vibrational frequency without a scaling 
factor. 

 

Figure S1 – Molecular structure of TaOCl3 

Table S2 – Calculated and literature values of bond lengths, angles and vibrational frequencies 
(cm-1) of TaOCl3 

 

Literature 

[8] 
PW91 

(DND) 

PW91 

(DNP) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP) 

Bond/Angle       

Ta-O [Å] 1.710 1.753 1.753 1.753 1.754 1.741 

Ta-Cl [Å] 2.289 2.327 2.327 2.328 2.329 2.334 

O-Ta-Cl [°] 107.70 106.92 107.00 106.81 106.80 108.61 

Cl-Ta-Cl [°] 111.18 111.90 111.83 111.98 112.01 110.31 

       

Frequency*       

ω1(a) 1017 971 971 956 971 998 

ω2(a) 398 366 366 366 364 385 

ω3(a) 123 108 108 106 107 115 

ω4(e) 410 383 383 382 382 385 

ω5(e) 227 202 202 204 201 206 

ω6(e) 108 92 92 91 92 94 

* Modelled vibrational frequencies indicate the harmonic vibrational frequency without a scaling 
factor. 
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Figure S2 – Molecular structure of TaO2Cl 

 

Table S3 – Calculated and literature values of bond lengths, angles and vibrational frequencies 
(cm-1) of TaO2Cl 

 

Literature 

[8] 
PW91 

(DND) 

PW91 

(DNP) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP) 

Bond/Angle       

Ta-O [Å] 1.733 1.774 1.774 1.775 1.756 1.764 

Ta-Cl [Å] 2.324 2.376 2.376 2.374 2.376 2.392 

O-Ta-Cl [°] 110.51 106.14 106.14 106.41 106.50 108.48 

O-Ta-O [°] 106.48 103.49 103.49 103.58 103.59 105.30 

       

Frequency*       

ω1(a’) 999 948 948 947 946 985 

ω2(a’) 392 365 366 366 364 368 

ω3(a’) 156 139 138 127 134 112 

ω4(a’’) 946 907 907 899 906 940 

* Modelled vibrational frequencies indicate the harmonic vibrational frequency without a scaling 
factor. 

 

 

Figure S3 – Bonds lengths and angles of Ta(H2O)F5 from an Ax (left) and Eq (right) position  
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Figure S3 – Bond lengths and angles of TaF4OH with the OH in Ax (left) and Eq (right) position  

 



60 
 

CHAPTER 4 
 

Chapter 4 consists of the article titled ‘Molecular modelling of H2SO4 reactions in an aqueous 

environment: A DFT study’, which is added into this thesis in the exact format in which it was 

submitted for review in the Journal of Computational and Theoretical Chemistry (2017). 
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4.1 Introduction 

Tantalum (Ta) and niobium (Nb) are two metals found in the same group (VB) of the periodic 

table, with similar chemical and physical properties, making their separation difficult. Ta with 

its numerous advantages is used in a variety of applications including capacitors in electronic 

circuits, rectifiers, pins for bones fixtures, surgical and dental instruments and in chemical heat 

exchangers [1]. For many of its applications, pure Ta is needed; however, there is a 

proportional increase in production cost with increasing purity. One way of ensuring an 

economically viable process for the production of high purity Ta is to find a cost-effective way 

to separate Ta and Nb. One separation method is solvent extraction (SX). Ungerer et al. [2] 

studied the separation of Ta and Nb (in the form of Ta(Nb)F5), where partial separation was 

achieved in a sulphuric acid (H2SO4) medium with the extractants diiso-octyl phosphinic acid 

(DioPA) and di-(2-ethylhexyl) phosphoric acid (D2EHPA). While a degree of separation 

between the aforementioned metals was plausible, it was not possible to fully explain the 

distribution data obtained due to the lack of experimental data on the speciation of Ta and Nb 

compounds [3]. 

An alternative method that could be used to determine the speciation could be computational 

methods [4], including programs that simulate thermodynamic properties such as FactSage™, 

mathematical simulations such as Matlab®, or molecular modelling of processes and reactions 

such as BIOVIA Materials Studio. When applying molecular modelling to SX, a step-by-step 

analysis of the extraction process on a molecular level can be achieved. From this, the 

molecular reactions as well as the system reactions occurring during SX from a thermodynamic 

point could be determined, which might lead to the development of a new method for the 

system analysis of the SX process of Ta and Nb. 

However, before the SX process of Ta and Nb can be analysed, the reaction mechanism of 

H2SO4 and H2O occurring in the aqueous phase during SX should be understood. Despite the 

industrial importance of H2SO4 [5, 6], according to the authors of this work, the speciation of 

metal sulphate aqueous mixtures has not been presented in literature. From previous 

modelling [7, 8], it was shown that H2SO4 dissociates to form HSO4
− and H3O+, or in 

concentrated solutions SO4
2− and 2H3O+. Nadykto et al. [9] investigated HSO4

−.(H2O)n and 

H3O+.H2SO4.(H2O)n (n=1-5) in the gas phase and found that the ionic hydrates were more 

stable than the neutral species, especially when the amount of H2O molecules increased. It is 

assumed that when the dissociated ions of H2SO4 are in water, they are surrounded by 

concentric shells of H2O molecules, where each successive shell is more weakly bonded until 

a bulk water structure is reached [10]. Using both diffraction and modelling data, Cannon et al. 

[11] showed that the first hydration shell of the ion, depending on the temperature, has 6 to 14 
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surrounding H2O molecules. Kakizaki et al. [12] investigated the formation of H2SO4.(H2O)n (n 

= 1-9) and found that when the cluster size increased, the acid dissociation probability also 

increased. 

However, in molecular modelling an increase in the number of atoms in a system means that 

more resources and computational time will be needed to complete calculations. The 

computational cost is proportional to N2, where N is the number of atoms [13]. Therefore, to 

simulate H2SO4 in an infinite dilution will be too expensive. An alternative to this is to use a 

model, the conductor-like screening model (COSMO), which simulates infinite dilution of 

solvents of varying polarity [14, 15] and includes the short range interactions of the solute 

particles. 

Therefore, in this study we investigated the suitability of molecular modelling in determining 

the behaviour of H2SO4 in an aqueous environment. In a first step, the dissociation of H2SO4 

(reactions 1 and 2), forming the bisulphate (HSO4
−) and sulphate ions (SO4

2−), with and without 

COSMO and the effect it has on the geometry, vibrational frequency and reaction energy was 

investigated. The second step investigated the likelihood of various H2SO4 water interactions 

(reaction 3 – 5) and the formation of monohydrated sulphuric acid (H2SO4.H2O) and bisulphate 

ion (HSO4
−.H2O) as well as the di-hydrated sulphuric acid (H2SO4.2H2O): 

H2SO4 + H2O → HSO4
− + H3O+         (1) 

HSO4
− + H2O → SO4

2− + H3O+         (2) 
H2SO4 + H2O → H2SO4.H2O         (3) 
HSO4

− + H2O → HSO4
−.H2O         (4) 

H2SO4 + 2 H2O → H2SO4.2H2O         (5) 

Various geometries may exist during this interaction and will be discussed in the Results and 

Discussion section. The third step in this investigation was to determine the effect the amount 

of water molecules had on the system by increasing the acid-water ratio from 1:1 to 1:5 and 

1:10. 

 

4.2 Computational Methods 

For the molecular modelling of H2SO4 with water, the DMol3 module of the Biovia Materials 

Studio 2016 software from Dassault Systèmes Biovia Corp. [16] was used. The density-

functional theory (DFT) semi-empirical dispersion interaction correction module (DFT-SEDC) 

was applied. For all the calculations on the different molecules of reactions 1 – 5, a geometry 

optimisation [17, 18] was initially done using the following combination of functional and basis 

sets: 
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1) Generalised-gradient approximation (GGA) with Perdew-Wang correlation functional 

(PW91) with the DNP+ (double numerical plus polarisation, with addition of diffuse 

functions) basis set, basis file 4.4 and the Ortmann, Bechstedt and Schmidt (OBS) 

dispersion correction [19].  

2) GGA with Perdew-Burke-Ernzerhof (PBE) [20] correlation functional with basis set 

DNP+, basis file 4.4 and Tkatchenko-Scheffler (TS) dispersion correction [21]. 

3) Becke exchange plus Lee-Yang-Parr correlation (B3LYP) [22, 23] hybrid exchange-

correlations energy functional, with basis set DNP+, basis file 4.4 and TS dispersion 

correction [21]. 

The core treatment parameter was set to ‘All Electron’ and therefore the electrons were 

calculated as if they were valence electrons. Furthermore, under the electronic properties, a 

smearing of 0.005 Hartree (Ha) was chosen for all the calculations [24] which contributed to 

the 4 kcal/mol margin of error obtained as an average for all the experiments. For the 

comparison with the use of COSMO [14, 15], the same geometries and settings as above were 

used but by only adding water as the solvent (dielectric constant = 78.54) to simulate these 

reaction in a bulk H2O solution. 

After the geometry optimisation process, single point energy calculations were done to 

calculate various electronic properties using the same settings that were used for the geometry 

optimisations. The calculations were done at 0 K and the energy correction term was added to 

give Gibbs free energy and energy of formation (Hf) values at 298.15 K. The zero-point 

vibrational energy (ZPVE) was included in all calculations. Frequency calculations were used 

to confirm optimised structures (minimum energy and no imaginary frequency) and transition 

states (maximum energy and one imaginary frequency). 

 

4.3 Results and Discussion 

This section is divided into three parts. Section 4.3.1 will focus on the comparison of the 

geometry optimisation results and reaction energies of the species present in reactions 1 and 

2. Section 4.3.2 focuses on the geometry optimisation and reaction energies of reactions 3 – 

5, where the H2SO4:H2O ratio is 1:1, followed by Section 4.3.3, where the influence of water 

on these reaction will be investigated by changing the H2SO4:H2O ratio to 1:5 and 1:10. 
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4.3.1 Comparison with and without COSMO 

All the participating species in reactions 1 and 2 (H2SO4, HSO4
−, SO4

2−, H2O and H3O+) were 

geometrically optimised as described in Section 4.2. The geometry data and harmonic 

vibrational frequencies for H2SO4 (cis- and trans-conformer), HSO4
− and SO4

2− are given in the 

Supplementary Data Tables S1 – S6. 

The first species to be modelled was H2SO4 of which its cis- and trans-conformers are shown 

in Figure 4.1, with Cs and C2 symmetry, respectively. The bond lengths and angles of both the 

cis- and trans-conformers of H2SO4, calculated by using the different functional/basis set 

combinations with and without COSMO, were compared. By comparing each functional/basis 

set where either COSMO was added or left out, it can be seen that the bond lengths deviated 

by less than 0.019 Å for both the cis- and trans-conformers. However, the bond angles deviated 

by up to 3°. Comparing the different functional/basis set combinations with COSMO with each 

other, a deviation of less than 0.02 Å and 1.6° for all the bond lengths and angles were 

obtained. The modelled bond lengths and angles were in the same order of magnitude 

compared to the previously modelled data [25]. The margin of error for the cis-conformer was 

±0.02 Å and ±2.3° for the bond length and angle, respectively, and ±0.02 Å and ±2.7°, 

respectively, for the trans-conformer. Comparing our modelled data to experimental data, it 

was seen that overall the modelled data deviated by less than 0.03 Å and 1.35° with COSMO 

and 0.05 Å and 1.55° without COSMO. 

 

Figure 4.1 – Molecular structure of the cis- and trans-conformers (left and right) of H2SO4  

 

H2SO4 is a nonlinear molecule and will have 3N-6 degrees of freedom, with N = 7 atoms in the 

molecule, thus H2SO4 has 15 degrees of freedom and therefore 15 types of molecular 

vibrations (stretching and bending modes). The vibrational frequencies (Table S2) were shifted 

higher because of electron correlation and anharmonicity effects in the theoretical treatment 

used within the modelling. Also, the frequencies shown are calculated harmonic vibrational 

frequencies (ω (cm−1)) without a scaling factor [26, 27] to account for the error between 
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harmonic vibrational frequency and fundamental vibrational frequency (ν (cm−1)). However, 

comparing the results it was seen that overall the data when COSMO was added correlated 

more with experimental data. 

For both the cis- and trans-conformers of H2SO4, the thermodynamic properties are given in 

Table 4.1 in terms of electronic energy, Gibbs free energy, enthalpy and entropy calculated 

from the different functional/basis set combinations used. From these results it can be seen 

that the energy values for the different modelling methods investigated were similar. However, 

by adding COSMO, the electronic energy decreased over all the functional/basis sets used, 

indicating a more stable system. Steyl [28] reported an E0 value of −702.078 Ha for H2SO4 with 

DFT modelling (Material Studio v.4.2) using the Vosko-Wilk-Nusair functional (VWN(DNP)) 

and basis set superposition errors (BSSE). Similarly, it can be seen that (Table 4.1) the 

energies for the cis- and trans-conformers were equivalent. For example, the differences in the 

energies (ΔEo) between the cis- and trans-conformers were 0.398, 0.383, 0.154 kcal/mol with 

COSMO and 1.111, 1.025, 1.004 kcal/mol without COSMO for PW91(DNP+), PBE(DNP+) and 

B3LYP(DNP+), respectively. The trans-conformer was at a lower energy than the cis-

conformer for all the functional/basis set combinations used. When the cis- and trans-

conformers of H2SO4 were modelled with both ab initio modelling software (Gaussian 03 with 

the B3LYP and Møller-Plesset (MP2) functionals) and MOLPRO software (with the CCSD(T) 

functional), Demaison et al. [25] found that the trans-conformer had a lower energy with a 

difference of 5.5 kJ/mol (1.3 kcal/mol). This expected difference is due to differences in the 

type of modelling (DFT versus ab initio). 

Table 4.1 – The calculated electronic energy (E0), Gibbs free energy (G), enthalpy (H) and 
entropy (S) of H2SO4 (cis- and trans-conformers) 

Bond/Angle 

PW91 (DNP+) PBE (DNP+) B3LYP (DNP+) 

With 

COSMO 

Without 

COSMO 

With 

COSMO 

Without 

COSMO 

With 

COSMO 

Without 

COSMO 

H2SO4, cis       

E0, Ha −700.39 −700.37 −700.01 −699.99 −730.81 −730.79 

G, kcal/mol 6.003 5.253 5.743 4.976 6.360 5.881 

H, kcal/mol 27.627 27.553 27.335 27.452 28.035 28.243 

S, kcal/mol.K 0.072 0.075 0.073 0.075 0.073 0.075 

H2SO4, trans       

E0, Ha −700.39 −700.37 −700.01 −699.99 −730.81 −730.79 

G, kcal/mol 6.114 5.947 5.973 5.906 6.814 6.655 

H, kcal/mol 27.596 27.628 27.562 27.582 28.162 28.256 

S, kcal/mol.K 0.072 0.073 0.072 0.073 0.072 0.073 

Relative Energy, ΔE0 

(trans-cis) (kcal/mol) 
0.398 1.111 0.383 1.025 0.154 1.004 
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The next species investigated were HSO4
− and SO4

2− (shown in Figure 4.2). The modelling 

values of HSO4
− (Table S3 and Table S4) from the different functionals with COSMO were 

similar, with a 0.01 Å bond length and a 0.4° bond angle deviation, except for the H1-O3-S1 

bond angle determined with B3LYP(DNP+), which differed by 1.55°. Comparing the COSMO 

and without COSMO data, it can be seen that the data had a 0.05 Å bond length and a 1.67° 

bond angle deviation, and especially the H1-O3-S1 bond angle differed by up to 4.13°. The 

modelled values correlated with previously modelled data [9], with a less than 0.04 Å bond 

length and 3.5° bond angle deviation, except for the H1-O3-S1 bond angle determined with 

B3LYP(DNP+), which differed by 5.07°. On average the modelled values differed by less than 

3% from previously modelled data [9]. Comparing the modelled vibrational data to 

experimental infrared data, it can be seen that the values were in the same order of magnitude. 

However, the experimental data was given without the influence of H2O and this could explain 

the deviation. 

 

Figure 4.2– Molecular structure of HSO4
− (left) and SO4

2− (right) 

 

The modelled data of SO4
2− (Table S5 and Table S6), using the different functional/basis set 

combinations, showed deviations of less than 0.02 Å and 0.3° for the bond lengths and angles, 

respectively, irrespective of whether COSMO was added or not. The bond lengths and angles 

differed by less than 0.08 Å and 0.3°, respectively, from previously modelled data [10]. 

In Table 4.1 it was shown that the relative energies of the cis- and trans-H2SO4 conformers 

differed by less than 0.4 kcal/mol with COSMO and 1.2 kcal/mol without COSMO and based 

on those results it would hence not be possible to determine which would form preferentially. 

In an attempt to determine this, the energy of formation (Hf (kcal/mol)) for the H2SO4 

conformers and their transition states (Figure 4.3) was determined. Accordingly, the ΔHf for 

the cis-conformer was less than 0.2 kcal/mol, with the transition state less than 1 kcal/mol, 

indicating that a nearly free rotation around one of the S-OH bonds in H2SO4 took place, 

forming both conformers when COSMO was added. As expected, the data without COSMO 
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showed higher energy of formation for both the transition states and conformers, as this 

simulates this transition in the gas phase which requires more energy than in a liquid phase. 

Therefore, both the cis- and trans-conformers may participate in the reactions with H2O. 

Demaison et al. [25] showed that the trans-conformer had a lower energy with a difference of 

5.5 kJ/mol (1.3 kcal/mol) in the gas phase. Although the lowest energy of the cis-H2SO4 

conformer was calculated with B3LYP(DNP+), this functional also had the highest energy for 

the transition state. Both PW91 and PBE fall in the non-local or gradient-corrected functional 

class and will show similar data with regard to predicted energies and structures because PBE 

was developed to mimic PW91 [29]. However, B3LYP fall in the hybrid functional class where 

the exchange-correlation energy functional was changed by incorporation of a portion of exact 

exchange from the Hartree-Fock theory. Therefore, B3LYP can accurately calculate electronic 

energy and formation energy of small molecules and early transition metals. However, 

transition states had a mean error of up to 2.14 kcal/mol [29, 30]. 

 

Figure 4.3 – Relative formation energy (Hf (kcal/mol)) between the cis- and trans-H2SO4 
conformers, top graph with COSMO and bottom graph without COSMO 

 

The relative energy of formation for reaction 1 (H2SO4 + H2O → HSO4
− + H3O+) and reaction 2 

(HSO4
− + H2O → SO4

2− + H3O+) was determined both for the cis- and trans-conformers of 

H2SO4 and are shown in Figure 4.4. Accordingly, with COSMO, 7.20, 10.64 and 11.21 kcal/mol 

(calculated with PW91(DNP+), PBE(DNP+) and B3LYP(DNP+), respectively) are needed to 

from HSO4
− form the cis-H2SO4 conformer. The energy values, calculated with the different 
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functionals, deviated by less than 4 kcal/mol from each other, which was in the margin of error 

range. For reaction 2, 31.30, 34.58 and 35.31 kcal/mol were needed to form SO4
2− from the 

cis-H2SO4 conformer with the aforementioned functionals. Without COSMO, the energy was 

significantly higher, indicating that this reaction does not occur in the gas phase. However, 

even with the addition of COSMO to simulate infinite dilution, this reaction will not take place. 

 

Figure 4.4 – Relative energy of formation (Hf (kcal/mol)) of HSO4
− and SO4

2− from both the 
cis-and trans-conformers of H2SO4 

 

The second graph in Figure 4.4 shows the results with respect to the trans-H2SO4 conformer. 

The results were within 0.20 kcal/mol of the cis-conformer results. While the results for both 

the cis- and trans-H2SO4 conformers show that these reactions occur endothermically, it is 

known that H2SO4 reacts exothermically with water. Even though these calculations were done 

using COSMO to account for the interactions with water (hydrogen bonds), it does not fully 

account for the long range water interactions. In Section 4.3.3, the effect of explicitly adding 

H2O molecules is investigated. 

Comparing the data from Figure 4.3 and Figure 4.4, it can be seen that, when neutral species 

(cis- and trans-H2SO4) were modelled, the calculated energy of formation with and without 

COSMO was within 1 kcal/mol from each other. However, when ionic species were considered 

(HSO4- and SO4
2-), the calculated energy with and without COSMO deviated by as much as 
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~250 kcal/mol. Therefore, to obtain more reliable formation energies for ionic reactions, it is 

recommended to use the COSMO model to account for the solvation effect. 

 

4.3.2 Reactions of H2SO4 and H2O in a 1:1 H2SO4/H2O environment 

Considering the monohydrated H2SO4.H2O (likely from reaction 3), various geometries both 

from experimental [31] and theoretical [32-34] data have been proposed and considered for 

this study. Due to the difference in data between with and without COSMO presented in section 

3.1, it was decided to report the geometry data with COSMO only. 

The three most stable configurations obtained are shown in Figure 4.5. Figure 4.5A shows the 

configuration where the H2O molecule is bound to the OH group of the H2SO4 molecule, while 

Figure 4.5B1 and B2 show the configuration where the H2O molecule is bound to the S=O 

group of the H2SO4 molecule in two different conformers. 

 

Figure 4.5 – Optimised geometries of the three sulphuric acid monohydrate (H2SO4.H2O) 
configurations A, B1 and B2 

 

The geometry data, obtained with the use of COSMO, for all three configurations is shown in 

Table 4.2 and compared to similar geometries for H2SO4.H2O that have been proposed by 

Arstila et al. [32] using a DFT-based Car-Parrinello ab initio molecular dynamics method [35] 

also using, amongst other functionals, B3LYP. Firstly, the H2SO4.H2O configuration A will be 

discussed. It is clear when comparing the bond lengths and angles, obtained with the different 

functionals, that the data differed by less than 0.06 Å and 0.8°, respectively, except for the H1-

O6 bond (bond distance between H2SO4 and H2O) where the difference was 0.2 Å and 4.3° 

for the angle between H2SO4 and H2O (H4-O6-H1), respectively. The modelled data correlated 
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with the modelled data from literature, except the angle of the two H atoms on the H2O (H3-

O6-H4). Literature [32] showed this angle to be 107.9°, possibly due to the interaction between 

the H atom of H2O and =O of H2SO4, which increased the bond angle. The modelling data 

showed the H3-O6-H4 angle to be 104.63 ± 0.24°, which correlates with literature data [36] 

where it was shown that this H-O-H angle on H2O was 104.5° when water was alone. The main 

difference between our modelled system and the experimental system is that we found the 

lowest energy conformer when the H2O bonded to a cis-H2SO4 molecule, where for the 

experimental system the H2O is bound to a trans-H2SO4 molecule. Even with this deviation in 

geometry, our modelled data correlates to the experimentally obtained data. 

