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LAY SUMMARY 

Metals have been prized throughout history due to their lustre and physical properties, 

though many highly useful properties of metals, such as their rich potential for 

application in electronics and catalysis, have only come to be recognised in the past 

several decades. Consequently, with constant technological advances and ever-

growing consumer populations, the global demand for metals has risen dramatically in 

recent times, and ensuring the efficiency and sustainability of the metal production 

process has never been more important. 

 

Traditional methods of isolating metals from their natural sources often require the use 

of large amounts of energy to generate high temperatures, and are associated with the 

release of dangerous and environmentally-damaging chemicals. Because of this, 

alternative metal recovery methods which rely on more benign chemicals, and can 

operate in ambient conditions, are increasingly favoured. One such technique is 

solvent extraction, which takes advantage of the tendencies for different substances to 

become dissolved in different liquids. In the most widely-used form of this technique, 

the metal source is dissolved in a (typically highly acidic) water-based solvent, which 

is brought into contact with an oil-based liquid containing a specially-chosen chemical 

known as an ‘extractant’ which binds selectively to the particular metal one wishes to 

recover. When the two liquids are mixed together, they will naturally separate 

themselves, though the extractant will carry the metal of interest with it into the oil-

based liquid, leaving all other chemicals in the water-based solvent behind. Having 

been separated from the rest of the materials, the metal can then be refined further into 

a usable form. 

 

While a wide range of extractants have been developed to recover a wide range of 

metals from different sources, the chemical processes by which they function are often 

poorly understood, which can make the design of new and more effective extractants 

particularly challenging. The aim of the work described in this thesis is to use a 

combination of computer-based simulations and laboratory techniques to gain a more 
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detailed understanding of how both new and established extractants operate, which 

will help to pinpoint particular aspects of the solvent extraction process in which there 

is potential for improved design, and will allow future design of extractants to proceed 

in a more informed manner. 

Solvent extraction is increasingly applied as an efficient and sustainable means of 

recovery metals from primary and secondary sources, though the chemistry 

underpinning the operation of solvent extraction reagents remains, in many cases, 

poorly understood. In this thesis, the modes of action of a selection of established and 

novel solvent extraction reagents are investigated using a range of computational and 

experimental techniques. 
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ABSTRACT 

 

Chapter 1 consists of a review of solvent extraction of metals, primarily focused on 

the fundamental chemical processes involved in the technique, and techniques 

previously applied to the elucidation of extraction mechanisms. 

Chapter 2 contains an explanation and discussion of the theoretical and experimental 

techniques employed in obtaining the results presented in later chapters. 

In Chapter 3, computational studies are presented which aim to explore the modes of 

action of two novel classes of reagent which have been found to function efficaciously 

as extractants for precious metals, and rationalise trends in the extractive strength and 

selectivity of these reagents observed through experiment. DFT formation energy 

calculations were found to reproduce experimentally-determined trends in the 

extractive strength of a series of amidoamine and amidoether extractants for platinum, 

as well as the apparent selectivity of these reagents for hexachloroplatinate (PtCl6
2−) 

over chloride, which is found to arise due to a wide array of hydrogen-bond donor 

groups within the extractant which leads to preferential association to larger anions. 

Favourability of protonation is found to be the primary determiner of extractive 

strength in reagents of this class.  

A contrasting mode of action was revealed for a class of selective amide extractants 

for gold, with DFT and classical molecular dynamics methods indicating the formation 

of large supramolecular aggregates of extractant units and tetrachloroaurate (AuCl4
−) 

anions during the extraction process. Molecular dynamics results are consistent with, 

and allow the rationalisation of, results obtained from slope analysis and EXAFS 

experiments. Aggregate stability is found to be greater for primary amide extractants 

than for secondary or tertiary amide analogues, which is proposed as the origin of the 

superior selectivity for gold exhibited by primary amide extractants. 

In Chapter 4, the mode of action of commercial phosphinic acid extractant CYANEX® 

272 in cobalt(II) extraction is investigated using a variety of techniques including 

inductively-coupled plasma optical emission spectroscopy (ICP-OES), 31P{1H} NMR 
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spectroscopy, mass spectrometry and DFT geometry optimisation calculations. 

Extraction is found to proceed via differing mechanisms depending on the 

concentration of unassociated phosphinic acid in the system, with extended polymeric 

structures being formed at high levels of cobalt extraction, providing an explanation 

for observed increases in organic phase viscosity under such conditions. 

Similar techniques are applied in Chapter 5 to the case of iron(III) extraction by 

CYANEX® 272. A single mechanism was found to persist across all levels of Fe(III) 

extraction, though extraction experiments and 31P{1H} NMR spectroscopy indicate 

that anions other than phosphinate must be incorporated into the extracted species. 