Table 4.2 – Calculated (with COSMO) and literature values of bond lengths and angles of 
H2SO4.H2O in configuration A 

Bond/Angle 

Literature 

(modelled) 

[32] 

Literature 

(experimental) 

[31] 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP+) 

S1-O2 [Å] 1.48 1.464 1.457 1.456 1.438 

S1-O3 [Å] 1.60 1.567 1.555 1.566 1.555 

S1-O4 [Å] 1.64 1.578 1.618 1.617 1.587 

S1-O5 [Å] 1.45 1.410 1.447 1.448 1.431 

O4-H2 [Å] 0.99 0.95 0.979 0.981 0.974 

O3-H1 [Å] 1.04 1.009 1.096 1.066 1.036 

H1-O6 [Å] 1.64 1.645 1.370 1.448 1.511 

O6-H3 [Å] 0.99 0.98 0.975 0.976 0.969 

O6-H4 [Å] 0.99 0.98 0.976 0.976 0.971 

S1-O4-H2 [°] 108.5 108.5 108.78 108.98 110.50 

O2-S1-O4 [°] 107.5 - 108.58 108.93 108.85 

O4-S1-O5 [°] 105.5 104.71 103.60 103.61 104.59 

O5-S1-O3 [°] 108.1 - 108.90 108.46 108.48 

O2-S1-O3 [°] 109.0 106.7 110.11 110.02 109.23 

S1-O3-H1 [°] 109.0 108.6 111.29 111.06 111.07 

H4-O6-H1 [°] – - 105.51 108.08 109.83 

H3-O6-H4 [°] 107.9 107.0 104.87 104.39 104.87 

O3-S1-O4 [°] 102.9 101.8 104.12 103.91 103.90 

O2-S1-O5 [°] 122.2 123.3 120.20 120.51 120.50 

 

Comparing the modelled data (Table 4.3) of configuration B1 and B2 of H2SO4.H2O with regard 

to bond length and angle, the modelling data was within 0.057 Å and 0.24°, except the two H 

angles in H2SO4 (S1-O4-H2 and S1-O3-H1), calculated with B3LYP(DNP+), which differed by 

1.66 Å and 1.56 Å, respectively. Similarly, the angle between H2O and H2SO4 for B1 calculated 

with B3LYP(DNP+) differed by 16.79 ± 0.06° when comparing the different functionals, 



71 
 

possibly due to a greater calculated repulsion of O3. When comparing the bond lengths shown 

in literature and the modelled data, it differed by less than 0.046 Å, except for the bond length 

between H2O and H2SO4, which differed by 0.11 Å. The bond angle of H2O and H2SO4 differed 

by 7.52° from the modelling data. The bond lengths between B1 and B2 differed with 0.002 Å. 

No experimental data has been published on these configurations of H2SO4.H2O, leading to 

the conclusion that, although they were found to be stable during the modelling they are short 

lived species in solution. 

Table 4.3 – Calculated (with COSMO) and literature values of bond lengths and angles of 
H2SO4.H2O in configurations B1 & B2 (in brackets) 

Bond/Angle 
Literature 

[32] 
PW91 

(DNP+) 
PBE 

(DNP+) 
B3LYP 
(DNP+) 

S1-O2 [Å] 1.46 
1.449 

(1.450) 
1.449 

(1.451) 
1.437 

(1.438) 

S1-O3 [Å] 1.63 
1.600 

(1.598) 
1.602 

(1.601) 
1.586 

(1.586) 

S1-O4 [Å] 1.63 
1.599 

(1.599) 
1.601 

(1.602) 
1.584 

(1.582) 

S1-O5 [Å] 1.46 
1.442 

(1.443) 
1.444 

(1.444) 
1.430 

(1.431) 

O4-H2 [Å] 1.00 
0.981 

(0.981) 
0.982 

(0.982) 
0.974 

(0.974) 

O3-H1 [Å] 0.99 
0.981 

(0.982) 
0.982 

(0.983) 
0.974 

(0.974) 

O2-H4 [Å] 2.10 
1.991 

(1.944) 
2.048 

(2.000) 
2.017 

(1.953) 

H4-O6 [Å] 0.99 
0.977 

(0.978) 
0.976 

(0.978) 
0.968 

(0.968) 

O6-H3 [Å] 0.99 
0.972 

(0.972) 
0.972 

(0.972) 
0.965 

(0.964) 

S1-O4-H2 [°] 109.2 
109.64 

(109.45) 
109.35 

(109.47) 
111.01 

(110.58) 

O2-S1-O4 [°] 108.7 
110.35 

(110.31) 
110.28 

(110.27) 
110.29 
(110.1) 

O4-S1-O5 [°] 105.8 
104.71 

(104.82) 
104.70 

(104.68) 
104.97 

(105.37) 

O5-S1-O3 [°] 109.6 
111.05 

(111.11) 
110.87 

(111.02) 
111.11 

(110.84) 

O2-S1-O3 [°] 105.2 
104.17 

(103.83) 
104.29 

(103.96) 
104.36 

(103.80) 

S1-O3-H1 [°] 109.0 
109.49 

(109.36) 
109.44 

(109.27) 
111.00 

(111.01) 

O3-S1-O4 [°] 102.2 
103.90 

(103.95) 
103.99 

(104.03) 
103.83 

(103.97) 

O2-S1-O5 [°] 123.4 
121.44 

(121.61) 
121.51 

(121.67) 
121.08 

(121.53) 

S1-O2-H4 [°] 128.6 
121.21 

(119.68) 
121.08 

(119.05) 
104.36 

(120.82) 

H4-O6-H3 [°] 104.8 
104.01 

(104.04) 
104.18 

(103.52) 
104.57 

(104.25) 
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From first principles it is known that polyprotic acids like H2SO4 have the ability to produce 

multiple hydronium ions in aqueous solutions. The first acid dissociation constant pKa1 for 

H2SO4 is −2.00 and the second dissociation constant pKa2 is 1.99 [37], indicating that the loss 

of the first H atom should occur readily. To determine whether this phenomenon takes place 

in hydrated H2SO4, the deprotonated monohydrate sulphuric acid (possibly due to reaction 4) 

was studied. Various geometries have been reported and considered [32, 33, 38]. Figure 4.6 

shows the optimised geometry of two possible HSO4
−.H2O configurations found to be the most 

stable. Figure 4.6C is where the H2O molecule is bound to the H atom of the HSO4
− molecule, 

while Figure 4.6D is where the H2O molecule is bound to the S=O group of the HSO4
− molecule. 

 

Figure 4.6 – Optimised geometries of the two deprotonated monohydrate (HSO4
−.H2O) 

configurations C and D 

 

Table 4.4 shows the modelled data for the bond lengths and angles of both configurations C 

and D of HSO4
−.H2O. For configuration C, the bond lengths and angles were within 0.027 Å 

and 0.5°, respectively, from each other, except for the bond length between H2O and HSO4
−, 

which differed by up to 0.133 Å. This bond length deviation (H1-O6) led to the H4-O2 deviation 

of up to 0.1 Å, while the H2O to H2SO4
− angle (H4-O6-H1) deviated up to 6.8°. For configuration 

D, the bond lengths and angles were within 0.020 Å and 1.49°, respectively, from each other. 

Similar to configuration D, Arstila et al. [32] proposed a HSO4
−.H2O configuration where the 

H2O molecule is bound to the =O atom of HSO4
−. The main difference between configuration 

C and D was that the H2O molecule was rotated clockwise and to the back forming a hydrogen 

bond between the O of H2O and the H on HSO4
− (between O6 and H2). Arstila et al. [32] found 

a bond length between H2O and HSO4
− of 1.68 Å, which correlated with configuration C (1.657 

± 0.067 Å), but not with configuration D (1.822 ± 0.017 Å). 
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Table 4.4 – Modelled data (with COSMO) for the bond lengths and angles of HSO4
−.H2O (C 

and D) 

 Configuration C Configuration D 

Bond/Angle 
PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP+) 

PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP+) 

S1-O2 [Å] 1.482 1.482 1.472 1.481 1.482 1.467 

S1-O3 [Å] 1.632 1.624 1.616 1.474 1.474 1.462 

S1-O4 [Å] 1.482 1.482 1.465 1.659 1.660 1.640 

S1-O5 [Å] 1.476 1.477 1.463 1.474 1.475 1.463 

O3-H1 [Å] 1.019 1.008 0.992 - - - 

O4-H2 [Å] - - - 0.977 0.978 0.970 

H1-O6 [Å] 1.590 1.686 1.723 - - - 

O6-H3 [Å] 0.973 0.974 0.967 0.971 0.972 0.964 

O6-H4 [Å] 0.973 0.974 0.968 0.988 0.988 0.976 

H3-O5 [Å] - - - 2.924 2.929 2.943 

H4-O2 [Å] 3.446 3.560 3.557 1.805 1.813 1.839 

O2-S1-O4 [°] 112.74 112.97 112.02 100.66 100.57 101.01 

O4-S1-O5 [°] 113.87 113.90 113.85 106.24 106.22 105.91 

O5-S1-O3 [°] 102.59 102.32 102.66 114.19 114.19 113.63 

O2-S1-O3 [°] 106.35 106.12 106.17 113.93 113.86 114.23 

S1-O2-H4 [°] - - - 110.98 110.77 112.23 

S1-O3-H1 [°] 108.27 107.58 108.95 - - - 

S1-O4-H2 [°] - - - 107.17 107.21 108.66 

H4-O6-H1 [°] 102.76 108.50 109.55    

H4-O6-H3 [°] - - - 103.35 102.98 103.64 

H3-O6-H4 [°] 104.38 103.73 103.33 - - - 

O3-S1-O4 [°] 106.30 106.22 106.84 106.16 106.29 106.41 

O2-S1-O5 [°] 113.56 114.07 114.26 114.04 114.10 114.11 

 

For the last step of this section, the di-hydrated sulphuric acid molecule H2SO4.2H2O was 

modelled. Figure 4.7 shows the two configurations of H2SO4.2H2O (E1 and E2) that were 

considered. Following the logic from the formation of configurations A, B1 and B2 of the 

H2SO4.H2O molecule, it was assumed that a second H2O molecule could attach to either an 

OH group (as with the formation of configuration A), or it could attach to the =O of the H2SO4 

molecule (as with the formation of configurations B1 and B2). Both these approaches were 

investigated and the results (Table 4.5) show that stable configurations were obtained with the 

first approach where the H2O molecule attached to the OH group of H2SO4 to form the two 

configurations E1 and E2 shown in Figure 4.7. This was also compared to the modelled data 

of H2SO4.2H2O by Arstila et al. [32]. 
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Figure 4.7 – Optimised geometry of two di-hydrate sulphuric acid (H2SO4.2H2O) configurations 
E1 and E2 

 

Comparing the result from the three functionals with each other, it can be seen that the bond 

lengths and angles deviated by less than 0.20 ± 0.01 Å and 1°, respectively. However, the 

bond angles with respect to the attached H2O molecules (H6-O7-H2) deviated up to 2.59°. 

Comparing the literature values to the modelled values, the bond lengths deviated by less than 

0.26 Å and 0.15 Å with respect to configurations E1 and E2, respectively. The difference in 

bond angles from literature and the modelled data deviated by less than 1.46°. The two 

geometries shown by Arstila et al. [32] show the attachment of the two H2O molecules to the 

OH groups of a trans-H2SO4 conformer and not to the cis-conformer as was obtained in this 

study. Similar to the geometry of H2SO4.H2O, we have found the cis-configuration of 

H2SO4.2H2O to be more stable than the trans-configuration, even though the trans-H2SO4 

molecule has a lower energy. 
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Table 4.5 – Calculated (with COSMO) and literature values of bond lengths and angles of 
H2SO4.2H2O (E1 and E2 (in brackets)) 

Bond/Angle 
Literature 

[32] 
PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP+) 

S1-O3 [Å] 1.61 

(1.59) 

1.566 

(1.564) 

1.577 

(1.578) 

1.563 

(1.567) 

O3-H1 [Å] 1.04 

(1.06) 

1.098 

(1.103) 

1.061 

(1.064) 

1.034 

(1.032) 

H1-O6 [Å] 1.64 

(1.52) 

1.379 

(1.369) 

1.478 

(1.468) 

1.520 

(1.529) 

O6-H3 [Å] 0.99 

(0.99) 

0.973 

(0.973) 

0.974 

(0.974) 

0.966 

(0.967) 

S1-O4 [Å] 1.61 

(1.65) 

1.593 

(1.595) 

1.595 

(1.598) 

1.579 

(1.578) 

O4-H2 [Å] 1.04 

(0.99) 

1.032 

(1.029) 

1.022 

(1.021) 

1.004 

(1.005) 

H2-O7 [Å] 1.64 

( - ) 

1.533 

(1.540) 

1.616 

(1.623) 

1.645 

(1.645) 

O7-H5 [Å] 0.99 

(0.99) 

0.972 

(0.972) 

0.975 

(0.975) 

0.967 

(0.967) 

H4-O7 [Å] - 

(1.77) 

1.657 

(1.640) 

1.854 

(1.847) 

1.837 

(1.847) 

O3-S1-O4 [°] 103.8 

(102.9) 

104.58 

(104.74) 

104.73 

(104.71) 

104.59 

(104.49) 

S1-O3-H1 [°] 108.8 

(111.6) 

110.26 

(110.80) 

110.26 

(110.22) 

110.67 

(110.25) 

H1-O6-H4[°] 
- 

100.85 

(100.27) 

103.42 

(103.02) 

103.26 

(103.20) 

H4-O6-O3 [°] 
- 

99.66 

(105.94) 

102.25 

(105.13) 

101.02 

(105.58) 

S1-O4-H2 [°] 108.8 

(107.6) 

108.68 

(109.30) 

109.17 

(109.05) 

109.67 

(110.00) 

H2-O7-H6 [°] 
- 

111.03 

(110.33) 

111.59 

(111.31) 

112.56 

(113.52) 

H6-O7-O4 [°] 
- 

112.28 

(112.26) 

112.67 

(114.10) 

114.39 

(112.28) 

 

Figure 4.8 shows the results for reaction 3 (H2SO4 + H2O → H2SO4.H2O), where one H2O 

molecule is explicitly added to both the cis- and trans-H2SO4 molecules to determine the 

pathway to form configuration A of H2SO4.H2O shown previously in Figure 4.3. The first graph 

in Figure 4.8 shows the results with respect to the cis-H2SO4 conformer. In a first step, a H2O 

molecule was positioned between the two OH groups of H2SO4 to exothermically form a stable 

intermediate species with −14.01, −9.56 and −7.31 kcal/mol calculated with PW91(DNP+), 

PBE(DNP+) and B3LYP(DNP+), respectively. In the second step an intermediate state formed 



76 
 

where the H2O group was shifted to form a hydrogen bond with one of the OH groups of the 

H2SO4 with −8.27, −11.22 and −15.75 kcal/mol, respectively. In the third step, configuration A 

was formed at −14.94, −10.67 and −18.94 kcal/mol, respectively. These results indicate an 

exothermic reaction. This reaction was also modelled without COSMO and the formation 

energy with regard to the transition states and the formation of H2SO4.H2O followed the same 

trend, albeit at a slightly higher energy (~ 3 kcal/mol), showing that this reaction was also 

exothermic in the gas phase. 

The second graph in Figure 4.8 shows the results with respect to the trans-H2SO4 conformer. 

In the first step the H2O molecule coordinated with one of the OH groups of H2SO4 and formed 

an intermediary state at −16.27, −10.74 and −8.92 kcal/mol, calculated with PW91(DNP+), 

PBE(DNP+) and B3LYP(DNP+), respectively. These results differed by less than 2.26 kcal/mol 

from the cis-conformer data. The second step shows that the other OH group of H2SO4 rotated 

to form a second intermediary species at −8.23, −11.04 and −15.55 kcal/mol. These results 

were within 0.2 kcal/mol from the cis-conformer data. Step 3 shows the formation of 

configuration A requiring −14.75, −10.50 and −18.90 kcal/mol, respectively. These results 

deviated by less than 0.19 kcal/mol from the cis-conformer data. Hence both reactions from 

the cis- and trans-conformers are exothermic. Similar to the top graph, when this reaction was 

repeated without COSMO, the trends were similar and overall deviated by less than 3 kcal/mol. 

 

Figure 4.8 – Relative energy of formation (Hf (kcal/mol)) of H2SO4.H2O (configuration A) from 
both the cis- and trans-conformer of H2SO4 
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Figure 4.9 shows the relative energy of formation for reaction 3 (H2SO4 + H2O → H2SO4.H2O) 

with respect to configurations B1 and B2 of H2SO4.H2O, as was shown in Figure 4.3. Again the 

first graph in Figure 4.9 shows the results with respect to the cis-H2SO4 and the second the 

trans-H2SO4 conformer. The first step (top graph) shows the formation of an intermediary by 

the rotation of the OH group on H2SO4 and the coordination of the H2O molecule with −3.57, 

−2.73 and −1.87 kcal/mol, calculated with PW91(DNP+), PBE(DNP+) and B3LYP(DNP+), 

respectively. The second step shows the formation of configuration B1 with −3.19, −2.47 and 

−0.77 kcal/mol, respectively. The third step is again the formation of an intermediate. Rotation 

around the =O is not possible, therefore the H2O molecule detached and coordinated from 

behind the H2SO4 molecule to form B2 (as shown in Figure 4.9) at −4.24, −3.87 and 

−2.08 kcal/mol. Both the intermediaries are similar in geometry and therefore have energies 

within 1.14 kcal/mol from each other. The fourth step is the formation of configuration B2 at 

−3.03, −2.42 and −0.80 kcal/mol, respectively. The energy of formation of configuration B1 and 

B2 are similar and within 0.16 kcal/mol from each other. These results indicate that both the 

formation of configuration B1 and B2 with respect to the cis-H2SO4 was exothermic. 

 

Figure 4.9 – Relative energy of formation (Hf (kcal/mol)) of H2SO4.H2O (configurations B1 
and B2) 

 

The second graph in Figure 4.9 shows the formation of configurations B1 and B2 with respect 

to the trans-H2SO4 conformer. The energy values were within 0.2 kcal/mol when comparing 



78 
 

the formation of B1 and B2 via the cis- and trans-conformers. Similar to the cis-conformer, the 

data with respect to the trans-conformer showed that the formation of configuration B1 and B2 

was exothermic in both cases and that both the cis- and trans-H2SO4 conformations may form 

configuration B1 and B2. Comparing the data obtained without using COSMO, it was seen that 

again this reaction was exothermic, however, the data deviated by as much as 15 kcal/mol 

even though the same geometries of the molecules were used. 

Comparing the formation of H2SO4.H2O through the formation of configuration A or B1 and B2, 

it can be seen that the overall energy of formation of A is lower than for B1 or B2. This can be 

attributed to the type of bond that is formed between H2O and H2SO4. In configuration A there 

is initially a hydrogen bond between the O atom of H2O and H1 of H2SO4, which changes to a 

covalent bond, causing H1 to have two bonds. In configuration B, H2O is bound to the =O of 

H2SO4, causing O2 to have three bonds, which in turn could increase the reaction energy even 

though the intermediary species in both pathways (A and B1&B2) were similar. Yacovitch et 

al. [38] also considered two similar geometries and predicted that configuration A, in a 1:1 ratio, 

was more stable (0.382 kcal/mol) than configuration B. 

Table 4.6 shows the deprotonation reactions to form HSO4
−.H2O (configuration C and D in 

Figure 4.6). The reaction energies (reaction 4) calculated with all three functionals showed that 

this reaction was exothermic for both C and D. To confirm that the formation of HSO4
−.H2O is 

dependent on the formation of HSO4
− and not the direct reaction from H2SO4, reaction energies 

were calculated for when H2SO4 is surrounded by 2 H2O molecules to form HSO4
−.H2O 

(configuration C or D) and an additional H3O+ (second reaction in Table 4.6). The positive 

values calculated with all three functionals indicate that this was an endothermic reaction. 

However, the reaction values were lower than 10 kcal/mol, indicating that this reaction was 

possible, but may occur in two or more steps. This correlates with the previous reaction 

(reaction 4), i.e. that a multistep reaction occurs during the formation of HSO4
−.H2O. However, 

when these two reactions were repeated without COSMO the data deviated significantly. When 

the direct hydration of HSO4
- was considered to lead to the formation of HSO4

−.H2O 

(configuration C or D), the energy of formation was ~12.6 – 18.9 kcal/mol for all three 

functionals. This can again be due to the ionic state of the species modelled. In the second 

reaction though (H2SO4 + 2H2O → HSO4
−.H2O + H3O+), where a second H2O molecule was 

added, the energy of formation increased to ~123 – 132 kcal/mol. 

 

 



79 
 

Table 4.6 – Reaction energies (kcal/mol) for the formation of HSO4
−.H2O (configuration C and 

D) 

 Config. 
PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP+) 

HSO4
− + H2O → HSO4

−.H2O C −9.48 −6.65 −4.40 

 D −5.27 −4.46 −2.40 

H2SO4 + 2H2O → HSO4
−.H2O + H3O+ C 2.28 3.99 6.80 

 D 1.94 6.19 8.80 

 

Although it was shown (Table 4.6) that HSO4
−.H2O forms from the reaction between HSO4

− 

and H2O (reaction 4), it leaves the question whether HSO4
−.H2O could form from the 

deprotonation of H2SO4.H2O. Due to the similarities in configuration of the species it is 

presumed that configuration A (Figure 4.5) could deprotonate to form configuration C (Figure 

4.6) and similarly that configurations B1 & B2 could form configuration D. 