Results from ICP-OES and mass spectrometry suggest that species incorporating 

SO4
2− or HSO4

− anions as well as O2− or OH− anions are formed during the extraction 

process. 

Finally, in Chapter 6, a novel computational method for determination of the stability 

of metalate anions in aqueous solutions is discussed. Preliminary results from solution-

phase DFT formation energy calculations suggest that inner-sphere co-ordination of 

chloride and nitrate anions to La3+ in solution is greatly disfavoured compared to 

formation of outer-sphere complexes, consistent with literature reports that inner-

sphere co-ordination of these anions to lanthanum is not observed in solution, and 

experimental results suggesting that solvent extraction of lanthanum metalates is 

unviable. Disfavouring of inner-sphere co-ordination to La3+ is calculated to be less 

substantial for sulfate anions, reflective of experimental observations that inner-sphere 

co-ordination of sulfate to La3+ can occur to a smaller degree. Similar, disfavouring of 

inner-sphere chloride association to Cd2+ and Hg2+ (which is known to occur in 

solution) is calculated to be significantly smaller than to La3+, suggesting that such 

calculations could serve as qualitative predictors of the viability of formation of 

solution-phase inner-sphere complexes of any given metals and anions. 
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CHAPTER 1: INTRODUCTION 

1.1 – Extractive metallurgy 

Whether it be in the components that power electronic devices, the catalysts that drive 

large-scale manufacturing processes, or the materials from which vehicles and 

buildings are constructed, metals are absolutely fundamental to modern life. Due to 

this, and the ever-continuing rise in global population and economic development, 

worldwide production of metals has grown exponentially in recent decades,1 with no 

signs of any changes to this trajectory in the foreseeable future. As a result, even 

ostensibly minor imperfections in metal production processes can translate to 

enormous consequences – inefficiencies in any stage of the process can lead to 

substantial losses of capital and waste of resources, and any harmful by-products 

generated can pose significant risks to the environment and human health.2  

Traditionally, metals have predominantly been procured from their natural ores using 

pyrometallurgical techniques (such as smelting and calcination) which are 

characterised by the use of high temperatures to transform metals from their naturally-

occurring states into more useful forms.2 Inevitably, such processes require substantial 

inputs of energy in order to maintain the elevated temperatures and pressures required 

for them to function, and producing this energy can necessitate a large expense of 

resources and release of carbon dioxide, a major contributor to global warming. 

Furthermore, treatment of ores in this fashion is liable to result in the release of by-

products, such as sulfur dioxide,3 which can be deleterious to the surrounding 

environment, and the safety of humans in the vicinity of processing facilities.  

Consequently, significant research efforts have been focused towards the replacement 

of pyrometallurgical techniques with hydrometallurgical alternatives, in which 

aqueous chemistry is exploited in order to convert metals into usable forms without 

the need for high-temperature or high-pressure conditions.4 Modern hydrometallurgy 

is capable of effecting the complete transformation of raw ores to elemental metals, 

through three key steps: (i) ‘leaching’, in which metal sources are dissolved in 

(typically acidic) media to yield a ‘pregnant leach solution’ containing the metal of 
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interest along with an abundance of other dissolved materials; (ii) ‘concentration’, in 

which the species of interest is selectively isolated from the undesired solutes through 

coordination by extractant molecules; and (iii) ‘metal recovery’, in which the isolated 

metal species is converted to elemental metal, typically using either precipitation or 

electrochemical methods. 

While all three steps present fruitful areas for research and development of new and 

improved techniques, work within the Metal Recovery Group at the University of 

Edinburgh has in recent times been predominantly focused on the ‘concentration’ step 

of the hydrometallurgical process, and in particular, the technique of solvent 

extraction.5 

 

1.2 – Solvent extraction 

Solvent extraction exploits the spontaneous separation of immiscible liquids in order 

to drive the separation of particular compounds from others.6 In the context of 

hydrometallurgy, it is most commonly used to facilitate the selective isolation of 

metals from pregnant leach solutions, as illustrated in Figure 1.1.7  

 

 

Figure 1.1: Illustration of the separation of gold from a mixed-metal pregnant leach solution by solvent 

extraction.7 
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Typically, a pregnant leach solution is brought into contact with a hydrophobic liquid 

(usually composed of a non-polar organic solvent, and thus typically termed the 

‘organic phase’) which contains a specialised hydrophobic reagent (referred to as an 

‘extractant’) which associates selectively to species of interest. As the organic phase 

and pregnant leach solution (commonly termed the ‘aqueous phase’) are mixed 

together, the extractant becomes bound to the species of interest (or ‘loaded’) to form 

an extractable complex, and when the phases disengage, the extractable complex 

resides in the organic phase, separating the metal of interest from other materials which 

remain in the aqueous phase. From this point, it is simple to physically separate the 

two phases, and release (or ‘strip’) the metal of interest from the extractable complex 

so that it can be isolated and subjected to further processing, with the extractant ideally 

being preserved to the extent that it may be recycled. 

As such, for a reagent to function as an extractant, there must be a mechanism whereby 

it can associate strongly to a species of interest, while still being separable from that 

species without excessive difficulty. Fulfilling the latter consideration can be 

particularly challenging – for many traditional extractants, stripping requires the use 

of (often toxic) reducing agents or substantial amounts of thermal energy, leading to 

poor efficiency and the generation of harmful wastes.8 This can be ameliorated through 

the design of extraction processes wherein loading and stripping together constitute a 

reversible equilibrium, with the forward (loading) and reverse (stripping) reactions 

promoted by judicious variation of reagent concentrations. An example of this is the 

‘anion-swing’ mechanism employed in the extraction of anionic metal species (or 

‘metalates’) by cationic extractants such as tetra-alkylammonium salts,9 as represented 

by Equation 1.1.  

 

n[R+Y]org + MXy
n− ⇌ [RnMXy]org + nY−                            Equation 1.1   

 

Here, the extraction process can be interpreted as a competition between the metalate 

anion of interest (MXy
n−, for example PtCl6

2− which forms when Pt-containing ores or 

secondary sources are leached by HCl or other acids in the presence of NaCl) and 
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another anion (Y−) to form charge-balanced ‘ion pairs’ with the cationic extractant 

(R+). By increasing the concentration of MXy
n− in the aqueous phase relative to that of 

Y−, the formation of [RnMXy]org is promoted when the aqueous and organic phases are 

mixed together, and thus the metal of interest is carried into the organic phase where 

it can be isolated. Conversely, by increasing the concentration of Y− in the aqueous 

phase, the competing formation of the assembly [R+Y]org is promoted, and thus any 

metal in the organic phase will be released into the aqueous phase when the two phases 

are contacted.  

A variant of this is the ‘pH-swing’ mechanism, in which loading and stripping are 

controlled through varying the concentration of protons (i.e. varying the pH) in the 

aqueous phase rather than the concentration of anions. Typically, this requires the use 

of a reagent which exists in both protonated or deprotonated forms at accessible pH 

values, one form of which will function as an extractant for the species of interest while 

the other will not. This mechanism has been widely applied in the extraction of both 

metalates and metal cations,10,11 as represented in Equations 1.2 and 1.3 respectively. 

 

nLorg + nH+ + MXy
n− ⇌ [(LH)n(MXy)]org                                Equation 1.2 

 

    n(LH)org + Mn+ ⇌ [MLn]org  + nH+                                      Equation 1.3 

 

In the former case (Equation 1.2), increasing the concentration of protons in the 

aqueous phase (i.e. lowering pH) promotes the protonation of extractant L to produce 

the active form LH+, which is capable of creating a charge-neutral assembly by 

associating with the metalate anions MXy
n−, and thus transporting the metal of interest 

to the organic phase. The metal can then be stripped from the organic phase through 

contact with an aqueous phase of higher pH, promoting the deprotonation of the 

extractant and thus the release of the metalate back into the aqueous phase. Precisely 

the reverse is true in the latter case (Equation 1.3), where raising the pH of the aqueous 

phase promotes loading by favouring the active deprotonated form of the extractant 

(L−), and lowering it causes the regeneration of the neutral LH and thus the release of 
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the metal (as the cation Mn+) from the extractable complex back into the aqueous 

phase. 

In these systems, a remarkable materials balance is achieved, as all species generated 

during the loading process can be recycled in the stripping process (and vice versa) 

and in the case of the ‘pH-swing’ mechanism, the requisite pH control can in some 

cases be achieved using materials as benign and inexpensive as water.12 For this 

reason, these mechanisms have become ubiquitous in industrial-scale solvent 

extraction processes, and dominate academic research into the development of new 

and sustainable extraction techniques, such as that within the Metal Recovery Group 

at the University of Edinburgh.5 Consequently, all extraction methods discussed within 

this thesis operate via the ‘pH-swing’ mechanism as discussed above. 