Figure 4.10 shows two possible mechanisms for the decomposition of H2SO4.H2O from 

configuration A to either form HSO4
−.H2O (configuration C) or HSO4

− + H3O+. The top graph 

(Figure 4.10) shows how the bond length of H2 (H bound to H2SO4) increases to form 

configuration C with an additional H+ atom. Again the positive reaction energies calculated with 

all three functionals indicate endothermic reactions or possible multistep reactions. If 

configuration A does not lead to the formation of configuration C, could configuration A lead to 

the formation of HSO4
− and H3O+? The bottom graph (Figure 4.10) shows a mechanism where 

the bond length between O3 (O bound to H2O) and H1 (H bound to H2SO4) is increased to 

form HSO4
− and H3O+. The results from PW91(DNP+) and PBE(DNP+) show this to be an 

exothermic reaction with a transition state at 3.60 and 5.87 kcal/mol, respectively. The results 

with B3LYP(DNP+) follow the same trend as with PW91(DNP+) and PBE(DNP+), but it shows 

this reaction to be endothermic. Bourassa et al. [39] and Bryantsev et al. [40] both showed an 

increase in the calculated energy of ions when using B3LYP; however, they found that the 

energy decreased when explicit H2O molecules were added. Therefore, in Section 4.3.3, the 

effect of explicitly adding H2O molecules is discussed. 
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Figure 4.10 – Possible mechanism for the decomposition of H2SO4.H2O (A) to either form 
HSO4

−.H2O (C) (top) or HSO4
− + H3O+ (bottom) 

 

Similar results were obtained when it was proposed that configurations B1 & B2 deprotonate 

(H2SO4.H2O → HSO4
−.H2O + H+) to form configuration D (data not shown). In configuration B1 

the H1-O3 bond length was increased until deprotonation occurred. The transition states were 

at 21.15, 21.61 and 24.07 kcal/mol when calculated with PW91(DNP+), PBE(DNP+) and 

B3LYP(DNP+), respectively. The formation of configuration D was at 5.13, 8.65 and 

9.57 kcal/mol, respectively. In configuration B2 the H1-O3 bond length was increased again, 

which yielded a transition state at 21.46, 21.68, 23.74 kcal/mol and configuration D at 4.96, 

8.61 and 9.60 kcal/mol with PW91(DNP+), PBE(DNP+) and B3LYP(DNP+), respectively. 

These results confirm that both the mechanism for the formation of configuration C and D are 

likely to take place via reaction 4. 

It was shown in Figure 4.5 that, during the hydration of H2SO4 (configuration A, B1 and B2), 

another H2O molecule could bind to form two possible di-hydrated H2SO4.2H2O species via 

reaction 5. Accordingly, two possible reactions for the formation of H2SO4.2H2O (configuration 

E1 and E2) are shown in Table 4.7. The first reaction assumes that di-hydration occurs 

simultaneously and the reaction energies for both E1 and E2 with all three functionals showed 

this reaction to be exothermic and therefore possible. The low energy values (between −17.30 

and −32.76 kcal/mol) confirm that the H2SO4 molecule is stabilised in a water medium before 



81 
 

the formation of ionic species. The second reaction assumes that configuration A (H2SO4.H2O) 

already formed before another H2O molecule attached to form the di-hydrated E1 and E2. The 

reaction energies calculated with PW91(DNP+) and PBE(DNP+) again indicated exothermic 

reactions for the formation of both E1 and E2. The reaction energies calculated with 

B3LYP(DNP+) were 1.64 and 1.55 kcal/mol for configurations E1 and E2, respectively, with 

an error margin of 3 kcal/mol and therefore considered to still occur. These two reactions 

(Table 4.7) were also modelled without COSMO; surprisingly, the data for the energy of the 

first reaction was between -24 and -37 kcal/mol and for the second reaction between -12.4 and 

-19.4 kcal/mol. This indicates that by explicitly adding at least one H2O molecule to the system, 

the H2SO4 molecule was stabilised, resulting in lower reaction energies. 

Table 4.7 – Reaction energies (kcal/mol) for the formation of H2SO4.2H2O (E1 and E2) 

Reactions Config. 
PW91 

(DNP+) 

PBE 

(DNP+) 

B3LYP 

(DNP+) 

H2SO4 + 2H2O → H2SO4.2H2O E1 −31.89 −21.74 −17.30 

 E2 −32.76 −22.16 −17.39 

H2SO4.H2O + H2O→ H2SO4.2H2O A→E1 −16.94 −11.07 1.64 

 A→E2 −17.82 −11.48 1.55 

 

When considering all 5 reactions presented in Section 4.1, it is clear that reaction 1 and 2 

(formation of HSO4
− and SO4

2−, respectively) would most probably not occur when a 1:1 acid-

to-water ratio or the gas phase (without COSMO) was used. Reaction 3 (the formation of 

hydrated H2SO4) would, however, occur exothermically with the formation of three possible 

configurations of H2SO4.H2O (A, B1 and B2). Reaction 4 could occur by configuration A 

dissociating to form HSO4
− and H3O+, after which the HSO4

− ion could hydrate to form either C 

or D. Reaction 5, which entails the formation of two possible di-hydrated H2SO4 species, i.e. 

E1 and E2, could occur exothermically via two possible mechanisms: one where di-hydration 

occurred simultaneously or two where configuration A is initially formed before E1 or E2 is 

formed. In all these cases it was seen that adding one H2O molecule increased the stabilisation 

of the other molecules or ions present during the reaction. To investigate this effect further, the 

following section will focus on the influence of additional H2O molecules (1:5 and 1:10 acid-

water ratios) on the likelihood of the above-mentioned five reactions with the addition of 

COSMO. 
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4.3.3 Reactions of H2SO4 and H2O in a 1:5 and a 1:10 H2SO4/H2O environment 

All the species participating and formed in reactions 1 – 5 were again geometrically optimised 

in the presence of additional H2O molecules (acid-water ratio: 1:5 and 1:10) and COSMO 

before calculating the energies as described in Section 4.2. The reactions and calculated 

energies using the three base sets for the 1:5 and 1:10 H2SO4:H2O are presented in Table 4.8. 

The same configuration letters are used as in Section 4.3.1. However, if the geometry of a 

species changed it will be indicated by for example A’. 

It is clear that all the reactions were exothermic. As expected the reaction energies with the 

1:5 ratio were generally less negative than for the 1:10 ratio. Arrouvel et al. [41], using the 

Gaussian 98 software with the B3LYP functional and 6-31+G** basis set, showed that by 

increasing the number of hydrogen bonds (by increasing the number of H2O:H2SO4 

molecules), the ionic species became more stable, resulting in more negative reaction 

energies. Jiang et al. [42] investigated the behaviour of H+ in H2O systems ranging from 4 to 8 

H2O molecules (Gaussian 94 with the B3LYP functional and 6-31+G* basis set) and showed 

that the total energy of each system decreased (from −67 kcal/mol to −115 kcal/mol) when the 

number of H2O molecules increased from 4 to 8. Ding and Laasonen [43] confirmed this when 

investigating the influence of the number of H2O molecules on the deprotonation of H2SO4 (by 

using DMol3 4.2 in Cerius2 with BLYP(DNP) and PW91(DNP)) showing that, by increasing the 

number of H2O molecules from 5 to 9, the energy decreased from −55 kcal/mol to −96 kcal/mol 

and −68 kcal/mol to −122 kcal/mol with BLYP(DNP) and PW91(DNP), respectively. This 

confirms the trend observed in literature, i.e. the reactions become more likely when increasing 

the number of H2O molecules in a system. 

For reaction 1 (cis- or trans-H2SO4  HSO4
−), it was found when using a 1:1 ratio that 7.2 to 

11.24 kcal/mol was needed to form HSO4
−. When increasing the water content to a 1:5 ratio, 

the reaction energy required decreased to between −32.44 and −65.46 kcal/mol, respectively 

when the cis- and trans conformer data was compared within each functional. The same trend 

as for the 1:1 ratio was observed in the 1:5 reaction, where PW91(DNP+) showed the lowest 

reaction energy, followed by PBE(DBP+) and B3LYP(DNP+). Similar to the 1:5 ratio, the 1:10 

ratio showed that the reaction energy required decreased to between −57.46 and 

−89.45 kcal/mol when the cis- and trans conformer data was compared within each functional. 

However, with the 1:10 ratio, PBE(DNP+) had the lowest energy followed by PW91(DNP+) 

and B3LYP(DNP+). 
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Table 4.8 – Relative energy of formation (Hf (kcal/mol)) of the H2SO4 reactions (Reactions 1 
to 5) in a 1:5 and 1:10 ratio with H2O 

Reactions 
PW91 

(DNP+) 
PBE 

(DNP+) 
B3LYP 
(DNP+) 

1:5 acid-water ratio    

(1) H2SO4
* + 5 H2O → HSO4

− + H3O+ + 4 H2O    

*cis-conformer −65.46 −44.59 −32.48 

*trans-conformer −65.26 −44.41 −32.44 

(2) HSO4
− + 5 H2O → SO4

2− + H3O+ + 4 H2O −65.36 −43.61 −32.50 

(3) H2SO4 + 5 H2O → H2SO4.H2O* + 4 H2O    

*Configuration A −50.62 −35.64 −25.15 

*Configuration B1’ −41.27 −28.82 −18.84 

*Configuration B2’ −73.88 −48.75 −35.82 

(4) HSO4
− + 5 H2O → HSO4

−.H2O* + 4 H2O    

*Configuration C’ −45.42 −31.44 −21.35 

*Configuration D’ −46.11 −30.11 −20.05 

(5) H2SO4 + 5 H2O → H2SO4.2H2O* + 3 H2O    

*Configuration E1 −68.82 −42.79 −30.84 

*Configuration E2 −67.44 −43.15 −28.36 

1:10 acid-water ratio    

(1) H2SO4
* + 10 H2O → HSO4

− + H3O+ + 9 H2O    

*cis-conformer −68.34 −84.72 −57.50 

*trans-conformer −68.24 −84.54 −57.46 

(2) HSO4
− + 10 H2O → SO4

2− + H3O+ + 9 H2O −69.59 −89.45 −36.45 

(3) H2SO4 + 10 H2O → H2SO4.H2O* + 9 H2O    

*Configuration A −77.39 −89.21 −62.30 

*Configuration B1’ −68.43 −89.05 −64.09 

*Configuration B2’ −65.93 −85.42 −49.94 

(4) HSO4
− + 10 H2O → HSO4

−.H2O* + 9 H2O    

*Configuration C’ −58.97 −70.12 −48.85 

*Configuration D’ −63.55 −77.14 −51.52 

(5) H2SO4 + 10 H2O → H2SO4.2H2O* + 8 H2O    

*Configuration E1’ −65.95 −74.79 −53.06 

*Configuration E2’ −65.89 −82.40 −49.20 

 

For reaction 2 it was shown that after HSO4
− had formed in a 1:1 ratio (Figure 4.4), an additional 

24 kcal/mol was needed to form SO4
2−. In a 1:5 and 1:10 ratio, this reaction also became 

exothermic. Again (see reaction 1), the same energy trend was observed in that the 1:5 ratio 

PW91(DNP+) had the most negative energy, followed by PBE(DBP+) and B3LYP(DNP+), 

whereas it was PBE(DNP+), followed by PW91(DNP+) and B3LYP(DNP+) when using an 1:10 

ratio. 
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Reaction 3 shows the formation of H2SO4.H2O in three configurations (A, B1 and B2). While it 

was shown that, in a 1:1 ratio (Figure 4.8 and Figure 4.9), A had the lowest energy, followed 

by B1 and then B2, this trend was not always observed in the 1:5 and 1:10 ratios. When B1 

was surrounded by an additional four H2O molecules, the distance of the already bonded H2O 

molecule (O2-H4 distance) changed and was therefore called B1’. The O2-H4 distance of B1’ 

decreased to 1.970 and 1.955 Å with PBE(DNP+) and PW91(DNP+), respectively, which also 

contributed to the increase in reaction energy. However, with B3LYP(DNP+) this distance 

increased to 2.043 Å, resulting in the higher than expected reaction energy. Similar to the B1’ 

configuration, in B2’ the O2-H4 distance decreased with all three functionals to 1.705, 1.817 

and 1.909 Å, using PW91(DNP+), PBE(DBP+) and B3LYP(DNP+), respectively. This 

dehydration of H2SO4.H2O caused the reaction energy to decrease. However, the decreasing 

reaction energy observed could also be possible due to a neighbouring H2O molecule 

stabilising the bonded H2O molecule with a hydrogen bond. In the 1:10 ratio the O2-H4 

distance of B1’ increased to 3.770, 3.995, 4.166 Å with PW91(DNP+), PBE(DBP+) and 

B3LYP(DNP+), respectively, and deprotonated to form HSO4
− and H3O+ with 9 surrounding 

H2O molecules. B2’ showed similar results whereby HSO4
− and H3O+ formed with 9 

surrounding H2O molecules. 

Reaction 4 presents the formation of HSO4
−.H2O. Similar to B1’ and B2’, the distance of the 

bonded H2O molecule changed and the two HSO4
−.H2O conformers were therefore named 

configuration C’ and D’. The H1-O6 distance in configuration C’ in the 1:5 ratio shortened to 

1.440, 1.541 and 1.609 Å with PW91(DNP+), PBE(DBP+) and B3LYP(DNP+), respectively, 

while the H4-O2 distance of configuration D’ decreased to 1.740 and 1.776 Å, and increased 

to 1.860 Å with PW91(DNP+), PBE(DBP+) and B3LYP(DNP+), respectively. In the 1:10 ratio 

the H1-O6 distance for C’ was 1.488, 1.468 and 1.543 Å with PW91(DNP+), PBE(DBP+) and 

B3LYP(DNP+), respectively, and these distances were dependant on the position of the 

surrounding H2O molecules and the resulting hydrogen bonds that formed. The H2-O2 

distance in the 1:10 ratio increased to 1.845, 1.878 and 1.983 Å with PW91(DNP+), 

PBE(DBP+) and B3LYP(DNP+), respectively, resulting in the formation of HSO4
− and H3O+ 

with 9 surrounding H2O molecules similar to B1’ and B2’. 

Finally, reaction 5 presents the formation of H2SO4.2H2O. The addition of 3 H2O molecules to 

form the 1:5 ratio stabilised both configurations E1 and E2 to give reaction energies similar to 

reaction 1. In the 1:10 ratio, the additional H2O molecules caused simultaneous dehydration 

and protonation of the molecule in both E1 and E2 to form HSO4
− and H3O+ with 9 surrounding 

H2O molecules (similar to the reaction of B1’ and B2’). 
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From the above results it can be seen that, although different configurations between H2SO4 

and H2O exist, the addition of 5 and 10 H2O molecules resulted in a hydration sphere around 

H2SO4, which lead to the lowering in reaction energies. While it was shown in the 1:1 ratio that 

various species of H2SO4.H2O (A, B1 & B2), HSO4
−.H2O (C and D) and H2SO4.2H2O (E1 & E2) 

could form, the additional H2O molecules lead to the stabilisation of the system and a geometry 

change in some of the species. In the 1:5 ratio, the most likely species to exist are HSO4
− + 

H3O+, H2SO4.H2O (A) and H2SO4.2H2O (E1 & E2). However, in the 1:10 ratio, more geometry 

changes occurred and therefore the most likely species to exist are HSO4
− + H3O+ and 

H2SO4.H2O (A). Therefore, it seems that in the presence of excess, H2O will bind to H2SO4 to 

form H2SO4.H2O (A), which will then lead to the formation of HSO4
− + H3O+ and hence interact 

with metals in a water phase. 

 

4.4 Conclusion 

In this study the aqueous phase used during the SX of Ta and Nb was investigated to calculate 

the energy needed for various reactions of H2SO4 and H2O in an aqueous phase, thereby 

determining which H2SO4 species is most likely to exist in an aqueous environment. For this 

purpose, 5 different reactions were studied in a 1:1, 1:5 and 1:10 acid-water ratio. In the first 

part the energies of the two reactions were considered in the gas phase (without COSMO) and 

in a 1:1 acid:water ratio. It was shown that free rotation (<1 kcal/mol needed) for both the cis- 

and trans-H2SO4 conformers exist. Subsequently, it was shown that the dissociation energy 

for H2SO4 was endothermic in both the gas and aqueous simulations, while the formation of 

H2SO4.H2O, HSO4
−.H2O and H2SO4.2H2O was exothermic. Furthermore, it was shown that 

H2SO4.H2O does not form HSO4
−.H2O directly, but rather lead to the possible formation of 

HSO4
− and H3O+. 

With the addition of H2O molecules to form 1:5 and 1:10 acid-water ratios, multiple hydrogen 

bonds formed, which stabilised the different acid species, resulting in the lowering of the 

reaction energies. Although it was shown that different conformers of H2SO4.H2O (A, B1 and 

B2), HSO4
−.H2O (C and D) and H2SO4.2H2O (E1 and E2) could form, the most stable acid 

species in the 1:10 acid-water ratio were HSO4
− and H3O+ with 9 surrounding H2O molecules. 

Therefore, it can be assumed that the HSO4
− would be the most likely species to interact with 

the Ta and Nb in a water phase. In a follow-up paper, the influence of adding Ta ions to the 

optimised acidic aqueous phase will be investigated. 
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4.6 Supplementary Information 

Table S1 – Calculated and literature values of bond lengths and angles of H2SO4 (cis- and trans-conformers) 

Bond/Angle Literature (modelled) [25] 
Literature (exprimental) 

[44] 

PW91 (DNP+) PBE (DNP+) B3LYP (DNP+) 

COSMO 
Without 

COSMO 
COSMO 

Without 

COSMO 
COSMO 

Without 

COSMO 

H2SO4, cis         

O3-H1 [Å] 0.964 0.97 ± 0.01 0.983 0.977 0.981 0.978 0.973 0.969 

S1-O3 [Å] 1.576 1.574 ± 0.01 1.606 1.622 1.606 1.624 1.587 1.605 

S1-O2 [Å] 1.411 1.422 ± 0.01 1.447 1.440 1.446 1.442 1.433 1.429 

S1-O3-H1 [°] 108.51 108.5 ± 1.5 109.10 106.95 109.06 106.98 110.67 108.45 

O3-S1-O5 [°] - 108.6 ± 0.5 109.47 108.15 109.51 108.16 109.69 108.15 

O3-S1-O2 [°] 105.74 106.4 ± 0.5 105.21 105.96 105.03 105.79 105.31 106.41 

O3-S1-O4 [°] 102.21 101.3 ± 1.0 103.29 101.80 103.60 102.09 103.63 102.05 

O2-S1-O5 [°] 124.02 123.3 ± 1.0 122.51 124.56 122.51 124.63 121.70 124.04 

H2SO4, trans         

O3-H1 [Å] 0.964 0.97 ± 0.01 0.981 0.978 0.982 0.979 0.974 0.970 

S1-O3 [Å] 1.576 1.574 ± 0.01 1.603 1.622 1.605 1.624 1.587 1.606 

S1-O2 [Å] 1.411 1.422 ± 0.01 1.444 1.439 1.445 1.440 1.434 1.427 

S1-O3-H1 [°] 108.51 108.5 ± 1.5 109.14 107.17 109.05 107.10 110.52 108.56 

O3-S1-O5 [°] - 108.6 ± 0.5 110.56 109.07 110.48 108.94 110.35 108.88 

O3-S1-O2 [°] 105.74 106.4 ± 0.5 104.49 104.92 104.47 104.95 104.83 105.36 

O3-S1-O4 [°] 102.21 101.3 ± 1.0 103.40 102.07 103.54 102.261 103.91 102.37 

O2-S1-O5 [°] 124.02 123.3 ± 1.0 121.95 124.65 122.02 124.69 121.34 124.01 
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Table S2 – Literature and modelled vibrational frequencies for trans-H2SO4 (cis-conformer is in brackets) 

Mode Literature (modelled) [25] 

Literature 

(experimental) 

[44] 

PW91 (DNP+) PBE (DNP+) B3LYP (DNP+) 

COSMO 
Without 

COSMO 
COSMO 

Without 

COSMO 
COSMO 

Without 

COSMO 

1 (OH sym stretch) 3610.0 3610 
3624.8 

(3653.7) 

3670.1 

(3678.4) 

3610.7 

(3621.2) 

3661.2 

(3669.7) 

3725.5 

(3722.2) 

3765.2 

(3780.6) 

2 (OH asym stretch) 3605.2 - 
3613.9 

(3615.5) 

3662.6 

(3670.9) 

3599.9 

(3611.3) 

3653.2 

(3663.0) 

3703.7 

(3712.1) 

3761.1 

(3774.0) 

3 (S=O2 asym stretch) 1462.1 1450 
1350.6 

(1377.9) 

1412.8 

(1416.2) 

1348.2 

(1352.7) 

1411.5 

(1414.2) 

1369.9 

(1379.4) 

1446.5 

(1447.8) 

4 (S=O2 sym stretch) 1211.5 1223 
1192.0 

(1268.4) 

1159.6 

(1170.8) 

1186.7 

(1158.8) 

1156.4 

(1163.2) 

1215.1 

(1211.9) 

1195.1 

(1209.9) 

5 (SOH asym bend) 1161.2 1159 
1161.8 

(1154.0) 

1150.2 

(1136.7) 

1172.0 

(1131.6) 

1148.4 

(1124.1) 

1186.0 

(1183.2) 

1181.3 

(1171.9) 

6 (SOH sym bend) 1142.5 1138 
1125.5 

(1143.6) 

1134.7 

(1125.6) 

1124.0 

(1129.4) 

1134.4 

(1111.6) 

1146.4 

(1158.0) 

1165.1 

(1166.8) 

7 (S(OH)2 asym bend) 850.1 883 
803.9 

(810.5) 

805.6 

(809.3) 

798.7 

(797.7) 

802.5 

(805.2) 

838.3 

(832.3) 

844.6 

(842.3) 

8 (S(OH)2 sym stretch) 796.4 834 
765.0 

(765.9) 

750.7 

(750.5) 

760.2 

(759.7) 

747.8 

(746.7) 

799.9 

(799.3) 

790.7 

(792.8) 

9 (O-S=O rock) 536.9 568 
518.9 

(574.2) 

516.1 

(517.1) 

517.6 

(520.7) 

515.2 

(517.2) 

546.0 

(534.9) 

542.6 

(535.7) 

10 (S=O2 bend) 535.6 550 
500.9 

(512.0) 

505.2 

(504.9)) 

499.9 

(506.4) 

503.2 

(502.2) 

519.4 

(524.5) 

529.9 

(528.4) 

11 (S=O2 wagging) 483.8 - 
473.5 

(506.5) 

465.6 

(468.0) 

476.8 

(489.2) 

463.4 

(463.0) 

494.1 

(505.5) 

482.8 

(498.5) 

12 (O-S=O bend) 404.5 - 
468.5 

(427.3) 

423.2 

(401.6) 

465.0 

(436.9) 

422.9 

(398.2) 

449.3 

(418.9) 

429.5 

(419.8) 

13 (O-S=O twist) 353.6 - 
385.4 

(375.3) 

356.4 

(343.2) 

414.2 

(383.0) 

351.7 

(342.7) 

397.3 

(384.2) 

367.1 

(361.4) 



 

 
 

9
1
 

14 (OH asym torsion) 290.9 - 
372.6 

(345.0) 

343.0 

(334.3) 

374.3 

(345.8) 

344.3 

(328.5) 

393.5 

(335.5) 

338.1 

(340.3) 

15 (OH sym torsion) 232.7 - 
289.6 

(229.6) 

249.9 

(90.9) 

288.2 

(221.5) 

258.3 

(70.3) 

309.1 

(200.7) 

239.1 

(63.7) 

* Modelled vibrational frequencies indicate the harmonic vibrational frequency without a scaling factor. 