 

1.3 – Extractant design 

In addition to the need for easily-controllable loading and stripping, an effective 

extractant must also exhibit strong selectivity for particular target species over others 

– within a typical pregnant leach solution in an industrial hydrometallurgical process, 

a multitude of different chemical species (including other metals) besides the species 

of interest are invariably present, and any significant interactions between the 

extractant and extraneous species would greatly reduce the efficiency of the extraction 

process, if not render it entirely non-functional. In order to bring about such selectivity, 

extractants must be carefully designed so as to exploit the particular chemical 

properties of the target metal, such as its ionic radius, stable oxidation states and 

preferred coordination geometries. Invariably, even seemingly small alterations to the 

chemical structure of an extractant can have substantial impacts on their affinities to 

different substrates (and thus on their selectivities), and it is often not feasible to 

predict these impacts through intuition alone. In addition to the care required to achieve 

ion selectivity, extractant design also has to ensure high solubility in the organic phase, 

normally through incorporation of ‘greasy’ hydrocarbon chains, in order to ensure 

efficient phase separation is obtained.   
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Thus, assessing the viability of new extractant designs typically involves an extensive 

series of experiments, in which the conditions of an industrial-scale solvent extraction 

process are replicated on a small scale, and the amount of metal transported from the 

aqueous phase by a given extractant is measured in relation to variables such as mixing 

time, mixing rates, aqueous-phase pH, and concentrations of extractant and metal. 

Such experiments can be highly informative as to the suitability of a given extractant 

design for its intended purpose, and the conditions under which it will function 

optimally, though they shed little light on the chemistry underpinning the extraction 

process and even the nature of the extracted complexes formed in the organic phase, 

allowing only indirect inferences as to the stoichiometry of the extracted species which 

alone are frequently insufficient to determine complex identity. Consequently, these 

experiments have limited capacity on their own to improve understanding of the 

underlying mechanisms of solvent extraction, and thus help guide the design process 

for future extractants. 

Greater insight into the diverse chemistry driving metal extraction has been gained 

through the application of established characterisation methods, such as 

crystallographic, spectroscopic and mass spectrometric techniques, in conjunction 

with information obtained from traditional extraction experiments.13 As detailed 

structural characterisation of species in the solution phase (which those involved in 

solvent extraction necessarily are) is particularly challenging, such analysis is most 

effectively performed using multiple different techniques simultaneously, with the 

complementary information from each being considered together in order to yield a 

more complete understanding of the chemical species and processes involved 

throughout the extraction process.  

Such knowledge allows for particular desirable chemical properties of an extractant to 

be identified, and for future extractant designs to be created with this in mind, 

potentially leading to a significant reduction in the amount of time and resources 

expended on testing new reagents on a trial-and-error basis. Nonetheless, synthesising 

extractants for use in any experimental work can be a highly expensive and time-

consuming endeavour, and great potential exists to streamline the process of extractant 

design further through the use of theoretical methods. 
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1.4 – The role of theory 

Theoretical calculations have been applied to the field of solvent extraction since the 

technique was first introduced in the 1940s,14 with mathematical models being 

developed to predict equilibrium constants for extraction equilibria without the need 

for experiment,15 and with the advent of modern computational chemistry methods 

over the last few decades, the role of theory in the study and development of solvent 

extraction techniques has become increasingly entrenched.16 

Quantum mechanical (QM) calculations are firmly established as a means of 

predicting the structures of metal complexes with high accuracy,17 and as such they 

offer a method of determining the precise structures of the species formed in the 

organic phase during solvent extraction, given only limited experimental data 

regarding their composition. By their nature, such techniques are particularly well-

suited to modelling discrete and relatively small chemical species, though as their 

computational expense increases exponentially with the number of atoms in the system 

studied, their use becomes impractical in the study of systems where extraction 

depends on the formation of large assemblies, or even supramolecular aggregates such 

as reverse micelles.18 In such cases, classical molecular dynamics (MD) simulations, 

in which quantum effects are not considered, offer a more practical alternative, which 

has nonetheless shown significant promise as a means of characterising species formed 

during solvent extraction processes.19–21  

Both of these approaches come with the invaluable benefit of allowing interactions at 

individual atoms or sites within molecules or aggregates to be studied in isolation, 

allowing the specific features of an extractant or target species which facilitate (or 

hinder) the solvent extraction process to be identified, and potentially advantageous 

modifications to the extractant structure to be tested in a targeted and methodical 

manner. Furthermore, as computational methods allow a large number of systems and 

variations to be investigated concurrently, at a fraction of the cost and time that 

synthesising so many extractants and setting up the relevant laboratory experiments 

would require, the development of accurate computational techniques for the 

prediction of solvent extraction behaviour could be of enormous value in the drive to 

design new and more efficient extractants. 
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1.5 – Thesis Aims 

In light of the above, a large proportion of the work described in this thesis was 

conducted in the pursuit of this goal – Chapters 3 and 6 exclusively concern the 

application of theoretical techniques to modelling solvent extraction of precious metals 

(specifically, platinum and gold) and lanthanides (predominantly lanthanum) 

respectively. In Chapter 3, QM and classical MD calculations are employed in order 

to study the interactions between novel extractants and their target species, with the 

aim of identifying aspects of the extractant design which are critical to their successful 

function. By contrast, the work in Chapter 6 focuses entirely on the nature of the 

species to be extracted, with the goal of developing a theoretical means of predicting 

whether or not a given metal will be readily extracted by conventional solvent 

extraction methods. 

Computational work also features in Chapters 4 and 5, though these chapters are 

primarily concerned with the application of experimental characterisation techniques 

to the task of elucidating the mode of action of commercial solvent extraction reagent 

CYANEX® 272 in the extraction of cobalt(II) (Chapter 4) and iron(III) (Chapter 5), 

the technicalities of which have been studied extensively in the literature but whose 

chemical underpinnings remain apparently poorly-understood. In each case, a range of 

established characterisation techniques (with, in some cases, novel means of 

interpretation) are employed concurrently to probe the extraction mechanism in detail, 

with QM calculations used alongside these in order to identify plausible structures for 

the extracted species in each case, and to investigate the thermodynamic driving forces 

behind their formation. 

In brief, the work discussed in the following chapters was undertaken in the pursuit of 

three central aims: 

• To investigate the use of computational techniques as a means of predicting 

relevant properties of solvent extraction systems, circumventing the need for 

experimental work 

• To develop computational strategies for the elucidation of the chemical 

mechanisms involved in various solvent extraction processes 
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• To investigate novel applications of established laboratory techniques towards 

the task of characterising the chemical species formed during solvent 

extraction processes 

It is hoped that the work in this thesis will serve as a demonstration of the 

complementarity of theoretical and experimental techniques, and the capacity for 

tackling complex chemical systems when using an appropriate combination of the two. 
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CHAPTER 2: METHODS 

 

2.1 – Quantum mechanical calculations 

Modern quantum mechanical (QM) computational chemistry methods involve the 

determination of approximate solutions to the time-independent Schrödinger equation 

(shown in simplified form as Equation 2.1) which yields an estimation of the total 

internal energy (E) of a system of interest if its wavefunction (Ψ) can be 

approximated.1   

ĤΨ = 𝐸Ψ                                      Equation 2.1 

Determination of exact wavefunctions is impossible for multi-electron systems, and as 

a consequence, all quantum mechanical calculation methods rely on the use of 

approximations, and the accuracy of wavefunctions (and associated energy values) 

obtained in a given calculation depends heavily on the set of approximations employed 

within it. 

The Born-Oppenheimer approximation, whereby atomic nuclei are considered to be 

stationary relative to electrons, has become virtually ubiquitous in quantum 

mechanical calculations,2 due to the considerable degree by which it simplifies 

wavefunction determination while maintaining a tolerable level of accuracy – 

specifically, it removes the need to model nuclear kinetic energy, and greatly simplifies 

the task of modelling nucleus-nucleus repulsion and electron-nucleus attraction.  

The landmark innovation of Hartree-Fock theory,3 one of the first methods in 

computational chemistry to attain widespread popularity, combines the Born-

Oppenheimer approximation with the mean field approximation, in which the 

repulsive effects an individual electron experiences due to the presence of other 

electrons (which would be extremely computationally-intensive to model precisely in 

many-electron systems) are approximated as a single uniform field representing the 

average repulsive effect of all other electrons in the system. While this approximation 

(in conjunction with the Born-Oppenheimer approximation) sufficiently simplifies the 
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task of wavefunction determination to make it computationally feasible, and yields 

satisfactory results for many purposes, it neglects many substantial nuances of 

electron-electron interactions, which often leads to considerable discrepancies (termed 

‘correlation energies’) between the true energy of a system and the energy as 

calculated by this method.  

 

2.1.1 – Density functional theory 
 

Much of the collective research effort in computational chemistry since the advent of 

Hartree-Fock theory has been focused on the development of methods which account 

for these missing correlation energies while maintaining computational practicality – 

while a great deal of success has been achieved through supplementing the Hartree-

Fock method with additional features to approximate the correlation energy, yielding 

so-called ‘post-Hartree-Fock’ methods such as configuration interaction (CI) and 

Møller–Plesset perturbation (MP) theory,4 an equally attractive solution has been to 

explore fundamentally different approaches in which electron correlation is more 

thoroughly considered from the outset.  