 

Table S3 – Calculated and literature values of bond lengths and angles of HSO4
-  

Bond/Angle Literature (modelled) [9] 
PW91(DNP+) PBE(DNP+) B3LYP (DNP+) 

COSMO Without COSMO COSMO Without COSMO COSMO Without COSMO 

O3-H1 [Å] 0.97 0.977 0.973 0.978 0.974 0.970 0.965 

O3-S1 [Å] 1.68 1.666 1.714 1.668 1.716 1.647 1.691 

S1-O2 [Å] 1.46 1.471 1.467 1.473 1.469 1.461 1.456 

S1-O4 [Å] 1.46 1.476 1.476 1.478 1.478 1.464 1.464 

S1-O5 [Å] 1.46 1.476 1.476 1.477 1.478 1.465 1.464 

H1-O3-S1 [°] 103.4 106.93 102.85 106.92 102.79 108.47 104.71 

O3-S1-O5 [°] 103.7 105.65 104.10 105.70 104.07 105.80 104.20 

O3-S1-O2 [°] 101.3 101.01 101.06 101.01 101.06 101.14 101.10 

O2-S1-O4 [°] 115.8 114.56 115.58 114.52 115.53 114.40 115.48 

O4-S1-O5 [°] 113.9 113.56 113.96 113.56 113.96 113.57 113.98 

O2-S1-O5 [°] 115.2 114.63 115.62 114.60 115.63 114.41 115.45 

O3-S1-O4 [°] 103.7 105.70 104.03 105.74 104.11 105.89 104.25 
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Table S4 – Literature and modelled vibrational frequencies for HSO4
- 

Mode Literature (modelled) [9] 
Literature 

(experimental) [45] 

PW91(DNP+) PBE(DNP+) B3LYP(DNP+) 

COSMO 
Without 

COSMO 
COSMO 

Without 

COSMO 
COSMO 

Without 

COSMO 

1 3702  3686.5 3712.5 3656.2 3702.5 3756.3 3812.7 

2 1254 1341 1232.9 1250.0 1206.5 1248.9 1234.1 1284.5 

3 1203 1237 1190.9 1191.4 1154.9 1189.1 1187.1 1224.7 

4 1095 1053-1036 1122.8 1110.9 1119.3 1109.6 1147.1 1163.5 

5 1004 895 1007.6 989.6 989.6 988.4 1023.5 1024.0 

6 662 595 693.1 654.6 674.2 652.1 710.9 687.2 

7 524  531.8 533.0 529.8 531.5 554.9 556.5 

8 523  528.5 521.3 526.0 519.9 550.4 549.2 

9 511 417 515.2 506.8 513.8 504.7 542.3 535.0 

10 393  385.9 389.2 388.3 387.6 404.8 408.3 

11 367  379.1 365.9 378.8 387.6 396.3 386.0 

12 69  66.8 - 187.6 365.4 188.0 103.5 

 

Table S5 – Calculated and literature* values of bond lengths and angles of SO4
2- 

Bond/Angle Literature [10] 
PW91(DNP+) PBE(DNP+) B3LYP(DNP+) 

COSMO Without COSMO COSMO Without COSMO COSMO Without COSMO 

S1-O3 [Å] 1.581 1.511 1.522 1.512 1.523 1.499 1.510 

S1-O2 [Å] 1.581 1.511 1.523 1.512 1.523 1.500 1.510 

O3-S1-O5 [°] 109.4 109.41 109.47 109.47 109.47 109.45 109.46 

O3-S1-O4 [°] 109.4 109.48 109.49 109.49 109.47 109.71 109.61 

O2-S1-O5 [°] 109.4 109.45 109.44 109.45 109.46 109.30 109.39 
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Table S6 – Literature and modelled vibrational frequencies (cm-1) for SO4
2- 

Mode Literature (modelled) [10] 
Literature 

(experimental) [46] 

PW91 (DNP+) PBE (DNP+) B3LYP (DNP+) 

COSMO 
Without 

COSMO 
COSMO 

Without 

COSMO 
COSMO 

Without 

COSMO 

1 1106.0 ± 2.0 1105 1056.7 1005.7 1010.8 1004.1 1030.2 1033.9 

2   1053.3 1005.1 1007.1 1002.9 1028.2 1033.2 

3   1050.3 1004.8 1004.9 1002.4 1024.8 1029.5 

4 981.4 ± 0.2 983 908.2 863.9 894.0 862.8 927.3 896.7 

5   567.9 562.1 559.0 560.2 581.0 589.8 

6   562.5 560.1 556.2 558.3 571.4 586.5 

7 617.0 ± 2.0  560.5 559.2 552.7 56.5 565.1 583.1 

8   413.9 402.1 408.4 400.5 416.5 420.9 

9 451.0 ± 2 .0  412.1 399.0 406.0 397.2 415.0 416.5 

 



94 
 

CHAPTER 5 
 

Chapter 5 consists of the article titled ‘Molecular modelling of tantalum fluoride in a sulphuric acid 

medium – A DFT study’, which is added into this thesis in the exact format in which it was submitted 

for review in the Journal of Computational and Theoretical Chemistry (2017). 
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5.1 Introduction 

Tantalum (Ta) and niobium (Nb) are two metals found in the same group (VB) of the periodic table 

of elements, with similar chemical and physical properties, which is the reason why they are difficult 

to separate. They are usually found together in various minerals of which the most important are 

columbite ((Fe, Mn, Mg)(Nb, Ta)2O6) and tantalite ((Fe, Mn)(Nb, Ta)2O6) [1]. One possible way to 

separate these metals is by means of solvent extraction (SX) unit operations [2-8] in hydrometallurgy. 

Ungerer et al. [9] studied the separation of Ta and Nb (in the form of MF5) using SX and observed 

partial separation from a sulphuric acid (H2SO4) environment with the extractants diiso-octyl 

phosphinic acid (DioPA) and di-(2-ethylhexyl) phosphoric acid (D2EHPA). 

However, it was not possible in that study to fully explain the separation data obtained in view of the 

lack of available data on the speciation of Ta and Nb compounds, which in turn is due to the 

difficulties in determining the speciation data experimentally. An alternative method for predicting the 

speciation could be molecular modelling, which entails the step-by-step analysis of the extraction 

process on a molecular level. Molecular modelling could in turn prove information on the possible 

reactions occurring during SX from a thermodynamic point, which might lead to the development of 

a new method for the system analysis of the SX process of Ta and Nb. To determine the speciation 

of for example Ta or Nb in an acidic aqueous environment, the molecular structure of the metal salt 

in the presence of an acid (in this case H2SO4) has to be determined. 

In previous modelling [10, 11] it was shown that H2SO4 dissociates in H2O to form either HSO4
- or 

SO4
2- (in concentrated solutions) and H3O+. The water dissociated ions of H2SO4, namely HSO4

- and 

SO4
2-, are surrounded by concentric shells of H2O molecules, where each successive shell is more 

weakly bonded until a bulk water structure is reached [12]. It was shown by Cannon et al. [13] from 

diffraction and early modelling data that the first hydration shell of the sulphate ion, depending on 

the temperature, contains 6 to 14 H2O molecules [14]. In Chapter 4, it was shown that when H2SO4 

reacts with water, various species could form including H2SO4.H2O, HSO4-.H2O and H2SO4.2H2O. 

However, when increasing the amount of surrounding H2O molecules, the species reacted further to 

mainly form HSO4
-, H3O+

 and H2O. 

Similarly, the hydration of divalent transition metal cations, including Mg2+ [14], Fe2+ [15], Zn2+ [16] 

and Cu2+ [17] were investigated and found to be strongly hydrated with six H2O molecules in a dilute 

aqueous environment. During the hydration of for example V2O5, it was found that the V4+-V5+ ion 

pair was mainly present with a hydration sphere consisting of 4 to 6 H2O molecules [18]. Hydrated 

Ta5+ and Nb5+ were found to have a poly-nuclear metal cluster having a M6X14.8H2O (where M = 

Ta/Nb, X = Br/Cl) structure [19] in the presence of alkali halide salts at temperatures exceeding 

650°C in the absence of other hydrated species. Ischenko et al. [20] showed that Ta5+ and Nb5+ exist 

as oligomeric penta-fluorides in the solid state, while a mono-nuclear metal cluster of Ta(Nb)F5 
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formed only in the gas phase. In light of the complexity of these structures, it was assumed that 

Ta(Nb)F5 will have a trigonal bipyramidal symmetry structure as was also shown by Agulyansky [21]. 

In this study, molecular modelling was used to determine the behaviour of Ta in an aqueous H2SO4 

environment. Various interactions between TaF5 and H2O, TaF5 and H2SO4, and H2SO4 and H2O 

were investigated. Since it was shown in a previous paper [22] that only TaF5.H2O and TaF4OH 

formed when contacting TaF5 and H2O, the reactions of these three species (TaF5, TaF5.H2O and 

TaF4OH) with H2SO4 and water were investigated, yielding 22 possible reactions (Figure 5.1). 

 

Figure 5.1 – Scheme showing reactions between H2SO4, H2O and TaF5 (A), TaF5.H2O (B) or 
TaF4OH (C) and the reactions when TaF3OH.HSO4 reacts further (D) 

 

For the purpose of this discussion, the reactions of the three Ta species (TaF5, TaF5.H2O, TaF4OH) 

were presented in Block A (TaF5), B (TaF5.H2O) and C (TaF4OH), respectively, while block D shows 

secondary reactions of the product of block C (TaF3OH.HSO4) forming either TaF3OH.HSO4 (Di), or 

two oxyfluoride spesies, i.e. TaOF3 (Dii) and TaOF3.H2O (Diii). While the reactions across the four 

blocks were labelled 1 – 22, the Ta species that could possible form in the various blocks were 

labelled i – iii. Accordingly, block A shows three different species (Ai – Aiii) and four reactions (1 – 4). 

Similarly block B and C each have three species, (Bi – Biii and Ci – Ciii, respectively) and four reactions 

(reactions 6 – 8, 10 and 13 – 15, 17, respectively). However, reactions could also occur across block 

A and B (reactions 5, 9 and 11) and block B and C (reactions 12, 16 and 18). The remaining reactions 

(19 – 22) are found in Block D. When more than one configuration was possible for a specific species, 

these molecules were labelled a or b, yielding molecules such as Aiia and Aiib. While Section 5.3.1. 

will focus on the properties of the Ta species only, Section 5.3.2 will present a discussion on the 

TaF5.HSO4
- + H3O+ + 9 H2O 3
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energy of the various systems. In these systems, the energy will, however, also be dependant on 

the Ta associated H2SO4, which can either be H2SO4 or HSO4
- (see reactions 1, 6 and 13). When 

using a deprotonated HSO4
-, the abbreviation (dep) will be used, for example in reaction 1 where 

both Ai to Ai(dep) can form. 

For this study, a 1:1:10 metal:acid:water ratio was used in accordance with the previous study by 

Ungerer et al. [22], where it was shown that a 1:10 acid:water ratio gave the lowest energies. The 

paper was divided into two sections, the first (Section 5.3.1) on the block specific geometry 

optimisations of the various species (Ai – Diii) and the second (Section 5.3.2) on the specific energies 

of formations of all reactions (1 – 22) presented in Figure 5.1. 

 

5.2 Computational Methods 

For the molecular modelling of TaF5 and H2SO4 with water, the density functional theory (DFT) type 

DMol3 module of the Biovia Materials Studio 2016 software from Dassault Systèmes Biovia Corp. 

[23] was used. Firstly, a geometry optimisation [24, 25] was done for all the different molecules. In 

the case study presented by Ungerer et al. [22], the Perdew-Burke-Ernzerhof (PBE) [26] correlation 

gave the best results in terms of modelled reaction energy versus computational time for the Ta 

reactions. Accordingly, the generalised-gradient approximation (GGA) with the PBE [26] correlation, 

with the DNP+ (double numerical plus polarisation, with addition of diffuse functions) basis set, basis 

file 4.4 and Tkatchenko-Scheffler (TS) dispersion correction [27] was used. The core treatment 

parameter was set to ‘All Electron’, thus treating the electrons as if they were valence electrons. 

Furthermore, smearing of 0.005 Hartree (Ha) was chosen for all the calculations under the electronic 

properties [28], while the solvation model COSMO (conductor-like screening model) [29, 30] was 

chosen with water as the solvent having a dielectric constant of 78.54. 

After the geometry optimisation, single point energy calculations were done with the same settings 

as for the geometry optimisation. The calculations were done at 0 K and the energy correction term 

was added to give the energy of formation (Hf) values at 298.15 K. The zero-point vibrational energy 

(ZPVE) was included in all calculations. Frequency calculations were used to confirm optimised 

structures (minimum energy without any imaginary frequency) and transition states (one imaginary 

frequency and maximum energy). 

 

5.3 Results and Discussion 

As mentioned previously, this section is divided into two parts, where the geometry optimisations of 

all the species involved in the reactions shown in Figure 5.1 are presented in Section 5.3.1 
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(Sections 5.3.1.1 – 5.3.1.4 for Block A – D), while the energies of formation of these reactions are 

discussed in Section 5.3.2. 

5.3.1 Geometry optimisation of species in the TaF5:H2SO4:H2O system 

For the purpose of this discussion, the different species and geometries that may occur from the 

reactions presented in Figure 5.1 will be discussed according to the various blocks (A - D), focussing 

only on the Ta5+ species since H2SO4, HSO4
-, H2O and H3O+ have been discussed in Chapter 4. The 

geometry of all the species are relative to the Ta5+ metal centre, unless otherwise stated. 

5.3.1.1 Block A species 

The first species in block A is TaF5 (Ai), which has a trigonal bipyramidal structure [22]. From TaF5, 

TaF5.HSO4
- is formed by the association of the HSO4

- and TaF5 (reactions 2 and 3 in Figure 5.1), 

resulting in a change of the geometry to octahedral, with two possible configurations (Aiia and Aiib) 

as shown in Figure 5.2. The two configurations were similar, differing only in the rotation around the 

Ta-O4 bond, forming a hydrogen bond between F3 and H1 in configuration Aiib. 

 

Figure 5.2 –TaF5.HSO4
- species (Aiia and Aiib) 

 

Table 5.1 shows the bond lengths and angles of species Aiia and Aiib. The bond lengths of Aiia and 

Aiib differed by less than 0.05 Å for all the bonds. From previous modelling [22] it was seen that the 

bond length between Ta5+ and an equatorially bound F- anion is 1.89 Å, which correlates with both 

Aiia and Aiib, which had an average equatorially Ta-F bond length of 1.93 Å. This slight elongation is 

due to the geometry change from trigonal bipyramidal to octahedral. The bond lengths between Ta5+ 

and the axially bound F- anions for Aiia and Aiib were 1.954 and 1.994 Å respectively, while it was 

1.93 Å for TaF5 [22], confirming an increase in the axially bound F- anion bond lengths. For the HSO4
- 

part of Aiia and Aiib, the bond lengths differed by less than 0.014 Å. Compared to previous modelling 

(Chapter 4), where the O4-S1 bond length was 1.478 Å, it was 1.546 and 1.554 Å for Aiia and Aiib, 

respectively. This elongation can be ascribed to O4 being bound to Ta5+, which might lead to some 

repulsion of HSO4
- due to the high electronegativity and inductive effect of the bound O2- atoms. The 
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main difference between Aiia and Aiib is the F3-H1 distances, which were 4.733 Å and 1.768 Å, 

respectively. The hydrogen bond (F3-H1) in Aiib not only did not contribute to molecule stabilisation 

as expected, but caused bond strain in Ta-O4-S1, which could lead to higher reaction energies. 

Table 5.1 – Calculated bond lengths and angles of TaF5.HSO4
- (Aiia and Aiib) 

Bond length (Å) Bond angle (°) 

Bond  Aiia  Aiib  Angle  Aiia Aiib 

Ta-F1 1.934 1.929 F1-Ta-F5 92.57 89.78 

Ta-F3 1.954 1.994 F1-Ta-F3 90.04 90.87 

Ta-O4 2.101 2.093 F3-Ta-O4 89.72 83.47 

O4-S1 1.546 1.554 Ta-O4-S1 136.89 137.14 

S1-O3 1.615 1.606 O4-S1-O3 101.42 103.32 

O3-H1 0.981 0.995 S1-O3-H1 108.68 107.80 

S1-O2 1.455 1.455 O2-S1-O5 119.32 118.63 

S1-O5 1.451 1.451 O3-S1-O2 109.03 109.63 

F3-H1 4.733 1.768 O4-S1-O5 110.93 109.39 

 

The bond angles of Aiia and Aiib were within 2° from each other, except for F1-Ta-F5 and F3-Ta-O4 

in Aiib where they decreased by 2.79° and 6.25°, respectively, due to the distortion from the hydrogen 

bond (F3-H1). Although the geometry is octahedral, the bond angles of the equatorially bound atoms 

(F1, F5, F6 and O4) were not 90° due to these atoms having different atomic radii. 

A neutral species can be obtained by removing an F- from TaF5.HSO4
-, forming TaF4.HSO4 (Aiii) 

(reaction 4, Figure 5.1). By systematically removing the various F- anions from Aiia and Aiib, two 

possible configurations (Aiiia and Aiiib) were obtained (Figure 5.3, of which the respective bond 

lengths and angles are presented in Table 5.2). On closer inspection, it was observed that 

configurations Aiiia and Aiiib are rotamers, obtained when rotating around the Ta-O4 bond (Figure 

5.2). Similar to Ai, Aiiia had a trigonal bipyramidal structure. Due to the low electron density on the 

Ta5+ and the high electron density on the O2, a bidentate bond between Ta5+ and HSO4
- was formed 

resulting in the formation of Aiiib. It would be expected that the Aiiib isomer would be lower in energy, 

but due to the distortion of the octahedral configuration, the energy was similar to the energy of Aiiia. 

For this reason, both configurations could be present during the formation reactions. The bond 

lengths (Table 2) deviated by less than 0.05 Å, except the Ta-O4 and S1-O2 bonds in configuration 

Aiiia, which were longer by 0.13 Å and 0.07 Å, respectively, due to the formation of the bidentate. In 

configuration Aiib, F3 and F4 were in the axial position in terms of Ta5+, while in the Aiiia configuration 

F3 and F4 were equatorial, while F5 and O4 were axial. In both Aiiia and Aiiib, the equatorially bound 

F- anions had shorter bond lengths than the axially bound F- anions, as was also seen with Aiia and 

Aiib from previous modelled data of TaF5 [22]. The bond lengths of the HSO4
- part of Aiiia and Aiiib 
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were similar to Aiia and Aiib, differing by less than 0.017 Å, except for O4-S1 and S1-O2. Again O4-

S1 had an elongated bond length due to the bond to Ta5+. The S1-O2 bond length in Aiiib was 

elongated (0.066 Å longer than Aiiia) due to O2 being bound to Ta5+ forming the bidentate with HSO4
- 

 

Figure 5.3 – TaF4.HSO4 species (Aiiia and Aiiib) 

 

The bond angles of configuration Aiiia and Aiiib deviated more from each other than the bond lengths 

due to the bidentate distortion. The F4-Ta-F6 angle of Aiiia was 119.86°, which correlates with the 

equatorial bound F- anion bond angle of 120° within a trigonal bipyramidal structure. The angle 

between the axial and equatorial bound F- anion in Aiiia deviated slightly from 90° (88.80°) due to the 

distortion caused by the bound HSO4
-. This distortion can also be seen in the bond angle between 

Ta5+ and HSO4
- at F6-Ta-O4 and F3-Ta-O4 being 91.57° and 88.49°. The distorted octahedral 

configuration of Aiiib was also confirmed through the bond angles of the equatorially bound ions (F5, 

F6, O2 and O4) deviating slightly from 90°. 

Table 5.2 – Calculated bond lengths and angles of TaF4.HSO4 (Aiiia and Aiiib) 

Bond length (Å) Bond angle (°) 

Bond  Aiiia  Aiiib  Angle  Aiiia Aiiib 

Ta-F3 1.896 1.942 F4-Ta-F6 119.86 95.57 

Ta-F4 1.895 1.927 F5-Ta-F3 88.80 91.06 

Ta-F5 1.923 1.899 F6-Ta-O4 91.57 145.25 

Ta-F6 1.888 1.891 F3-Ta-O4 88.49 83.54 

Ta-O4 2.014 2.143 Ta-O4-S1 146.56 99.21 

Ta-O2 - 2.265 O4-S1-O3 101.11 106.92 

O4-S1 1.582 1.544 S1-O3-H1 109.63 111.00 

S1-O3 1.597 1.580 O3-S1-O2 110.52 106.04 

O3-H1 0.982 0.985 O2-S1-O5 121.05 118.14 

S1-O2 1.448 1.514    

S1-O5 1.445 1.433    

F3-H1 4.960 2.593    
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5.3.1.2 Block B species 

When TaF5 reacts with H2O (reaction 5, Figure 5.1), TaF5.H2O (Bi) can form where the H atoms of 

the H2O are either in the axial or the equatorial position [22]. The TaF5.H2O (Bi) can then react with 

HSO4
- (reactions 7 and 8 in Figure 5.1) to form TaF5.H2O.HSO4

- in two corresponding configurations 

Biia and Biib shown in Figure 5.4. Bia leads to the formation of configuration Biia and similarly, Bib 

leads to the formation of configuration Biib. The bond lengths and angles of TaF5.H2O.HSO4
- are 

presented in Table 5.3. 