One such approach, which has grown in popularity and applicability in recent decades 

to the point of ubiquity, is density functional theory (DFT).5,6 DFT has its foundations 

in the Hohenberg-Kohn theorems, which state that the ground-state properties of a 

many-electron system can be entirely predicted from the electron density of the system 

alone. By treating electron density as a function of three spatial coordinates, the energy 

(including correlation energy) and properties of a system can then be calculated using 

a ‘functional’ (i.e. a functions of a function, in this case a function of electron density) 

which depends only on these three coordinates for the entire system, a vast 

simplification compared to ab initio methods (such as Hartree-Fock theory) in which 

three spatial coordinates must be considered for each electron individually. 

The resulting computational efficiency of DFT methods (while still allowing 

correlation to be accounted for) makes them immensely attractive as computational 

tools, to the extent that DFT methods are currently the most popular in computational 
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chemistry.5,6 However, no functional is known which allows for exact calculation of 

all relevant properties of a chemical system. Consequently, a wide range of functionals 

are in common use, with different functionals optimised for accurate treatment of 

different aspects of a chemical system, including ‘hybrid functionals’ which 

incorporate elements of Hartree-Fock theory in order to facilitate the exact treatment 

of electron exchange which Hartree-Fock theory permits. The validity of any results 

obtained through DFT methods depends crucially on the choice of an appropriate 

functional for the properties to be investigated, and the nature of the system. 

As an illustrative example, the widely-used general-purpose hybrid functional B3LYP 

was found to be inadequate for use in the work described in Chapter 3 of this thesis, in 

which non-covalent interactions such as hydrogen bonds are key to the outer-sphere 

coordination chemistry investigated – as is the case with many functionals used in 

DFT, B3LYP has been found to underestimate the strength of such non-covalent 

interactions significantly due its poor treatment of long-range ‘dispersion’ effects,7,8 

resulting from the use of simplistic electron density approximations such as the LDA 

(local density approximation, which assumes electron density to remain constant at 

increasing distance from the atomic nucleus) and GGA (generalised gradient 

approximation, which models the change in electron density at increasing distance as 

a simple linear relationship) which, while yielding adequate approximations of 

electron density close to atomic nuclei, poorly reflect it at greater distances.  

Instead, these calculations were performed using the Minnesota 06 family of hybrid 

functionals (specifically, M06 and M06-2X) which are parametrised specifically to 

correct for the usual deficiency of DFT methods in modelling systems involving 

dispersion interactions.9 More elaborate dispersion-corrected functionals, which 

include a more mathematically-rigorous model of dispersion effects, are available, 

though these are typically more computationally-expensive and proved impractical for 

use in modelling large systems such as the outer-sphere aggregates investigated in 

Chapter 3. In general, no single functional exists which is suitable for use in all 

circumstances, and choosing an appropriate functional typically requires a balanced 

consideration of both the relevance of the particular features of a functional to a given 

system, and the computational intensity of the method in conjunction with the system 

size and complexity. 
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2.1.2 – Basis sets 
 

To an equal extent as the choice of an appropriate method, the success of a quantum 

mechanical calculation depends upon the choice of an appropriate basis set. 

Basis sets are sets of algebraic functions which are, by the specified method, combined 

to approximate the wavefunction of a system. Functions of various natures can be 

employed in basis sets for QM calculations, depending on the nature of the calculation, 

though the most popular approach for calculations involving discrete molecules is to 

model atomic orbitals using Slater-type orbitals, which provide a good model for 

atomic orbitals both in their shape at short range, and their exponential decay at longer 

ranges.10 However, due to resulting computational difficulties in calculating integrals, 

Slater-type orbitals are not typically themselves included in basis sets, but instead 

approximated by a combination of simpler Gaussian functions which, while 

individually less close in shape to an atomic orbital, allow for integrals to be calculated 

much more simply. The general forms of Slater (s) and Gaussian (g) functions of radial 

distance (r) from the nucleus, simplified by the use of a factor zeta (ξ) which 

corresponds to the width of an orbital modelled by the function, are given as Equations 

2.3 and 2.4.10 

𝑠(𝒓) =  𝑒−ξ|𝒓|
    Equation 2.3 

𝑔(𝒓) =  𝑒−ξ𝒓2
    Equation 2.4 

The combination of n individual (or ‘primitive’) Gaussian functions to form a 

‘contracted’ Gaussian function G(r) is represented in Equation 2.5, with c being a 

‘contraction coefficient’ which can be varied in order that the contracted function 

best approximates the shape of the desired atomic orbital.10 

 

𝐺𝑛(𝒓) =  ∑ 𝑐𝑖 𝑔𝑖
𝑛
𝑖=1 (𝒓)               Equation 2.5 
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This approach is exemplified by the very widely-used Pople basis sets, which include 

the 6-31+G* basis set employed extensively throughout this work.11 In this notation, 

a number indicates a contracted basis function composed of that number of primitive 

Gaussian functions combined. As valence orbitals are generally much more significant 

in determining the chemical properties of a system, these orbitals are routinely 

modelled using multiple basis functions each for greater accuracy, while core orbitals 

are modelled using only a single basis function to minimise unproductive 

computational expense – this yields a ‘split-valence’ basis set, notated by a dash, with 

the core orbital specifications placed before it and the valence orbital specifications 

placed after it. Hence, in the case of the 6-31+G* basis set, each core orbital is 

modelled using a single contracted basis function composed of 6 primitive Gaussian 

functions, while each valence orbital is modelled by two such contracted functions, 

one composed of 3 primitive Gaussian functions and the other consisting of a single 

primitive Gaussian function. 

In addition to these, basis sets are almost invariably enhanced by the inclusion of 

additional ‘polarisation functions’ (notated using an asterisk in the basis set 

specification) which amount to the addition of an atomic orbital with a principal 

quantum number one higher than that of the highest occupied atomic orbital in each 

atom, i.e. an f-orbital for transition metals, a d-orbital for second- and third- row 

elements (plus K and Ca) and, if requested using a double asterisk in the basis set 

specification, a p-orbital for hydrogen and helium. Being of higher asymmetry, these 

additional functions grant the basis set greater ability to model the polarised 

distribution of electrons which typically results from chemical bonding. Additionally, 

it is common to include diffuse functions (Gaussian functions which have small 

exponents and thus tail off more gradually than usual) in order to improve modelling 

of electron density at relatively high distances from the nucleus – this is denoted by a 

‘plus’ (+) symbol in the basis set specification. Analogously to polarisation functions, 

a single plus symbol denotes that diffuse functions are added to the basis set for all 

atoms except hydrogen and helium, and a double-plus (++) symbol indicates that this 

is extended to hydrogen and helium as well.12 

Generally speaking, the inclusion of more functions within a basis set will lead to a 

more accurate representation of the wavefunction, though, as is the case with 
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functionals, the use of excessively large basis sets can lead to prohibitive 

computational expense. Again, prudence must be exercised in selecting appropriate 

basis sets for a particular system. For example, the inclusion of diffuse functions will 

provide little benefit when modelling isolated neutral molecules and may needlessly 

increase computational expense in such cases,12 though it can substantially improve 

the quality of results in systems (such as anions and hydrogen-bonding species) where 

electrons are likely to be located at large distances from nuclei – as such systems are 

integral to most of the chemistry discussed in this thesis, the inclusion of diffuse 

functions was in most cases deemed sufficiently important to warrant the additional 

computational expense. Conversely, while it is likely that modelling of hydrogen-

bonding interactions in Chapter 3 could have been further improved by extending the 

inclusion of diffuse functions to hydrogen atoms (for which diffuse functions are 

omitted by default) this was found to incur prohibitive computational expense in the 

largest systems modelled, and consequently this was sacrificed in all systems in order 

to maintain consistency of method. 

 

2.1.3 – Pseudopotentials 
 

In all cases within this thesis where a metal atom is included in a QM calculation, 

computational expense was further reduced through use of a ‘pseudopotential’ 

function, whereby the inner electrons in metal atoms (which are insignificantly 

involved in the chemistry (i.e. bonding interactions) of the system) are not modelled 

explicitly, but are instead replaced by a uniform potential which approximates the 

effects of their presence, such as shielding the atomic nucleus to ensure the remaining 

(valence) electrons are treated appropriately.13  

The inclusion of a pseudopotential function also simplifies the task of accounting for 

the effects of relativity, which were long assumed to have negligible bearing on 

chemistry, but have become recognised in the last few decades as a significant factor 

in the properties of heavy elements. Specifically, these effects arise due to the fact that 

electrons close to the nuclei of heavy atoms (with high nuclear charges) travel at a 

significant fraction of the speed of light, which, due to the effects of special relativity, 
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has the consequence of increasing the ‘relativistic mass’ of these electrons. This is turn 

can result in contraction of core orbitals (where affected electrons are most likely to 

reside) and the resultant increase in nuclear shielding can influence the energies of 

more radially-distant orbitals such as d- and f-orbitals, often leading to marked effects 

on observable properties of heavy-atoms systems such as the bond lengths and 

stabilities of heavy metal complexes. It is substantially more computationally 

economical to use a pseudopotential parameterised in such a way as to correct for these 

effects than it is to use an all-electron basis set equipped to model relativistic behaviour 

accurately.14  

 