With the addition of the HSO4
- group (as was the case for Aii in Figure 5.2) or H2O [22] to TaF5, the 

geometry changed from a trigonal bipyramidal to an octahedral geometry. However, when both H2O 

and HSO4
- are bound to the Ta5+ center, the geometry changed yet again to a pentagonal bipyramidal 

geometry. In configuration Biia, F5 and F6 are in the axial orientation, while F1, F4, O1, F3 and O4 

form the pentagonal equatorial plane. In addition, the H2O was not covalently bound to Ta5+, but 

rather stabilised in its position by hydrogen bonds to both F3 and F5. In contrast, for configuration 

Biib, F3 and F4 were in the axial positions and F1, O4, F6, O1 and F5 in the equatorial position, 

which again yields a pentagonal bipyramidal geometry. It seems that Biia could be a transition 

product between Aiia and Biib. 

 

Figure 5.4 – TaF5.H2O.HSO4
- species (Biia and Biib) 

 

Similar to the TaF5 species [22], the equatorially bound atoms in both Biia and Biib have shorter bond 

lengths than the axially bound atoms (see Table 5.3). In both configurations (Biia and Biib), the 

average Ta-F bond length was 1.970 ± 0.025 Å. While the average Ta-O (bound to O4 from HSO4
-) 

bond lengths were 2.079 ± 0.07 Å in configurations Aiiia and Aiiib, they were 2.204 ± 0.01 Å for Biia 

and Biib. This elongation will prevent orbital overlap of the seven atoms bound to Ta5+. The Ta-O 

distance in Biia and bond length in Biib (bound to O1 from H2O) was on average 2.362 ± 0.023 Å. 

The average bond lengths in the HSO4
- bound group deviated by less than 0.06 Å in both Biia and 

Biib configurations. 
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Table 5.3 – Calculated bond lengths and angles of TaF5.H2O.HSO4
- (Biia and Biib) 

Bond length (Å) Bond angle (°) 

Bond  Biia  Biib  Angle  Biia Biib 

Ta-F1 1.945 1.957 F4-Ta-F6 88.65 87.44 

Ta-F3 1.975 1.959 F5-Ta-F3 92.04 88.99 

Ta-F4 1.967 1.955 F5-Ta-F1 118.46 77.97 

Ta-F5] 1.964 1.979 F6-Ta-O4 123.77 70.20 

Ta-F6 1.961 1.990 F3-Ta-O4 73.30 90.79 

Ta-O4 2.205 2.203 Ta-O4-S1 137.87 138.98 

O4-S1 1.521 1.528 O4-S1-O3 99.94 105.51 

S1-O3 1.634 1.626 S1-O3-H1 107.64 107.88 

O3-H1 0.980 0.978 O3-S1-O2 108.09 104.11 

S1-O2 1.463 1.455 O2-S1-O5 116.19 117.78 

S1-O5 1.460 1.462 F6-Ta-O1 79.37 68.00 

Ta-O1 2.385 2.339 H3-O1-H2 104.62 107.53 

 

The bond angles of the equatorially bound atoms in a perfect pentagonal bipyramidal structure are 

72°. However, the Biia configuration had a distorted pentagonal bipyramidal structure resulting in 

strained bond angles (see Figure 5.4). Configuration Biib had less distortion, where the slight 

deviations in bond angles could be ascribed to the difference in the radius of the equatorial atoms 

bound to the Ta5+ center. The structure distortion in configuration Biia could lead to higher reaction 

energies, whereas Biib could be the more stable species. 

To form the neutral TaF4.H2O.HSO4 (Biii) species, an F- can be removed from TaF5.H2O.HSO4
- (Bii) 

(reaction 10, Figure 5.1). By removing different F- anions, three possible configurations of 

TaF4.H2O.HSO4 were obtained (Figure 5.5). When removing an F- anion from Biia, both Biiia and Biiib 

could form, while Biiib and Biiic can both form from Biib. Biiia and Biiic are similar in that the H2O and 

HSO4
- groups are oriented on either side of the Ta5+ centre, leading to a trans configuration. They 

differ due to the rotations around the Ta-O4 and Ta-O1 bonds. In configuration Biiib, the H2O and 

HSO4
- groups are at a right angle from each other, leading to a cis configuration. All three 

configurations have a distorted octahedral geometry. The bond lengths and angles of 

TaF4.H2O.HSO4 (Biiia, Biiib and Biiic) are shown in Table 5.4. 
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Figure 5.5 – TaF4.H2O.HSO4 species (Biiia, Biiib and Biiic) 

 

The bond lengths of the corresponding atoms on all three configurations differed by less than 0.03 

Å. By rotating the O4-Ta bond in Biiia, configuration Biiic was formed, where the hydrogen bond 

between H1 (of HSO4
-) and F3 leads to the elongation of the Ta-F3 bond length by 0.027 Å. In Biiia, 

the bound O2- ions were in the axial position and the F- anions in an equatorial plane, which should 

therefore yield similar Ta-F bond lengths. However, due to the distortion of F4 and F3 toward H2 and 

H3, respectively, the average Ta-F bond length was 0.01 Å shorter than for F5 and F6. Biiic had a 

similar geometry than Biiia, with O1 and O4 axially bound and F3 – F6 equatorially bound. F5 and 

F6 were distorted toward H3 and H2, respectively, with F3 having a hydrogen bond with H1 resulting 

in similar bond lengths for F3 – F5. In the case of Biiib, the F- anions had similar Ta-F bond lengths 

except for F3 showing elongation due to a hydrogen bond between F3 and H3. 

In all three configurations, the bond angles differed from each other and from a perfect octahedral 

structure due to the distortion of the F- anions caused by the abundance of O atoms. In Biiia and Biiib, 

the angle deviation of the bound F- anions (F3 and F4) were towards the bound H2O, possibly due 

to hydrogen bonding. Similarly the bound F- anions in Biiic (F5, F6 and F3) were distorted towards 

the bound H+ cations (H3, H2 and H1 respectively). 
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Table 5.4 – Calculated bond lengths and angles of TaF4.H2O.HSO4 (Biiia, Biiib and Biiic) 

Bond length (Å) Bond angle (°) 

Length Biiia Biiib Biiic Angle Biiia Biiib Biiic 

Ta-F3 1.929 1.929 1.956 F4-Ta-F6 89.62 103.18 92.79 

Ta-F4 1.930 1.924 1.935 F5-Ta-F3 89.76 89.70 88.93 

Ta-F5 1.943 1.926 1.929 F5-Ta-F6 179.74 90.04 153.72 

Ta-F6 1.940 1.911 1.928 F6-Ta-O4 90.20 88.65 99.67 

Ta-O4 1.992 2.046 1.997 F3-Ta-O4 102.94 88.72 87.04 

O4-S1 1.582 1.565 1.590 Ta-O4-S1 145.92 146.06 141.46 

S1-O3 1.606 1.607 1.601 O4-S1-O3 96.10 103.14 103.04 

O3-H1 0.983 0.982 0.983 S1-O3-H1 108.60 109.14 109.46 

S1-O2 1.448 1.450 1.446 O3-S1-O2 110.31 109.86 110.91 

Ta-O1 2.235 2.250 2.210 O2-S1-O5 119.45 120.56 121.25 

O1-H2 0.976 0.975 0.975 F6-Ta-O1 89.28 179.99 76.07 

F3-H1 - - 2.241 H3-O1-H2 107.56 107.61 108.25 

 

5.3.1.3 Block C species 

TaF5.H2O (Bi) can react further to form TaF4OH (Ci) (reaction 12, Figure 5.1) before reacting with 

HSO4
- to form TaF4OH.HSO4

- (Cii) (via reactions 14 and 15 in Figure 5.1). The OH- group of TaF4OH 

can be either in the axial (trigonal bipyramidal geometry (Cib)) or equatorial position (trigonal 

bipyramidal geometry (Cic)) with a transition product which had a square pyramidal structure (Cia) 

[22]. Subsequently, the formation of TaF4OH.HSO4
- also yielded three configurations (Ciia, Ciib and 

Ciic) as shown in Figure 5.6. 
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Figure 5.6 – TaF4OH.HSO4
- species (Ciia, Ciib and Ciic) 

 

When reacting with HSO4
-, TaF4OH (Cia, Cib and Cic) formed configuration Ciia, Ciib and Ciic, 

respectively. All three of these had distorted octahedral configurations. The HSO4
- and OH- groups 

were bound to opposite sides (axially) of the Ta5+ centre, leading to the trans configuration in Ciia 

and Ciic. Due to the rotation of Ta-O1 and S1-O3, these two bound groups were at a near right angle 

from each other (OH was axial, HSO4
- equatorial) leading to a cis configuration in Ciib. The bond 

lengths and angles of TaF4OH.HSO4
- (Ciia, Ciib and Ciic) are shown in Table 5.5. 

The Ta-F bond length of all three configurations were 1.964 ± 0.004 Å, except for Ta-F4 of 

configuration Ciib, which decreased to 1.891 Å, correlating with the expected Ta-F bond length of 

1.894 Å [22]. The Ta-O4 bond length was 2.18 ± 0.013 Å and the Ta-O1 bond length was 1.923 ± 

0.009 Å. This elongation in Ta-O4 is probably due to the electronegativity of the other O atoms in 

HSO4
-. The bond angles of all three geometries correlated with each other (2.5 ± 0.56°), except for 

O4-S1-O3 of Ciia, which decreased by 5.37 ± 0.28° from Ciib and Ciic, due to the O4-S1-O3 bond 

angle which is dependent on the bond angle between Ta5+ and HSO4
-. The different atoms (F3 – F6, 

O1 and O4) bound to Ta5+, due to their attraction or repulsion depending on the differing positions 

of these atoms, caused the structure deviation from a perfect octahedron. 
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Table 5.5 – Calculated bond lengths and angles of TaF4OH.HSO4
- (Ciia, Ciib and Ciic) 

Bond length (Å) Bond angle (°) 

Length Ciia Ciib Ciic Angle Ciia Ciib Ciic 

Ta-F3 1.961 1.965 1.963 F4-Ta-F6 90.37 90.50 88.52 

Ta-F4 1.962 1.891 1.965 F5-Ta-F3 88.39 86.81 91.37 

Ta-F5 1.963 1.969 1.968 F5-Ta-F6 166.52 172.77 171.34 

Ta-F6 1.959 1.969 1.962 F6-Ta-O4 86.69 89.86 86.10 

Ta-O4 2.193 2.167 2.178 F3-Ta-O4 86.97 83.66 83.88 

O4-S1 1.518 1.532 1.528 Ta-O4-S1 138.52 138.25 138.85 

S1-O3 1.633 1.625 1.628 O4-S1-O3 99.17 104.81 104.26 

O3-H1 0.980 0.980 0.980 S1-O3-H1 107.57 108.50 107.97 

S1-O2 1.462 1.461 1.461 O3-S1-O2 107.80 108.17 108.09 

Ta-O1 1.914 1.931 1.914 O2-S1-O5 116.58 118.15 118.29 

O1-H2 0.973 0.972 0.973 F6-Ta-O1 95.39 93.64 96.22 

    Ta-O1-H2 136.92 139.91 139.98 

 

To form the neutral species TaF3OH.HSO4 (Ciii), a F- anion was removed from TaF4OH.HSO4
- (Cii) 

(via reaction 17 Figure 5.1). It was found that by removing different positional F- anions from Ciib, 

configuration Ciiia and Ciiib were obtained, while Ciiic was obtained when removing a F- ion from 

either Ciia or Ciib (Figure 5.7). Similar to Ci, the geometry of configuration Ciiia was square pyramidal, 

while configurations Ciiib and Ciiic had a trigonal bipyramidal geometry. The main difference between 

the configurations is that for Ciiib the OH- group is in the axial and HSO4
- in the equatorial position, 

while in Ciiic both the OH and HSO4
- groups are in axial positions where Ciiia is a transition product 

between Ciiib and Ciiic. The bond lengths and angles of TaF4.H2O.HSO4 (Ciiia, Ciiib and Ciiic) are 

shown in Table 5.6. 
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Figure 5.7 – TaF3OH.HSO4 species (Ciiia, Ciiib and Ciiic) 

 

In Ciiia, both F5 and F6 neighbour O1 and O4, which lead to bond elongation in F5 and F6 compared 

to F4. In Ciiib, F4 was axially bound and F5 and F6 equatorially bound. Due to the hydrogen bond 

between F4 and H1, the Ta-F4 bond length increased when compared to the bond with F5 and F6. 

In Ciiic, O1 and O4 were axially bound while the three F- anions were equatorially bound resulting in 

similar Ta-F bond lengths for F4 – F6. 

The bond angles of all three configurations differed due to the differences in geometry and the bond 

positions of H2O and HSO4
-. In Ciiia (square pyramidal geometry), the F-Ta-F bond angles deviated 

slightly from the ideal 90° due to the Ta-O bonds in neighbouring positions. In Ciiib, the F5-Ta-F6 

angle differed by 2.31° from the ideal trigonal bipyramidal structure (120°) due to the Ta-O4 bond. 

Similarly, the F5-Ta-F4 bond angle would be 90° in an ideal trigonal bipyramidal structure, where in 

Ciiib it deviated to 85.93° due to the hydrogen bond between F4 and H1 (on HSO4
-). In Ciiic, the bond 

angle between the equatorially bound atoms (F4 – F6) deviated with less than 2.9° from the ideal 

120°. This deviation could be ascribed to the electronegative groups (OH- and HSO4
-) in the axial 

positions. 
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Table 5.6 – Calculated bond lengths and angles of TaF4OH.HSO4
- (Ciiia, Ciiib and Ciiic) 

Bond length (Å) Bond angle (°) 

Length Ciiia Ciiib Ciiic Angle Ciiia Ciiib Ciiic 

Ta-F4 1.921 1.967 1.901 F4-Ta-F6 89.29 101.90 119.17 

Ta-F5 1.938 1.916 1.900 F5-Ta-F4 88.34 85.93 117.09 

Ta-F6 1.933 1.900 1.908 F5-Ta-F6 158.06 99.48 122.31 

Ta-O4 2.120 2.207 2.090 F6-Ta-O4 86.38 142.09 83.20 

O4-S1 1.548 1.529 1.544 F4-Ta-O4 153.52 78.05 88.59 

S1-O3 1.700 1.590 1.602 Ta-O4-S1 109.87 98.00 142.67 

O3-H1 0.982 0.989 0.984 O4-S1-O3 94.07 106.94 98.43 

S1-O2 1.445 1.436 1.456 S1-O3-H1 109.08 108.35 107.52 

Ta-O1 1.878 1.900 1.884 O3-S1-O2 107.14 106.07 109.33 

O1-H2 0.978 0.975 0.975 O2-S1-O5 120.18 117.49 118.19 

    F6-Ta-O1 101.22 100.49 90.75 

    Ta-O1-H2 134.79 140.24 153.53 

 

5.3.1.4 Block D species 

In the presence of H2O, configuration Ciii reacted in two ways, forming either TaF3OH.HSO4.H2O 

(configuration Di – reaction 19, Figure 5.1) as is shown in Figure 5.8, or TaOF3 (Dii) (reaction 20, 

Figure 5.1, described previously [22]). From Figure 5.8 it can be seen that TaF3OH.HSO4.H2O had 

a distorted octahedral geometry, with the HSO4
- and OH- groups in the axial position and H2O at a 

right angle from these groups in the equatorial position with F4 – F6. 

 

Figure 5.8 – TaF3OH.HSO4.H2O species (Di) 

 

The bond lengths and angles of TaF3OH.HSO4.H2O (Di) are shown in Table 5.7. The Ta-F5 and Ta-

F6 bond lengths were elongated due to the proximity of the three atoms O1, O4 and O6. The Ta-O6 

bond length was also elongated due to steric hindrance of the surrounding atoms. While the bond 
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angle between F5-Ta-F4 and F4-Ta-T6 in a tradtitional octahedral geometry is 90°, it was 102.54° 

and 103.00°, respectively, in Di, due to hydrogen bonding between F5 to H3 and F6 to H4. 

Table 5.7 – Calculated bond lengths and angles of TaF3OH.HSO4.H2O (Di) and TaOF3.H2O (Diiia 
and Diiib) 

Bond length (Å) Bond angle (°) 

Length Di Diiia Diiib Angle Di Diiia Diiib 

Ta-F4 1.918 1.938 1.928 F4-Ta-F6 103.00 95.37 115.78 

Ta-F5 1.940 1.952 1.929 F5-Ta-F4 102.54 96.25 116.05 

Ta-F6 1.932 1.951 1.929 F5-Ta-O6 76.09 76.73 78.14 

Ta-O4 2.116 - - F6-Ta-O4 85.10 - - 

O4-S1 1.545 - - F4-Ta-O4 86.00 - - 

S1-O3 1.618 - - Ta-O4-S1 139.09 - - 

O3-H1 0.981 - - O4-S1-O3 103.14 - - 

S1-O2 1.451 - - S1-O3-H1 108.84 - - 

Ta-O1 1.893 1.757 1.766 O3-S1-O2 104.04 - - 

O1-H2 0.973 - - O2-S1-O5 119.15 - - 

Ta-O6 2.272 2.295 2.463 F6-Ta-O1 96.49 107.14 100.44 

O6-H3 0.975 0.977 0.974 Ta-O1-H2 147.03 - - 

    O1-Ta-O6 93.37 97.29 176.98 

    Ta-O6-H3 119.71 114.60 118.63 

    H3-O6-H4 107.06 106.51 104.87 

 

Both TaF3OH.HSO4.H2O (Di) and TaOF3 (Dii) can react (via reactions 21 and 22, respectively, in 

Figure 5.1) to form TaOF3.H2O (configuration Diii), also shown in Figure 5.9 (see Table 5.7 for its 

bond lengths and angles). While Diiia had a square pyramidal geometry, Diiib had a distorted trigonal 

bipyramidal geometry. The Ta-F bond length in configuration Diiia was elongated by 0.024 Å due to 

the square pyramidal geometry forcing the F- anions outward. In Diiib, the average Ta-F bond length 

was 1.929 Å, which deviated by 0.033 Å from the modelled TaF5 molecule [22]. This deviation was 

due to the electronegative O1 and O6 in the axial positions forcing the F- anions outward. Even 

though the geometries of Diiia and Diiib differed, the Ta-O1 bond lengths were similar at 1.761 ± 0.005 

Å. The Ta-O6 bond length and the bond angles in Diiia and Diiib differed due to the differences in 

geometries. 
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Figure 5.9 – TaOF3.H2O species (Diiia and Diiib) 

 

The ideal bond angle of a square pyramidal geometry is 90°, where in Diiia hydrogen bonding 

between F6-H4 and F5-H3 caused the F-Ta-F bond angles to increase (95.8 ± 0.5°) and the F-Ta-O 

angles to decrease (76.73°). Similarly, in Diiib, the equatorially bound F- anions deviated from 120° 

to 115.9 ± 0.2° and the angle between axial and equatorial ions deviated from 90° to 78.14°, again 

due to the hydrogen bonding between F- and H of the bound H2O. 

 

5.3.2 Reactions of the TaF5:H2SO4:H2O system 

The energy of formation of all the reactions between TaF5, H2SO4 and H2O (Figure 5.1) in a 1:1:10 

ratio were calculated at 298.15 K, as described in Section 5.2, to determine which of these reactions 

will likely occur. The relative energies of all 22 reactions are presented in Figure 5.10 in terms of the 

energy of the starting material (TaF5 (A) + H2SO4 + 10 H2O) where H2SO4 was in the cis-

configuration. Instead of showing this for all possible configurations, only the most probable 

configurations, according to the results of Section 5.3.1, are shown. These results will again be 

discussed in terms of the blocks described in Figure 5.1. In addition, remember that for the purpose 

of this discussion the (dep) in for example Aia(dep) refers to the deprotonation of the H2SO4 forming 

HSO4
-. 
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Figure 5.10 – Relative energy of the various products formed when combining TaF5:H2SO4:10H2O (line colours indicate a reaction from a specific 
block, solid lines are reactions within a block and dotted lines the reactions between blocks) 
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Initially, the energy of each molecule (TaF5 + H2SO4 + 10 H2O) were implicitly added and set 

to a relative energy of 0 kcal/mol, while all the other energy values are for the explicit systems 

(block A – D). It is apparent that all the reaction products had lower energies (ranging from -

40 to -110 kcal/mol) than the initial system. For the sake of readability, the y-axis (Relative 

Energy) in Figure 5.10 was modified by removing the sections between -5 and -40 kcal/mol 

(see grey dotted lines). From Chapter 4 it was shown that the trans-H2SO4 conformer has a 

lower energy than the cis-conformer. However, the energy difference between the conformers 

was only 0.18 kcal/mol, indicating that both species may participate in the reactions. In this 

study, it has to be kept in mind that all the reaction energies were calculated relative to TaF5 

(Ai) + cis-H2SO4 + 10H2O. 

In Figure 5.1 the reactions of Ai to form Ai(dep), Aiia and Bia are shown. Bib had a similar reaction 

energy than Bia, and was hence omitted from Figure 5.10 to increase readability. All three 

reactions were exothermic, showing a dramatic decrease in energy. As mentioned in Section 

5.3.1, Aiib with its strained crystal structure had an increased reaction energy and is therefore 

unlikely to form (omitted in Figure 5.10). If Ai(dep) formed during the first step of the mechanism 

(-84.72 kcal/mol), 6.58 kcal/mol energy will be needed to convert Ai(dep) to Aiia. The energy 

from the first step (reaction 1 in Figure 5.1) may be adequate for reaction 2 (Figure 5.1) to 

occur to form Aiia. This means Aiia could form directly via reaction 3 (Figure 5.1) or via a 

combination of reactions 1 and 2 (Figure 5.1). Aiia will then further react exothermally to form 

Aiii (TaF4.HSO4), which is one of the stable products that is expected to form from Block A. 

There are three reactions (5, 9 and 11) when moving from Block A to B, while there are four 

reactions (6, 7, 8 and 10) in Block B itself (Figure 5.1). According to reaction 5, Ai formed both 

Bia and Bib exothermically (Figure 5.10). During reaction 6, Bia + H2SO4 deprotonate to form 

Bia(dep) (TaF5.H2O + HSO4
-). While this product seems very stable, requiring 22.2 kcal/mol to 

convert to Bii via reaction 7, Bii can also be formed via reactions 8 and 9 via Bia or Aiia 

respectively. As both these reactions are exothermic, Biib (TaF5.H2O.HSO4
-) will probably form. 

In Section 5.3.1.2, it was seen that Biiia and Biiic had similar geometries. However, in Biiic the 

hydrogen bond increased its stability, thereby lowering the reaction energy compared to Biiia. 

It is thus more likely that Biiib and Biiic would be formed from Biib (reaction 10) requiring 11.4 

and 12.7 kcal/mol to remove the HF, or from Aiii (reaction 11) requiring 21.2 kcal/mol by adding 

H2O. As these values are relatively low, Biiib and Biiic could form during slight heating or ageing 

of the solution, most probably via reaction 10. 

When moving from Block B to C there are again three reactions (12, 16 and 18) and four 

reactions (13, 14, 15 and 17) in Block C itself. For Cib and Cic to form via reaction 12, 7.1 and 

8.5 kcal/mol are required. In view of the residual energy contained in the system from the 
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preceding exothermic reactions 1, 3, 4, 5 and 8, it is possible that Cib and Cic could form 

especially during ageing. 

When comparing the probability of formation of Aiii, Bii and Ci, it is clear that Aiii and Bii are more 

likely to form than Ci as the reactions forming Aiii and Bii are exothermic. Once formed, Ci + 

H2SO4 exothermally deprotonates via reaction 13 to form Cib(dep) or Cic(dep). At the same 

time, Ciib and Ciic can form exothermically via reaction 15. The amount of energy needed by 

Cib(dep) and Cic(dep) to form Ciib and Ciic is 7.4 and 4.4 kcal/mol, respectively. Hence it is 

clear that if Ci is formed, then the formation of Cic(dep) and Ciic will likely follow. Finally, there 

are two possible reactions when forming Ciii, namely from Cii via reaction 17 or from Biii via 

reaction 18. Reaction 18 is exothermic, while reaction 17 requires a small amount of energy to 

occur. This implies that Ciii will likely form if Biii or if Cii are present. 

When moving from Block C to D there are only two reactions (19 and 20) and two reactions 

(21 and 22) in Block D itself. From Ciiic, via reaction 19, the formation of Di was endothermic. 

However, since the chances of Ciiic forming is small, the formation of Di is also unlikely. In 

addition, the chance of Dii forming is also low considering the 37.7 kcal/mol needed to form Dii 

from Ciiib via reaction 20. Accordingly, the probability of Diii (reaction 22) forming is very small. 

Summarising the results for all the reactions, it seems that three events are most likely to occur. 

The first one would be the exothermic formation of Aiiia or Aiiib (TaF4.HSO4) (~ -90 kcal/mol) 

via the formation of Aiia (TaF5.HSO4
-) (-78 kcal/mol). The second event is the hydration of TaF5 

(Ai) to form TaF5.H2O (Bia) via reaction 5, yielding ~-75 kcal/mol, which could then lead to the 

formation of either Bia(dep) (~-103 kcal/mol) or Biib (~-81.8 kcal/mol). Through ageing or 

heating it has been shown [22] that TaF4OH (Ci) could form, which will then lead to the 

formation of Cib(dep) or Cic(dep) (at -79.4 and -82.8 kcal/mol, respectively), Ciic (at -78.4 kcal/mol) 

and Ciii (b or c at -78.7 and -78.1 kcal/mol, respectively). Accordingly, the most abundant 

species available for extraction from a bulk solution will probably be TaF5.H2O (Bi) and 

TaF4.HSO4 (Aiii), and after ageing TaF4OH (Ci) and to a lesser degree TaF3OH.HSO4 (Ciii). 

 

5.4 Conclusion 

Due to a lack in speciation data, especially of Ta and Nb, molecular modelling was used in this 

paper to determine the behaviour of TaF5 in a H2SO4 medium. From the various reactions 

investigated in a 1:1:10 metal:acid:water ratio, multiple hydrogen bonds formed, which 

stabilised the different acid species, resulting in the lowering of the reaction energies. Although 

it was shown that different reactions (1 - 22) and geometries (Ai – Diii) are possible between 
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TaF5, H2SO4 and H2O, according to their energies, only four species are most probably 

available during extraction, namely TaF5.H2O (Bi) and TaF4.HSO4 (Aiii) and if ageing occurred 

TaF4OH (Ci) and to a lesser degree TaF3OH.HSO4 (Ciii). From this it is assumed that when 

TaF5 is dissolved in H2O, the most likely species to form will be TaF5.H2O, while TaF4.HSO4 is 

the most likely species available when H2SO4 is added. If the aqueous phase is left to age, 

TaF4OH and TaF3OH.HSO4 are most likely the species present. The formation of all the other 

species, including TaOF3, were endothermic. 

 

5.5 References 

[1] A. Agulyanski, The chemistry of Tantalum and Niobium fluoride compounds, Elsevier, San 
Diego, Oxford, London, 2004. 

[2] E. Bidari, M. Irannejad, M. Gharabaghi, Solvent extraction recovery and separation of 
cadmium and copper from sulphate solution, Journal of Environmental Chemical Engineering, 
1 (2013) 1269 - 1274. 

[3] M. Noori, F. Rashchi, A. Babakhani, E. Vahidi, Selective recovery and separation of nickel 
and vanadium in sulfate media using mixtures of D2EHPA and Cyanex 272, Separation and 
Purification Technology, 136 (2014) 265 - 273. 

[4] X. Li, C. Wei, Z. Deng, M. Li, C. Li, G. Fan, Selective solvent extraction of vanadium over 
iron from a stone coal/black shale acid leach solution by D2EHPA/TBP, Hydrometallurgy, 105 
(2011) 359 - 363. 

[5] J.R. Kumar, H.I. Lee, J.Y. Lee, J.S. Kim, J.S. Sohn, Comparison of liquid-liquid extraction 
studies on platinum(IV) from acidic solutions using bis(2,4,4-trimethylpentyl) 
monothiophosphinic acid, Separation and Purification Technology, 63 (2008) 184 - 190. 

[6] R.K. Biswas, M.A. Hayat, Solvent extraction of zirconium(IV) from chloride media by 
D2EHPA in kerosene, Hydrometallurgy, 63 (2002) 149 - 158. 

[7] M.S. Lee, R. Banda, S.H. Min, Separation of Hf(IV)–Zr(IV) in H2SO4 solutions using solvent 
extraction with D2EHPA or Cyanex 272 at different reagent and metal ion concentrations, 
Hydrometallurgy, 152 (2015) 84 - 90. 

[8] Z. Zhu, C.Y. Cheng, Solvent extraction technology for the separation and purification of 
niobium and tantalum: A review, Hydrometallurgy, 107 (2011) 1 - 12. 

[9] M.J. Ungerer, H.M. Krieg, G. Lachmann, D.J.v.d. Westhuizen, Comparison of extractants 
for the separation of TaF5 and NbF5 in different acidic media, Hydrometallurgy, 144-145 (2014) 
195 - 206. 

[10] A.D. Hammerich, V. Buch, F. Mohamed, Ab initio simulations of sulfuric acid solutions, 
Chemical Physics Letters, 460 (2008) 423 - 431. 

[11] C.G. Ding, T. Taskila, K. Laasonen, A. Laaksonen, Reliable potential for small sulfuric 
acid-water clusters, Chemical Physics, 287 (2003) 7 - 19. 



 

115 
 

[12] C.C. Pye, W.W. Rudolph, An ab initio and Raman investigation of sulfate ion hydration, 
Journal of Physical Chemistry A, 105 (2001) 905 - 912. 

[13] W.R. Cannon, B.M. Pettitt, J.A. McCammon, Sulfate anion in water: Model structural, 
thermodynamics and dynamic properties, Journal of Physical Chemistry, 98 (1994) 6225 - 
6230. 

[14] J.D.T. Steyl, Kinetic modelling of chemical processes in acid solution at t<200C. (i) 
thermodynamics and speciation in H2SO4-Metal (ii) SO4-H2O system,  Hydrometallurgy 
Conference, The Southern African Institute of Mining and Metallurgy, 2009, pp. 401 - 444. 

[15] P.V. Kumar, B.L. Tembe, Solvation structure and dynamics of the Fe2+-Fe3+ ion pair in 
water, The Journal of Chemical Physics, 97 (1992) 4356 - 4367. 

[16] E. Cauët, S. Bogatko, J.H. Weare, J.L. Fulton, G.K. Schenter, E.J. Bylaska, Structure and 
dynamics of the hydration shells of the Zn2+ ion from ab initio molecular dynamics and 
combined ab initio and classical molecular dynamics simulations, The Journal of Chemical 
Physics, 132 (2010) 194502. 

[17] J. Chaboy, A. Muñoz-Pàez, P.J. Merkling, E.S. Marcos, The hydration of Cu2+: Can the 
Jahn-Teller effect be detected in liquid solution?, Journal of Chemical Physics, 124 (2006) 
64509. 

[18] A.E. Saatci, F.P. Gökdemir, U.D. Menda, P. Kavak, O. Özdemir, K. Kutlu, Ionic conduction 
in different hydrated V2O5 film,  2nd International Advances in Applied Physics and Materials 
Science Congress, American Institute of Physics, 2012, pp. 289 - 295. 

[19] F.W. Koknat, J.A. Parsons, A. Vongvusharintra, Metal cluster halide complexes. I. Efficient 
synthesis of hydrated hexanuclear niobium and tantalum cluster halides M6X14.8H2O, Inorganic 
Chemistry, 13 (1974) 1699 - 1702. 

[20] A.A. Ischenko, V.P. Spiridonov, T.G. Strand, Joint Norwegian - Soviet electron diffraction 
studies of molecular structures in the gas phase. II. Inorganic compounds, Acta Chemica 
Scandinavica A, 42 (1964) 651 - 673. 

[21] A. Agulyansky, The chemistry of tantalum and niobium fluoride compounds, Elsevier, 
Amsterdam2004. 

[22] M.J. Ungerer, C.G.C.E. van Sittert, D.J. van der Westhuizen, H.M. Krieg, Molecular 
modelling of tantalum penta-halides during hydrolysis and oxidation reactions, Computational 
and Theoretical Chemistry, 1090 (2016) 112 - 119. 

[23] Material Studio Modelling Environment, Accelrys Software Inc., San Diego, 2012. 

[24] J.P. Perdew, Y. Wang, Accurate and simple analytic representation of the electron-gas 
correlation energy, Physical Review B, 45 (1992) 13244 - 13249. 

[25] B. Delley, Ground-state enthalpies: evaluation of electronic structure approaches with 
emphasis on the density functional method, The Journal of Physical Chemistry A, 110 (2006) 
13632 - 13639. 

[26] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple, 
Physical Review Letters, 77 (1996) 3865 - 3868. 

[27] A. Tkatchenko, M. Scheffler, Accurate Molecular Van Der Waals Interactions from Ground-
State Electron Density and Free-Atom Reference Data, Physical Review Letters, 102 (2009) 
073005. 



 

116 
 

[28] B. Delley, Modern Density Functional Theory: A tool for chemistry, in: J.M. Seminario, P. 
Politzer (Eds.) Theoretical and Computational Chemistry, 1995. 

[29] A. Klamt, G. Schüürmann, COSMO: a new approach to dielectric screening in solvents 
with explicit expressions for the screening energy and its gradient, Journal of the Chemical 
Society, Perkin Transactions 2, (1993) 799 - 805. 

[30] B. Delley, The conductor-like screening model for polymers and surfaces, Molecular 
Simulation, 32 (2006) 117 - 123. 



 

117 
 

5.6 Supplementary 

 

Figure S1 – Relative energy of the products from a TaF5:H2SO4:10H2O system 
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CHAPTER 6 
 

Chapter 6 consists of the article titled ‘DFT modelling of tantalum penta-fluoride extraction with 

phosphor-based extractants’, which is added into this thesis in the exact format in which it was 

submitted for review in the Journal of Computational and Theoretical Chemistry (2017). 

 

 

 

 

 

6.1 Introduction .................................................................................................................. 119 

6.2 Computational Methods ............................................................................................... 120 

6.3 Results and Discussion ................................................................................................ 121 

6.3.1 1x1x1 3D systems ............................................................................................... 122 

6.3.1.1 TaF5 systems ............................................................................................... 122 

6.3.1.2 TaF5.H2O systems ........................................................................................ 126 

6.3.1.3 TaF4OH systems .......................................................................................... 130 

6.3.1.4 TaF4.HSO4 system ....................................................................................... 133 

6.3.1.5 TaF3OH.HSO4 system .................................................................................. 136 

6.3.2 4x4x2 3D systems ............................................................................................... 140 

6.4 Conclusion ................................................................................................................... 143 

6.5 References ................................................................................................................... 143 

6.6 Supplementary Information .......................................................................................... 146 

  



119 
 

6.1 Introduction 

While the recovery of metals has advanced over the years, the diminishing high-grade supplies, 

the increasing demand for purified metals and the added pressure to recycle is driving the 

increased development of new and greener technologies. One such existing and developing 

technology is solvent extraction (SX), which is widely used in hydrometallurgy [1-7] for both the 

separation and extraction of high-purity metals. During a typical SX process, metal ions are 

selectively transferred from an aqueous solution to an organic solvent, often containing an 

extractant. In this system, the liquid-liquid interface is of particular interest due to the ion transfer 

of extractant molecules occurring across this interface. Extractants, which can be divided into 

acidic, basic and neutral extractants, not only determine the extraction process but also influence 

the specific characteristics of the organic phase as well as the interface reactions, kinetics and 

behaviour. 

Since both tantalum (Ta) and niobium (Nb) are in the same group (VB) of the periodic table, they 

have similar chemical and physical properties, resulting in laborious and expensive separation 

processes [8, 9]. In a recent SX study, Ungerer et al. [10] investigated the separation of Ta and 

Nb (as MF5), where partial separation was achieved when extracting from a sulphuric acid 

(H2SO4) medium. For the SX study of Ta(Nb)F5 [10], the extractants di-iso-octyl phosphinic acid 

(DioPA) and di-(2-ethylhexyl) phosphoric acid (D2EHPA), which are both acidic extractants [11], 

were used. 

The main obstacle found during the experimental SX study on Ta(Nb)F5 was the lack of data on 

the speciation of Ta and Nb compounds, without which it was not possible to fully explain the 

separation data obtained. In a more recent study, molecular modelling was used to determine the 

molecular reactions as well as the system reactions that might occur during SX using a 

thermodynamic approach. Various reactions of TaF5 and H2O were investigated and it was shown 

that only TaF5.H2O and TaF4OH formed exothermically. In addition, it was shown that various 

interactions between TaF5 and H2O (Chapter 3), TaF5 and H2SO4 (Chapter 5), and H2SO4 and 

H2O (Chapter 4) may occur, of which the most likely species to be present in a H2SO4 environment 

are HSO4
-, H3O+, H2O, TaF4.HSO4 and, to a lesser extent, TaF3OH.HSO4. 

Following the previous studies, where the species were identified [12] (Chapters 3 – 5), the next 

step entails determining the behaviour of these species in a biphasic system. The specific aim is 

to use molecular modelling to determine the extraction behaviour of Ta5+ from a H2SO4 medium 

when contacted with D2EHPA. Based on the previous data (Chapter 5), the following five species 

were included: TaF5, TaF5.H2O, TaF4OH, TaF4.HSO4 and TaF3OH.HSO4. For the purpose of this 

study they will be referred to using Roman numerals I-X differentiating between species extracted 

from a 4 M and a 10 M H2SO4 solution as is shown in Table 6.1. 
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Table 6.1 – Letters used for the Ta5+ species in the 1x1x1 4 M and 10 M H2SO4 systems 

Ta5+ species 
1x1x1 3D System 

4 M H2SO4 10 M H2SO4 

TaF5 I II 

TaF5.H2O III IV 

TaF4OH V VI 

TaF4.HSO4 VII VIII 

TaF3OH.HSO4 IX X 

 

The stoichiometry of the three-dimensional (3D) periodic system was determined from previous 

experimental conditions [10] and is given in Table 6.2. During experimental SX runs [10] it was 

found that, for every metal species, 2 to 3 extractant molecules were required for extraction. 

However, to simulate a system in these correct ratios, the 3D system would contain more than 

11 000 molecules, which was not attainable with the current hardware available to us. Therefore, 

the water:acid and diluent:modifier ratios were kept constant at 8.5:1 (4 M H2SO4), 1.1:1 (10 M 

H2SO4) and 16:1, respectively, while 3 extractant (D2EHPA) species were added per Ta5+ species 

(Table 6.1). Lastly, two mixed 4x4x2 systems (see Table 6.2), one for 4 M H2SO4 and one for 10 

M H2SO4, containing all the Ta5+ species (Table 6.1) in a ratio of 7:7:6:6:6 (TaF5:TaF5.H2O: 

TaF4OH:TaF4.HSO4:TaF3OH.HSO4) to give a total of 32 Ta5+ species, were investigated. 

Table 6.2 – Composition and dimensions of the simulated systems  

3D 
periodic 
system 

Aqueous/Organic phase Box size (Å3) 

1x1x1 4 M H2SO4: 1 Ta species, 21 HSO4
-, 21 H3O+, 179 H2O/ 

3 D2EHPA, 1-octanol, 48 cyclohexane 
26.3x26.3x26.3 

 10 M H2SO4: 1 Ta species, 54 HSO4
-, 54 H3O+, 50 H2O/ 

3 D2EHPA + 1-octanol + 48 cyclohexane 
27.4x27.4x27.4 

4x4x2 4 M H2SO4: 32 Ta species, 672 HSO4
-, 672 H3O+, 5696 H2O/ 

96 D2EHPA, 32 1-octanol, 1536 cyclohexane 
105.0x105.0x52.5 

 10 M H2SO4: 32 Ta species, 1728 HSO4
-, 1728 H3O+, 1600 H2O/ 

96 D2EHPA + 32 1-octanol + 1536 cyclohexane 
109.7x109.7x54.8 

 

6.2 Computational Methods 

Materials Studio 2016 from Dassault Systèmes BIOVIA was used for the computational modelling 

[13]. The DFT calculations were performed with DMol3, Amorphous Cell and Forcite modules and 

graphical displays generated with BIOVIA Materials Studio 2016. Firstly, a geometry optimisation 

[14, 15] was done within DMol3 for all the different molecules. It was previously shown [12] that 

the Perdew-Burke-Ernzerhof (PBE) [16] correlation gave the best results for reactions pertaining 

to Ta. Accordingly, the generalised-gradient approximation (GGA) with the PBE [16] correlation, 
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with the DNP+ (double numerical plus polarisation with addition of diffuse functions) basis set, 

basis file 4.4 and Tkatchenko-Scheffler (TS) dispersion correction [17] were used. The core 

treatment parameter was set to ‘All Electron’, treating all electrons as if they were valence 

electrons. Furthermore, a smearing of 0.005 Hartree (Ha) was chosen for all the calculations [18] 

to facilitate self-consistent field (SCF) convergence. The solvation model COSMO (conductor-like 

screening model) [19, 20] was chosen to simulate a solute within a solvent. For the solvent (H2O) 

of the aqueous phase containing TaF5, H2SO4 and H2O, a dielectric constant of 78.54 was used. 

For the organic phase, which consisted of cyclohexane, D2EHPA and 1-octanol, the solvent was 

cyclohexane with a dielectric constant of 2.02. 

After the geometry optimisation, three-dimensional (3D) periodic systems were constructed using 

the Amorphous Cell module. The molecules that represent both the organic and aqueous phases 

were mixed in a predetermined number and ratio with a density of 1 g.cm-3 at 298 K to represent 

laboratory conditions. After the periodic systems were obtained, the Forcite module was used to 

relax the system by geometry optimisation using the Universal force field (UFF) [21-24] with atom-

based electrostatic and van der Waals equations [23]. This was followed by energy minimisations 

using molecular dynamics (MD) for 1000 steps with UFF, while the electrostatic and van der 

Waals interactions were calculated with the Ewald summation method [25, 26] starting from 

random velocities. The production stage (demixing simulations) again used MD runs for 2 ns (NVT 

ensemble) with 1 fs steps at 298 K and a pressure of 1 atm. To control the temperature, Nosé 

dynamics [27-29], again with the Ewald summation method [25, 26], were chosen for the 

electrostatic and van der Waals interactions. 

Of each of the 3D systems, a concentration profile of all the particles/molecules was calculated 

in a given layer. The values are relative to a random distribution and range from 0 (no particles in 

the layer) to a maximum value corresponding to the total number of bins if all particles reside in 

the same layer. The sum over all layers is equal to the total number of bins. The bin size was 

0.5 Å. 

 

6.3 Results and Discussion 

The following section is divided into two parts, first discussing the 1x1x1 system (Section 6.3.1), 

followed by a discussion of the 4x4x2 3D system (Section 6.3.2). Section 6.3.1 is divided into five 

sections discussing the five Ta5+ species listed in Table 6.1 in the two H2SO4 systems (4 M and 

10 M). The different colours used throughout this paper indicate different atoms, with white being 

hydrogen (H), red oxygen (O), grey carbon (C), yellow sulphur (S), purple phosphorous (P), teal 

fluorine (F) and blue Ta. 
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6.3.1 1x1x1 3D systems 

6.3.1.1 TaF5 systems 

The first species investigated was TaF5 in 4 M H2SO4. As was stated in the Computational 

Methods, the 3D periodic systems were constructed using the Amorphous Cell module of 

Materials Studio. This 3D system (shown in the supplementary section Figure S1) represents 

perfect mixing of the biphasic solution at laboratory conditions (298 K, 1 atm). Figure 6.1 shows 

various snapshots of this system after 2 ns simulation time, including the total modelled system 

(Figure 6.1A), the concentration profiles of all the species present (Figure 6.1B), and then various 

species of the total modelled system, i.e. the aqueous phase (Figure 6.1C), the organic phase 

(Figure 6.1D) and the interface (Figure 6.1C). 

In Figure 6.1A two main regions are visible: to the middle and top of the periodic cell a circular 

region containing H2SO4 and H2O (i.e. the aqueous phase) and to the bottom and sides of the 

periodic cell cyclohexane, D2EHPA and 1-octanol (i.e. the organic phase). The occurrence of 

these distinctive regions is indicative of phase dissolution. The aqueous phase seems to have 

formed a water droplet within the organic phase, implying that extraction would occur from within 

a droplet of the aqueous phase to the surrounding organic phase. Furthermore, it can be seen 

that TaF5 is situated within the organic phase, indicating that extraction occurred from the aqueous 

phase into the organic phase. 

This is also visible from the concentration profile (Figure 6.1B), where when the aqueous phase 

concentration was at a maximum, the organic phase concentration was at a minimum and vice 

versa, confirming separation of the two phases. However, there are two regions (cell parameters 

2 – 4 and 15 – 17 Å) were both phases are present, forming the interface. Figure 6.1D shows that 

the extractants lay on the interface with the O atoms of D2EHPA in the direction of the aqueous 

phase, creating strong hydrogen bonds, while the TaF5 has moved to the organic phase. Of the 

3 extractant molecules, none were found in the first interfacial region (2 – 4 Å, Figure 6.1B), two 

extractants were found within the second interfacial region (15 – 17 Å) and the third extractant 

was within the bulk of the organic phase (purple line - Figure 1B). This means that, before 

extraction, the extractants are surface active, but as soon as the D2EHPA-TaF5-5H2O system is 

formed, this newly formed macro molecule moves into the organic phase, where TaF5, 

surrounded by 5 H2O molecules, is ‘released’ in the organic phase and D2EHPA can return to the 

surface. The TaF5 (green line - Figure 6.1E) lay within the bulk of the organic phase, confirming 

extraction from the interface to the organic phase. 

From Figure 1C and D it is also clear that, at the interfacial region, the H2O and cyclohexane 

molecules were mixed (Figure 6.1C and D), which could lead to the formation of emulsions, which 

is why a modifier [30] (1-octanol in this case) was added to the SX system as is visible in the 
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bottom left of the periodic cell (Figure 6.1E). In a previous MD study [31], it was found that, when 

increasing the modifier, i.e. alcohol concentration, the aqueous phase changed from a linear slab 

to a drop with a diameter of 10 Å, which increased the interfacial area and hence the extraction 

rate. According to Figure 6.1E, the 1-octanol did not lie near the interface, indicating that it was 

not surface active and therefore did not aid in the extraction process. 

 

Figure 6.1 – Snapshot of system I at 2 ns (4 M H2SO4: TaF5, 21 HSO4
-, 21 H3O+, 179 H2O; Org: 

3 D2EHPA, 1-octanol, 48 cyclohexane) where (A) shows the total modelled system, (B) density 
profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and TaF5, (D) 
the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF5, and (E) the surface-
active species D2EHPA, 1-octanol and TaF5. 
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In Figure 6.1C it can be seen that the TaF5 molecule is surrounded by 4 to 6 H2O molecules when 

it is extracted to the organic phase. This was confirmed in the previous chapter (Chapter 5) were 

it was shown that more than 5 H2O molecules were needed to hydrate TaF5. Similarly, Wilson et 

al. [32] showed that when metalate anion species extracted with phosphor-based extractants, the 

metal species were surrounded by H3O+ and H2O to form a hydration sphere or a ‘water pool’ 

which was extracted into the organic phase. If it is assumed that the species present during SX 

is TaF5, then it can be concluded that extraction will occur in 4 M H2SO4 from an aqueous droplet 

into an organic bulk solution. 

From the experimental SX data it was seen that, when the H2SO4 concentration was increased to 

10 M, the extraction percentage of Ta increased from 20% to 90% [10]. Figure 6.2 shows this 

simulated system of TaF5 in 10 M H2SO4 after 2 ns of simulation time. In Figure 6.2A phase 

separation can again be seen, however this time with the aqueous phase in the top, bottom and 

right of the snapshot and the organic phase having formed a droplet in the middle of the periodic 

cell. This inverse is probably due to the decrease in the number of H2O molecules (replaced by 

H2SO4 molecules), leading to fewer hydrogen bonds, which supports the formation of droplets. 

Similar to the 4 M system, TaF5 is situated in the organic phase, again indicating that extraction 

occurred. 

From the concentration profile (Figure 6.2B), it can again be seen that, when the organic phase 

concentration (blue line) was at its highest, the aqueous phase concentration (red line) was at its 

lowest, confirming phase separation. The extractant concentration peak (purple line) overlaps 

with the organic concentration peak, confirming that the extractants lay within the organic phase. 

The concentration profile shows that the TaF5 (green line) was in the aqueous phase, however, 

from Figure 6.2A, C and D it can be seen that Ta was actually in the organic bulk. This discrepancy 

is due to the way the concentration profile was calculated and constructed. The concentration 

values are relative to the total distribution and range from 0 (no particles in the layer) to a 

maximum value corresponding to the total number of bins if all particles reside in the same layer. 

The sum over all layers is equal to the total number of bins. Therefore, in the space between 0 

and 3 Å (Figure 6.2B) the most abundant molecules are the aqueous phase with the organic 

phase as a droplet in between when compared to Figure 6.2A and therefore TaF5 is shown in the 

concentration profile to be located within the aqueous phase. 

Figure 6.2C shows the aqueous phase situated to the top, right and bottom of the cell. Similar to 

the 4 M system, it can be seen that H2O molecules had also been pulled into the organic phase, 

which in turn could lead to emulsion formation. Different from the 4 M system, the TaF5 during 

extraction was surrounded by 2 to 3 H2O molecules on average. This decrease in the number of 

H2O molecules could be due to the increased H2SO4 concentration. 
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Figure 6.2D shows the organic phase in the form of a droplet, with the extractants and 1-octanol 

on the edge of the droplet, and the hydrogen atoms of 1-octanol in both cases oriented in the 

direction of the aqueous phase. Hence it seems that, with increasing H2SO4 concentration, the 

extraction preferentially occurred from the bulk aqueous phase to the organic droplet. Comparing 

Figure 6.2D and the snapshot of the interface (Figure 6.2E), it can be seen that the three D2EHPA 

molecules are surface active, while the 1-octanol molecule was surface inactive, lying in the 

middle of the cell within the bulk organic phase. 

 

Figure 6.2 – Snapshot of system II at 2 ns (10 M H2SO4: TaF5, 54 HSO4
-, 54 H3O+, 50 H2O; Org: 

3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, (B) density 
profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and TaF5, (D) 
the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF5, and (E) the surface-
active species D2EHPA, 1-octanol and TaF5. 
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To be sure that extraction occurred due to the presence of D2EHPA and not as an artifact of 

modelling, the same initial 3D systems of A and B (Figure S2), without any D2EHPA and 1-octanol 

present, were modelled maintaining the same concentration of the other species. Figure 6.3 

shows the snapshots of TaF5 in both a 4 and 10 M H2SO4 system without D2EHPA and 1-octanol 

after 2 ns simulation time. 

 

Figure 6.3 – Snapshot of TaF5 in the 4 and 10 M H2SO4 systems without the extractant D2EHPA 
and 1-octanol. Composition for 4M was TaF5, 21 HSO4

-, 21 H3O+, 179 H2O, 48 cyclohexane and 
for 10M was TaF5, 54 HSO4

-, 54 H3O+, 50 H2O, 48 cyclohexane. 

 

The relative positions of the linearly columned interface have changed. It is clear that in both 

systems the TaF5 was surrounded by 4 to 6 H2O molecules, but had not been extracted from the 

aqueous phase to the organic phase, clearly showing the effect when D2EHPA was omitted. 

Some H2O molecules had migrated to the organic phase, which could result in experimental third 

phase formation (emulsion) confirming the need for 1-octanol. 

 

6.3.1.2 TaF5.H2O systems 

In this section, the migration of the second species that could have formed, i.e. the hydrated 

TaF5.H2O, is discussed. In Figure 6.4, the possible distribution of TaF5.H2O in a 4 M H2SO4 is 

presented after a 2 ns simulation time. Linearly separated phases were observed as had been 

the case when omitting D2EHPA and 1-octanol for TaF5, with the aqueous phase to the left and 

right of the cell and the organic phase in the middle. From visual inspection, it seems that the 

TaF5.H2O molecule lay on the interface, with the bonded H2O directed towards the organic phase 

and the F-atoms toward the aqueous phase. From the concentration profile (Figure 6.4B) it can 

4 M system 10 M system
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again be seen that there are distinct organic and aqueous phases with two interfacial regions (cell 

parameters 8 – 9 Å and 22 – 23 Å). Whereas the extractants were within the organic phase region, 

the TaF5.H2O was positioned between the bulk of the organic and the interface, indicating 

extraction. From a previous paper [12] it was shown that TaF5.H2O is most likely to exist in a water 

system and if it is assumed to be the species present in low acidic (4 M H2SO4) conditions, 

extraction occurs at the bound H2O site. 

 

Figure 6.4 – Snapshot of system III at 2 ns (4 M H2SO4: TaF5.H2O, 21 HSO4
-, 21 H3O+, 179 H2O; 

Org: 3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, (B) 
density profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF5.H2O, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF5.H2O, and 
(E) the surface-active species D2EHPA, 1-octanol and TaF5.H2O. 
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According to Figure 6.4C, the TaF5.H2O was situated on the edge of the aqueous phase with one 

of the bounded H2O in the direction of the organic phase and the F-atoms (directed at the aqueous 

phase) surrounded by additional H2O molecules. Similar to the TaF5 system it can be seen that 

H2O and H3O+ molecules are pulled into the organic phase, forming a mixed phase or possibly an 

emulsion (third phase). According to Figure 6.4D, the extractants and 1-octanol were again 

positioned on the edges of the organic phase. From the interface (Figure 6.4E) it seems that the 

H2O group of TaF5.H2O was coordinated with one extractant, indicating that extraction occurred 

due to the hydration sphere of TaF5. 

Subsequently, TaF5.H2O was modelled in a 10 M H2SO4 system and the snapshots are shown in 

Figure 6.5. In Figure 6.5A it can be seen that phase dissolution occurred, again with the aqueous 

phase to the sides and the organic phase in the middle. Similar to the TaF5-10 M H2SO4 system 

(Figure 6.2), the organic phase (Figure 6.5D) formed a droplet within the aqueous phase and the 

TaF5.H2O formed an additional hydrogen bond with a nearby H2O molecule, which was oriented 

towards the organic phase, while the bound H2O was stabilised through hydrogen bonding by the 

aqueous phase. This confirms that extraction is likely. 

From the concentration profile (Figure 6.5B) it is evident that clear aqueous (red line) and organic 

(blue line) regions formed with areas of mixing (cell parameters 8 – 9 Å and 23 – 24 Å) indicative 

of the interfacial region. Both the extractants (purple line) and the TaF5.H2O (green line) were 

located within the organic phase. 

Comparing snapshot C and D it can be seen that phase overlap occurred near the bottom of the 

snapshot, indicating possible formation of emulsions. From the interface snapshot (Figure 6.5E), 

it can be seen that TaF5.H2O was in the vicinity of, but not bound or coordinated to the extractants, 

indicating that extraction had already occurred. Similar to the TaF5-10 M H2SO4 system, extraction 

occurred from a bulk aqueous solution toward an organic droplet, possibly due to the change in 

the H2O concentration. 
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Figure 6.5 – Snapshot of system IV at 2 ns (10 M H2SO4: TaF5.H2O, 54 HSO4
-, 54 H3O+, 50 H2O; 

Org: 3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, (B) 
density profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF5.H2O, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF5.H2O, and 
(E) the surface-active species D2EHPA, 1-octanol and TaF5.H2O. 

 

To again confirm whether extraction of TaF5.H2O occurred due to the presence of D2EHPA, the 

initial systems of TaF5.H2O in 4 and 10 M H2SO4 was modelled in the absence of D2EHPA and 

1-octanol (Figure S3). Similar to the TaF5 systems, the final simulation data showed that i) 

TaF5.H2O was surrounded by an additional 4 H2O molecules, ii) TaF5.H2O did not extract from the 

aqueous phase and iii) some H2O molecules had migrated towards the organic phase, suggesting 

possible third phase formation. In the 4 M system (TaF5.H2O-4 M-without D2EHPA), the two 

0

0.5

1

1.5

2

2.5

3

0.26 2.89 5.51 8.14 10.77 13.39 16.02 18.64 21.27 23.90

R
e

la
ti

v
e

 C
o

n
c

e
n

tr
a

ti
o

n

Cell Parameters (Å)

Organic Phase Aqueous Phase

D2EHPA TaF5

C

D

A

TaF5.H2O

B

E



130 
 

phases separated to form linear columns similar to the TaF5-4 M-without D2EHPA system (Figure 

6.3), however, in the 10 M system (TaF5.H2O-4 M-without D2EHPA) the organic phase formed a 

droplet in an aqueous bulk solution similar to the TaF5.H2O-10 M-D2EHPA (Figure 6.5). This again 

confirms that 1-octanol increased phase dissolution and D2EHPA extracted TaF5.H2O from both 

4 and 10 M aqueous phases. 

 

6.3.1.3 TaF4OH systems 

It was shown in a previous paper [12] that ~10 kcal/mol energy had to be added to the system to 

form the third molecule under discussion, TaF4OH. This species therefore is only likely to form 

when aqueous solutions are aged or heated for example. Figure 6.6 shows the simulated SX data 

of TaF4OH in 4 M H2SO4 after 2 ns. The bulk of the aqueous phase (Figure 6.6A and C) is to the 

left in the form of a droplet within the bulk organic phase (Figure 6.6D), with some break-away in 

the middle towards the right. TaF4OH is situated toward the bottom of the bulk solution, again 

surrounded by five H2O molecules. Again, the extractants were on the edge of the bulk organic 

phase with the O atoms directed towards the aqueous phase. However, when comparing 

snapshot C and D, it seems as though the organic phase had both properties of a bulk solution 

(right of the snapshot) and a droplet (having a less dense part in the middle where the aqueous 

phase showed break-away). The break-away section showed significant mixing of the two 

phases, suggesting third phase formation, which in turn could hinder extraction. 

Extraction of TaF4OH may not have occurred as i) the TaF4OH was on the interface (Figure 6.6A 

and C) and ii) the extractants were not coordinated with the TaF4OH (Figure 6.6E). Comparing 

Figure 6.6A and the concentration profile (Figure 6.6B) confirms that aqueous (blue line) and 

organic regions (red line) had formed an interfacial region between 11 and 13 Å. Both the 

extractants (purple line) and TaF4OH (green line) seem to be situated in both phases, possibly 

indicating third phase formation. It is interesting to note that the extraction percentages during the 

actual SX experiments declined more than 50 % when aqueous solutions were aged for 3 days 

before use. It seems that the experimentally observed decline in extraction could be due to the 

formation of specific Ta species such as TaF4OH. 
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Figure 6.6 – Snapshot of system V at 2 ns (4 M H2SO4: TaF4OH, 21 HSO4
-, 21 H3O+, 179 H2O; 

Org: 3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, (B) 
density profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF4OH, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF4OH, and 
(E) the surface-active species D2EHPA, 1-octanol and TaF4OH. 
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droplet. The extractants were again on the edge of the bulk organic solution, with the O atoms 

oriented towards the aqueous phase, confirming their surface activity. 

 

Figure 6.7 – Snapshot of system VI at 2 ns (10 M H2SO4: TaF4OH, 54 HSO4
-, 54 H3O+, 50 H2O; 

Org: 3 D2EHPA + 1-octanol + 48 cyclohexane), where (A) shows the total modelled system, (B) 
density profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF4OH, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF4OH, and 
(E) the surface-active species D2EHPA, 1-octanol and TaF4OH. 

 

According to Figure 6.7A, aqueous molecules were present in the upper part of this region, while 

mixing occurred in the lower part, indicating possible third phase formation. Since the TaF4OH 
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region was observed in the regions between 11 and 13 Å and between 23 and 25 Å, while the 

organic phase reached a maximum (and the aqueous phase a minimum) between 14 and 23 Å, 

confirming phase separation. According to the interface snapshot (Figure 6.7E), the TaF4OH in 

10 M was again not coordinated with the extractants, which is indicative of non-extraction. 

According to Figure 7B, the aqueous phase (red line) reached a maximum in the region of 1 to 

10 Å. 

When excluding D2EHPA and 1-octanol (Figure S4), the TaF4OH did not extract and third phase 

formation occurred as had been observed previously. The 4 M system (TaF4OH-4 M-without 

D2EHPA) again formed two linear phase columns while the organic phase formed a droplet within 

an aqueous bulk solution for 10 M system (TaF4OH-10 M-without D2EHPA). 

In conclusion, it was shown that when the aqueous phase was aged, TaF4OH will probably be 

one of the species present. Irrespective of the acid concentration, the organic phases displayed 

simultaneous characteristics of a droplet and a bulk solution in the presence of TaF4OH, while 

phase dissolution did not occur completely. This resulted in TaF4OH being trapped in the formed 

third phase, leading to non-extraction. 

 

6.3.1.4 TaF4.HSO4 system 

The fourth species investigated was TaF4.HSO4. This species is likely to form when TaF5 is added 

to an aqueous phase containing high concentrations of H2SO4. In the unlikely event that 

TaF4.HSO4 does form in low H2SO4 concentrations, the 4 M H2SO4 system was also investigated. 

Figure 6.8 shows TaF4.HSO4 in the 4 M H2SO4 system, after 2 ns simulation time. From the 

aqueous phase snapshot (Figure 6.8A) it can be seen that a linear slab formed, with the organic 

phase at the sides and the aqueous phase situated in the middle of the snapshot, indicating 

dissolution of the biphasic solution. TaF4.HSO4 had hydrogen bonding with one H2O molecule 

and was situated near the edge of the aqueous phase in the gap (organic phase) with the bound 

HSO4 group in the direction of the organic phase, indicating possible extraction. Accordingly, 

similar to the TaF5.H2O-4 M system (Figure 6.4), the organic phase (Figure 6.8B) had two linear 

slabs to the left and right of the snapshot. The extractants lay on the edges of the organic phase 

with the oxygen atoms directed toward the aqueous phase. The concentration profile confirmed 

the two interfacial regions (3 – 4 Å and 16 – 17 Å) as well as the fact that the extractants (purple 

line) were mainly within the organic phase region (blue line) while the TaF4.HSO4 (green line) was 

in the organic bulk, indicating extraction. 
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In Figure 6.8E it can be seen that the HSO4 group of TaF4.HSO4 was directly coordinated with 

one extractant, whereas in the TaF5.H2O-4 M system, extraction occurred due to the hydration 

sphere around TaF5. Comparing snapshots D and E (Figure 6.8) with each other, it can be seen 

that the extractants due to hydrogen bonding pull H2O and H3O+ molecules into the organic phase, 

albeit less than in the TaF4OH systems (Figure 6.6 and Figure 6.7). 

 

Figure 6.8 – Snapshot of system VII at 2 ns (4 M H2SO4: TaF4.HSO4, 21 HSO4
-, 21 H3O+, 179 

H2O; Org: 3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, 
(B) density profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF4.HSO4, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF4.HSO4, 
and (E) the surface-active species D2EHPA, 1-octanol and TaF4.HSO4. 
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Figure 6.9 presents the snapshot results after 2 ns when TaF4.HSO4 was added to the 10 M 

H2SO4. From Figure 6.9A, phase separation can be clearly observed. The aqueous molecules 

were concentrated to the sides of the snapshot with two clear regions (organic phase) to the top 

and bottom of the snapshot, indicative of an organic droplet within an aqueous phase. TaF4.HSO4, 

with hydrogen bonds to two surrounding H2O molecules, was situated to the bottom of the 

snapshot on the edge between the two phases, indicating possible extraction. 

 

Figure 6.9 – Snapshot of system VIII at 2 ns (10 M H2SO4: TaF4.HSO4, 54 HSO4
-, 54 H3O+, 50 

H2O; Org: 3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, 
(B) density profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF4.HSO4, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and TaF4.HSO4, 
and (E) the surface-active species D2EHPA, 1-octanol and TaF4.HSO4. 
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The organic phase (Figure 6.9B) was situated to the top, through the middle and at the bottom of 

the snapshot, confirming phase separation. Therefore, as the H2SO4 concentration increased in 

this system, the concentration of H2O molecules decreased resulting in the formation of aqueous 

droplets in the organic phase. Similar to the other systems, the extractants lay on the edges of 

the organic phase with the oxygen groups directed toward the aqueous phase. It can also be seen 

that TaF4.HSO4 was coordinated with one extractant at the interface (Figure 6.9E). 

Comparing the total system (Figure 6.9A) with the concentration profile (Figure 6.9B), it can be 

seen that, while the organic phase (blue line) increased with decreasing aqueous phase (red line), 

there were always residuals of both phases present. This again indicates that both H2O and H3O+ 

were pulled into the organic phase, leading to third phases. From the concentration profile, it can 

be seen that the extractants (purple line) lay from the interface to the bulk of the organic phase, 

whereas the TaF4.HSO4 species (green line) lay within the organic bulk region, confirming 

extraction. 

To determine whether extraction of TaF4.HSO4 was due to the presence of D2EHPA, the 4 and 

10 M systems were simulated without D2EHPA (Figure S5). The results were similar to the 

TaF4OH without D2EHPA where TaF4.HSO4 did not extract and third phase formation occurred. 

Similar to TaF4OH, the 4 M system (TaF4.HSO4-4 M-without D2EHPA) again showed phase 

dissolution into two linear columns, while the 10 M system (TaF4.HSO4-10 M-without D2EHPA) 

had an organic droplet within an aqueous bulk solution. 

In conclusion, it seems that the TaF4.HSO4 that is assumed to form during SX with H2SO4 will 

extract in the presence of D2EHPA as extraction occurred from an aqueous droplet into an 

organic bulk solution in both the 4 and 10 M systems. 

 

6.3.1.5 TaF3OH.HSO4 system 

While we assumed that TaF4.HSO4 is formed in a TaF5-H2SO4-environment, it is likely that 

TaF3OH.HSO4 could form during ageing of the solution as its formation was again slightly 

endothermic [Chapter 5]. Figure 6.10 shows TaF3OH.HSO4 in a 4 M system after 2 ns simulation 

time. According to Figure 6.10A, aqueous phase dissolution is evident as the molecules were 

situated in a droplet to the left, with some break-away at the top and bottom. The TaF3OH.HSO4 

molecule is situated to the left in the bulk aqueous phase, indicating possible non-extraction. 

Comparing the total system (Figure 6.10A) with the concentration profile (Figure 6.10B), it seems 

that between 0 and 3 Å is a possible third phase interface containing TaF3OH.HSO4. Between 3 

and 12.8 Å was mainly the aqueous phase, however again with some organic molecules and an 

extractant present, which could be indicative of third phase formation. From 12.8 to 16 Å was yet 
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another interfacial region, again with an extractant present, while the organic phase from 16 to 

25 Å contained some aqueous molecules and an extractant, again indicative of third phase 

formation. 

 

Figure 6.10 – Snapshot of system IX at 2 ns (4 M H2SO4: TaF3OH.HSO4, 21 HSO4
-, 21 H3O+, 

179 H2O; Org: 3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled 
system, (B) density profiles of all the species present, (C) the aqueous phase containing H2SO4, 
H2O and TaF3OH.HSO4, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and 
TaF3OH.HSO4, and (E) the surface-active species D2EHPA, 1-octanol and TaF3OH.HSO4. 

 

From the interface snapshot (Figure 6.10C) it is evident that TaF3OH.HSO4 is not coordinated 

with the extractants, again indicating non-extraction. The organic phase (Figure 6.10D) was 
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mostly situated in a column to the right of the snapshot, with break-away at the top and bottom. 

Similar to the previous system (Figure 6.8), the extractants lay on the organic edges. The 

significant phase overlap could lead to non-extraction as was the case for TaF4OH (Figure 6.6).  

Similar to the TaF4OH system, it can be seen that by ageing the solution to form TaF3OH.HSO4, 

extraction becomes less likely. Literature [33] suggests that, by increasing the acid concentration, 

the ageing process might be reversed to lead to further extraction of metals. 

The extraction of TaF3OH.HSO4 from a 10 M H2SO4 system (after a 2ns simulation time) is shown 

in Figure 6.11. The aquoeus phase (Figure 6.11A) was to the sides of the snapshot, with a circular 

clear part in the middle, indication phase dissolution with the organic phase forming a droplet 

(Figure 6.11B). TaF3OH.HSO4 was situated to the right on the edge between the phases, 

indicating possible non-extraction. The extractants were again on the edges, while TaF3OH.HSO4 

was not coordinated with an extractant, indicating possible non-extraction (Figure 6.11E). Again, 

some H2O molecules were present in the organic phase, indicating the formation of a third phase. 



139 
 

 

Figure 6.11 – System X (10 M H2SO4: TaF3OH.HSO4, 54 HSO4
-, 54 H3O+, 50 H2O; Org: 

3 D2EHPA, 1-octanol, 48 cyclohexane), where (A) shows the total modelled system, (B) density 
profiles of all the species present, (C) the aqueous phase containing H2SO4, H2O and 
TaF3OH.HSO4, (D) the organic phase containing cyclohexane, D2EHPA, 1-octanol and 
TaF3OH.HSO4, and (E) the surface-active species D2EHPA, 1-octanol and TaF3OH.HSO4. 

 

In conclusion, when TaF3OH.HSO4 was present, possibly due to aqueous phase ageing, the 

organic phases displayed simultaneous characteristics of a droplet and third phase formation. 

Consequently, TaF3OH.HSO4 was trapped in the resulting third phase, leading to non-extraction. 
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6.3.2 4x4x2 3D systems 

After investigating smaller systems (1x1x1) containing only one of each of the identified five 

molecules that could be present during SX, the next step was to increase the system size (4x4x2), 

combining all the Ta5+ species to obtain a more realistic system. Since these systems are 32 

times larger than the 1x1x1 cells, they contained 7 TaF5, 7 TaF5.H2O, 6 TaF4OH, 6 TaF4.HSO4, 

and 6 TaF3OH.HSO4, apart from the acid, H2O, extractant, modifier and organic solvent. The 

reason for this molar ratio was based on 1) adding the possible Ta5+ species identified in the 

previous chapters to determine their influence on each other, and 2) to have equal chances of 

extraction even though some of the species will only be present after ageing. At the beginning, it 

was ensured that the system was perfectly mixed (Figure S7). Again, both the 4 and the 10 M 

H2SO4 systems were investigated; however, a 2 ns simulation time was not sufficient for complete 

phase dissolution to occur. Therefore, the simulation time was increased to 10 ns, of which the 

obtained distribution is shown in Figure 6.12. Similar to the 4 M 1x1x1 systems, there were defined 

aqueous and organic phase regions (Figure 6.12A), where the aqueous phase formed droplets 

within an organic bulk.  

The concentration profile (Figure 6.12B) shows that, when the aqueous phase (red line) reached 

a maximum concentration, the organic phase (blue line) reached a minimum and vice versa, 

indicating phase dissolution, similar to what had been observed for the 1x1x1 system. The 

concentration profile of D2EHPA (purple line) followed the same trend as the organic phase 

profile, which is indicative of surface activity. However, the Ta5+ concentration (green line), 

showed peaks at various locations over the whole cell, indicative of partial extraction as had been 

expected.  

Figure 6.12C shows the aqueous phase with all the Ta5+ species. Similar to the results presented 

in Section 6.3.1, the TaF5, TaF5.H2O and TaF4.HSO4 extracted into the organic phase, while the 

TaF4OH and TaF3OH.HSO4, the products of ageing, did not extract. In some cases, the H2O 

molecules surrounding the Ta5+ were also co-extracted into the organic phase. 

Figure 6.12D shows that the extractant lay on the interface (as was observed in Section 6.3.1), 

with the O atoms of D2EHPA in the direction of the aqueous phase, creating strong hydrogen 

bonds, while the Ta5+ had moved to the organic phase. Similar to the 1x1x1 system, it was found 

that the extractants are surface active, but as soon as the D2EHPA-TaF5-5H2O system was 

formed, the chemical characteristics changed and the newly formed macro molecule moved into 

the organic phase where Ta5+, surrounded by H2O molecules, was ‘released’ into the organic 

phase and D2EHPA returned to the surface. 
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Figure 6.12 – 4x4x2 mixed system after 10 ns simulation time (4 M H2SO4: 7 TaF5, 7 TaF5.H2O, 
6 TaF4OH, 6 TaF4.HSO4, 6 TaF3OH.HSO4, 672 HSO4

-, 672 H3O+, 5696 H2O; Org: 96 D2EHPA, 
32 1-octanol, 1536 cyclohexane) where A shows the total modelled system, (B) density profiles 
of all the species present, (C) the aqueous phase containing H2SO4, H2O and Ta5+, (D) the organic 
phase containing cyclohexane, D2EHPA, 1-octanal and Ta5+, and (E) the surface-active species 
D2EHPA, 1-octanol and Ta5+. 

 

Figure 6.13 shows the results for the simulation of a 4x4x2 system where the aqueous phase had 

a 10 M H2SO4 concentration. Similar to the 10 M 1x1x1 systems, the organic phase formed a bulk 

phase in the middle of the cell with droplets of the aqueous phase on all sides, indicating phase 

dissolution (Figure 6.13A). From the concentration profile (Figure 6.13B), phase dissolution is 

evident as the aqueous phase reached a maximum as the organic phase reached a minimum 
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and vice versa. From the results it is clear that the Ta5+ species were mainly located in two regions 

(21 – 55 Å and 75 – 109 Å), the first apparently at an interface and the second in a predominantly 

organic phase, again indicting partial separation. Comparing this apparent discrepant data with 

Figure 6.13C and D, it can be confirmed that, similar to the 1x1x1 systems, the TaF5, TaF5.H2O 

and TaF4.HSO4 molecules extracted, while TaF4OH and TaF3OH.HSO4 were concentrated within 

the interfacial region. 

 

Figure 6.13 – 4x4x2 mixed system after 10 ns simulation time (10 M H2SO4: 7 TaF5, 7 TaF5.H2O, 
6 TaF4OH, 6 TaF4.HSO4, 6 TaF3OH.HSO4, 1728 HSO4

-, 1728 H3O+, 1600 H2O; Org: 96 D2EHPA, 
32 1-octanol, 1536 cyclohexane) where A shows the total modelled system, (B) density profiles 
of all the species present, (C) the aqueous phase containing H2SO4, H2O and Ta5+, (D) the organic 
phase containing cyclohexane, D2EHPA, 1-octanal and Ta5+, and (E) the surface-active species 
D2EHPA, 1-octanol and Ta5+. 
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When comparing the 4 M and 10 M results (Figure 6.12 and Figure 6.13), it can be concluded 

that in a low H2SO4 concentration environment, the TaF5.nH2O where n = 4 – 6 was formed, 

before being extracted into the organic phase. If, however, ageing and therefore the formation of 

TaF4OH occurs, extraction would not occur. In the 10 M it was seen that two Ta species formed 

in the aqueous phase, TaF5.nH2O where n = 4 – 6 and TaF4.HSO4.nH2O where n = 2 – 3. 

However, both of these Ta5+ systems were extracted into the organic phase. Again, with the 

formation of TaF3OH.HSO4 as an ageing product, extraction would not occur. 

 

6.4 Conclusion 

Due to a lack in Ta speciation data, molecular modelling was used to determine the behaviour of 

Ta-containing salts in a H2SO4 medium during SX, focussing on TaF5, TaF5.H2O, TaF4OH, 

TaF4.HSO4 and TaF3OH.HSO4. Using a 1x1x1 system it was seen that, when the H2SO4 

concentration was set to 4 M, the aqueous phase tended to form a droplet within an organic bulk 

solution, while more break-away between the phases occurred when the H2SO4 concentration 

was increased to 10 M. 

From the different species it can be concluded that TaF5.H2O is the most likely to be present in a 

low acidic medium (4 M H2SO4), which can be extracted with D2EHPA. If ageing of this solution 

would occur, TaF4OH would from, which was not extracted either with or without D2EHPA, 

irrespective of the H2SO4 concentration. In high acidic media (10 M H2SO4) TaF4.HSO4 is the 

species most likely to be present for extraction. From the simulations, it was seen that this species 

can only be extracted if D2EHPA was present for both 4 and 10 M H2SO4 concentrations. If ageing 

of this solution would occur, TaF3OH.HSO4 would form, which showed no extraction with and 

without D2EHPA, irrespective of the H2SO4 concentration. These results were confirmed when 

using the 4x4x2 system. 
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6.6 Supplementary Information 

 

Figure S1 – System A (4 M H2SO4: TaF5, 21 HSO4
-, 21 H3O+, 179 H2O, Org: 3 D2EHPA, 1-octanol, 

48 cyclohexane). A snapshot of perfect mixing before the MD runs. 

 

 

Figure S2 – 4 M acid system containing TaF5 without extractants or modifier (21 HSO4
-, 21 H3O+, 

179 H2O, Org: 48 cyclohexane). A snapshot of perfect mixing before the MD runs. 
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Figure S3 – TaF5.H2O in the 4 and 10 M acid systems without the extractants D2EHPA and 1-
octanol. 

 

 

Figure S4 – TaF4OH in the 4 and 10 M acid systems without the extractants D2EHPA and 1-
octanol. 
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Figure S5 – TaF4.HSO4 in the 4 and 10 M acid systems without the extractants D2EHPA and 1-
octanol. 

 

 

Figure S6 – TaF3OH.HSO4 in the 4 and 10 M acid systems without the extractants D2EHPA and 
1-octanol. 
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Figure S7 – Geometry optimised 4x4x2 mixed system (4 M H2SO4: 7 TaF5, 7 TaF5.H2O, 6 
TaF4OH, 6 TaF4.HSO4, 6 TaF3OH.HSO4, 672 HSO4

-, 672 H3O+, 5696 H2O, Org: 96 D2EHPA, 32 
1-octanol, 1536 cyclohexane). 

 

 

Figure S8 – Geometry optimised 4x4x2 mixed system (10 M H2SO4: 7 TaF5, 7 TaF5.H2O, 6 
TaF4OH, 6 TaF4.HSO4, 6 TaF3OH.HSO4, 1728 HSO4

-, 1728 H3O+, 1600 H2O, Org: 96 D2EHPA, 
32 1-octanol, 1536 cyclohexane). 
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7.1 Introduction 

Although a conclusion was presented within each experimental chapter, it is the purpose of this 

chapter to summarize, interpret and evaluate the key findings obtained during the study and 

make recommendations for future work. The successes and shortcomings of this study will be 

discussed by evaluating the achievements attained compared to the objectives set in Chapter 1. 

According to Chapter 1, the aim of this study was to use molecular modelling to investigate the 

solvent extraction (SX) of tantalum (Ta) on a molecular level, comparing the theoretical obtained 

data with experimental data. In other words, to investigate and understand, through the use of 

molecular modelling, the species and reactions that may form or occur during the SX process of 

specifically Ta. To achieve this aim, various objectives where identified (Chapter 1): 

i. Geometry optimisation of all the components (metal species, ions, acids and 

extractants) involved in the SX process. 

ii. Compiling energy profiles to investigate various reaction equations to determine the 

most probable reaction pathway and subsequent mechanisms of SX. 

iii. Simulation of the organic and aqueous phases in periodic systems (creating unit cells). 

iv. Combining the periodic organic and aqueous phases to simulate the SX process. 

v. Compare experimental SX results with the modelled SX results. 

 

The following sections will demonstrate that the above-mentioned objectives were successfully 

achieved (Section 7.2 – Evaluation) and possible areas of improvement (Section 7.3 – 

Recommendations) will be discussed. 

 

7.2 Evaluation 

An in-depth literature study of experimental data on SX of Ta and Nb, as well as modelled data 

of Ta species, revealed that the literature was limited. Therefore, method development was the 

first step in establishing the use of molecular modelling for this study. This was followed by 

investigating various species present during SX and reaction pathways for the formation of 

these species. 

 

7.2.1 Method development 

A case study was selected (Chapter 3) where various functional/basis set combinations were 

used to model TaCl5 species and reactions, comparing the obtained modelled data to literature. 
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The methods were repeated using TaF5 and again all the data was compared. When evaluating 

this data, it became clear that the PBE(DNP+) combination gave the best correlation with 

previous modelling and that this model was suitable for future work on TaF5. Even though all the 

data compared well with literature, the drawback was that all these species and reactions were 

calculated with an implicit solvent model (COSMO), although all the species in the experimental 

SX setup would be in an aqueous phase where the H2O molecules in the system have an effect 

on the whole SX system. 

The next step for the model development (Chapter 4) was to investigate the effect of implicitly 

and explicitly adding H2O molecules to the H2SO4 system, again using different functional/basis 

set combinations. It was seen that our modelled data correlated with other published work, even 

though COSMO was not used in previous studies. Since COSMO had effected not only the 

geometry optimisation, but also the vibrational frequencies of the molecules, it was 

recommended to use COSMO for simulations at infinite dilution. 

The final step of this section was to expand the model to combine periodic systems to 

determine the behaviour of each of the Ta5+ species that may form during SX (from Chapter 5) 

in a complete SX system (Chapter 6). 

According to some literature, it was recommended to construct the organic and aqueous phases 

separately. This was done where the phases were combined, after which simulations were 

carried out for mixing and de-mixing of the phases. However, using this approach, perfect 

mixing of the phases was not obtained. To overcome this the system was heated in cycles from 

300K to 500K to obtain mixed phases which again resulted in incomplete mixed phases. Since 

the purpose of this simulation was to simulate laboratory conditions, the SX samples were 

modelled at room temperature. Subsequently, it was decided to combine all the relevant 

species in the predetermined quantities as a complete periodic system at laboratory conditions 

(298 K and 1 atm) to run the simulations. 

It was decided to first construct small scale (1x1x1) periodic systems containing single metal 

species in two different acid media (4 and 10 M H2SO4). The second part was to combine all the 

Ta5+ species in a 4 and 10 M H2SO4 4x4x2 system. By combining all the species as stated in the 

method, perfect mixing was obtained.  

However, the drawback of this method was the limited number of atoms and molecules that 

could be simulated in the periodic systems. To run these SX simulations at true concentrations 

of each specie present, more than 100 000 molecules would have to be added to the periodic 

system, which in turn would increase the computational resources needed to run this calculation 

beyond those available for this study. Even with these simplifications in this study, the observed 

tendencies agreed with the experimental SX tendencies observed. We were able to confirm with 
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the molecular dynamics (MD) study that the 2 ns and 10 ns simulation time was suggested from 

literature for the 1x1x1 and 4x4x2 periodic systems respectively, gave results that were in good 

agreement with literature. 

 

7.2.2 Species 

Due to the lack in experimental and modelling speciation data, various Ta species and 

geometries were investigated. As stated in the previous section, a case study was selected 

whereby different species resulting from both the TaCl5 and TaF5 reactions with H2O were 

simulated (Chapter 3). Here it was shown, both from other modelled data and this study, that 

even though experimental literature suggested that various oxy-halide species (TaOX3 and 

TaO2X, with X = Cl or F) could form, these formations were unlikely. The most likely species to 

form however were TaX5.H2O and TaX4OH. 

The next section entailed the investigation of H2SO4 species in different size H2O environments 

(Chapter 4). Although PBE(DNP+) did not necessary gave the best results for the H2SO4/H2O 

system when compared to literature, it was important to keep the method the same throughout 

this study for comparison reasons. 

The main conclusions from Chapter 3 and 4 were that TaF5.H2O, TaF4OH, HSO4
- and H3O+ are 

the most likely species to be present during SX. These were investigated further in Chapter 5, 

where the behaviour of Ta in an aqueous sulphuric acid environment was investigated. To 

reduce the amount of calculations it was decided to use the PBE(DNP+) combination from the 

first step (method development) in combination with COSMO from the second step. When TaF5 

reacted with H2SO4 and H2O, various reactions, species and geometries were proposed. It was 

seen that that initially TaF5.H2O and after ageing of the solution TaF4OH formed in a H2O 

environment (or low acid concentration). In a H2SO4 medium TaF4.HSO4 was most likely to form 

while TaF3OH.HSO4 formed to a lesser degree after ageing. The formation of all other species, 

including TaOF3 were endothermic. The main drawback in this chapter was the lack of 

speciation data in literature, and thus these species cannot be compared in terms of existence 

or stability. 

After the construction of the 1x1x1 and 4x4x2 periodic systems, MD simulations were carried 

out to simulate the de-mixing of the phases and extraction of the Ta5+ species. According to 

Chapter 5, the most likely species that formed (TaF5.H2O, TaF4.HSO4) were also most likely the 

species that were extracted to the organic phase. Contrary, the species that most likely formed 

after ageing (TaF4OH and TaF3OH.HSO4) did not extract to the organic phase, confirming the 
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effect of ageing on SX. These MD simulations are in good agreement with our previous 

experimental work. 

 

7.2.3 Reaction pathways 

In terms of reaction pathways and energies, it was seen from the first part (Chapter 3) that TaF5 

and TaCl5 reacted in a similar way. When TaF5 reacted with H2O, results showed it was unlikely 

to form oxyfluoride species, including TaOF3 and TaO2F. However, the formation of TaF5.H2O 

and TaF4OH was exothermic, which was in good agreement with literature. 

From the energy calculations of H2SO4 and H2O (Chapter 4), it was determined that the 

formation of H2SO4.H2O, HSO4
-.H2O and H2SO4.2H2O was possible. However, it was shown that 

with the explicit addition of H2O molecules, HSO4
- and H3O+ are the most likely species to exist 

in a bulk solution. In addition, it was shown that the explicit addition of H2O molecules resulted 

in the lowering of the overall reaction energies and thus in the stabilisation of the systems. This 

effect of the lowering energy with increasing water was also confirmed in literature. 

From the various reactions investigated in a 1:1:10 metal:acid:water ratio (Chapter 5), multiple 

hydrogen bonds formed which stabilised the different acid species, again resulting in the 

lowering of the reaction energies. Although it was shown that different reactions were possible 

between TaF5, H2SO4 and H2O, according to their energies, only four species are most probably 

available during extraction, namely TaF5.H2O and TaF4.HSO4, and if ageing occurred TaF4OH 

and to a lesser degree TaF3OH.HSO4. 

During the SX simulations (Chapter 6), it was seen that, similar to the experimental data, the 

extractant D2EHPA selectively extracted TaF5.H2O and TaF4.HSO4. In addition, it was seen 

from the experimental data that if the solution was aged, which lead to the formation of TaF4OH 

or TaF3OH.HSO4, extraction did not occur. As was mentioned earlier, speciation of Ta data is 

limited in literature. However, the data form Chapters 3 and 4 are in good agreement with the 

available literature data. Seeing how the data in Chapters 5 and 6 are based on the data from 

Chapters 3 and 4, it can be concluded that the data presented in Chapters 5 and 6 are 

acceptable. 

To conclude, all five the objectives set out at the beginning of this study were met. With this 

study a new method was developed to model various Ta species in an aqueous phase 

containing both H2O and H2SO4. Furthermore, this study can be seen as a benchmark for the 

simulation of Ta during SX. With that said, the following section includes recommendations to 

be considered for improving future work. 
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7.3 Recommendations 

Although the aim and objectives of this study have been attained, various limitations and 

opportunities for further research on the molecular modelling of an SX system became apparent 

during this study. 

Aqueous phase: 

i. For a more detailed understanding of the Ta5+ species that may form, a species 

distribution curve against acid concentration could be constructed. 

ii. As analytical techniques improve over time, samples of the different phases could be 

analysed for comparison with the theoretical data obtained. 

iii. During the SX process, both Ta and Nb were present in the system. In this study the 

focus was on Ta. However, it is expected that Nb will react in a similar way. Therefore, 

the main results from this study could be repeated for Nb, considering however that Nb 

does not only have the 5+ but the 3+ oxidation state as well. 

iv. In the beginning of the study an assumption was made that TaF5 is a single metallic 

species, however, literature has suggested that Ta can also be found as tri- and tetra-

metallic crystals. This leads to the question, whether these crystals stay tri- and tetra-

metallic or are they broken up in an acid environment? Furthermore, how does the 

extractants interact with and extract these tri- and tetra metallic species? 

Organic phase: 

i. In the SX simulations it was assumed that D2EHPA did not react with H2SO4 from the 

aqueous phase when contacted. Some papers have however suggested that D2EHPA 

deprotonates and therefor another point of interest could be the effect of the H2SO4 

concentration on the species of D2EHPA. 

ii. Other extractants, including MIBK (methyl isobutyl ketone) and TBP (tributyl phosphate) 

have been used for the separation and extraction of Ta and Nb. It would be interesting to 

see what the effect of other extractants might be on this system. 

Modelling: 

i. Within the modelling, the size of the system is always proportional to the number of 

computational nodes available. As bigger computational systems and more CPUs 

become available, bigger reaction systems, for the simulation of more realistic liquid 

phases, will be feasible. 
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ii. The model developed in this study could also be applied for systems containing other 

metals like Zr and Hf, or metals with the same oxidation state as Ta and Nb or metals 

that extract with D2EHPA. 
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