2.1.4 – Solvation modelling 
 

Furthermore, in cases where the species being modelled reside primarily in aqueous 

solution (such as the systems described in Chapter 6), the solvating effects of the 

solvent background are approximated using a polarisable continuum model (PCM) 

implicit solvent model, in which the solvent is represented as a continuous function 

applied to the solvent-accessible surface of the system being modelled, which accounts 

for the effects of the solvent without the severe computational expense that would be 

incurred by modelling the solvent explicitly.15 Solvent molecules which coordinate 

directly to metal cations are, however, modelled explicitly in order to preserve realistic 

coordination environments, which PCM alone would not achieve. 
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2.1.5 – Geometry optimisation 
 

QM calculations allow the energies of various configurations of a chemical system to 

be compared, thus allowing the potential energy surface of the system to be 

characterised. However, for most purposes, the energy values of most interest will be 

those at the minima of the potential energy surface, representing the geometries which 

a system will predominantly exhibit at conditions of equilibrium. To find the 

equilibrium geometry for a system, the process of geometry optimisation is typically 

employed.  

Geometry optimisation is conventionally performed by subjecting a chosen input 

geometry to a system of two iterative algorithms, one contained within the other (as 

illustrated in Figure 2.1). The first of these is the self-consistent field (SCF) algorithm, 

a numerical optimisation process in which the coefficients of the basis functions (ξ and 

c in Equations 2.4 and 2.5 respectively) are iteratively altered such that when the basis 

functions are combined, they produce as accurate as possible an approximation of the 

wavefunction of the input geometry. This algorithm is based upon solving the Kohn-

Sham equation (a one-electron analogue of the Schrödinger equation) which is 

presented as Equation 2.6, in a simplified form analogous to that in which the 

Schrödinger equation was presented as Equation 2.1 above.16 

ℎ̂𝐾𝑆𝜓 = 𝜀𝜓   Equation 2.6 

 

Specifically, in each cycle of the SCF algorithm, a set of basis coefficients are chosen, 

and a set of molecular orbitals (ψ(n)) generated from them – these can be used to 

calculate the energy of the next set of molecular orbitals in the cycle (𝜀(n+1)), and with 

this, the Kohn-Sham equation can be solved to produce these new orbitals (𝜓(n+1)). 

These new orbitals are then fed into the same cycle, and the process is repeated until 

the difference between two successive sets of orbitals is sufficiently small (i.e. below 

a set of pre-determined criteria). At this point, the wavefunction is considered to be 

‘converged’, and the Schrödinger equation is approximately solved to yield the energy 

of the input system, along with the forces acting on each atom in the system, and 
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estimates of the force constants describing internal characteristics of the system such 

as bond lengths and angles. Based the calculated forces and force constants, a set of 

atomic displacements (which are predicted to lower the energy of the system) are 

calculated, and then applied to the system to yield a new geometry. This geometry is 

then subjected once again to the SCF algorithm to yield a new converged 

wavefunction, and a new set of atomic displacements calculated – this process is 

repeated until the calculated forces on the atoms in a generated geometry (and the 

changes in energy and atomic positions between that geometry and the previous one) 

are below certain thresholds. At this point, the geometry is considered to be 

‘optimised’, and the geometry optimisation cycle terminates.16 

 

Figure 2.1: Schematic representation of geometry optimisation algorithm used in this work 

With the exception of one set of single-point energy calculations described in Section 

6.2, all chemical structures and all energy values derived from QM calculations in this 

thesis are obtained from geometries optimised by this process, with the optimisation 

criteria outlined in the Experimental section of each chapter. In some cases, it was 

necessary to apply small variations to this method in order to overcome situations in 

which the optimisation algorithms produced an endlessly-perpetuating loop of 

geometries which never satisfied the optimisation criteria - in some cases, the SCF 

algorithm was programmed to optimise the wavefunction of each geometry by 
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‘quadratic convergence’ (a slower alternative to the default numerical optimisation 

method which yields more accurate wavefunctions) and in a small number of cases, 

the atomic displacement procedure was constrained so as to allow only small changes 

in atomic positions, thus disrupting the loop of geometries which was otherwise 

yielded. These variations are not deemed substantive enough to create issues of method 

consistency, though where they are used, they are denoted in the input files of the 

relevant calculations (available in the electronic supplement to this thesis) by the 

keywords “SCF=XQC” and “Opt=(MaxStep=N)” respectively. 

It must be noted that the geometry yielded by this geometry optimisation process can 

only strictly be concluded to represent a stationary point on the potential energy 

surface of the system studied, not necessarily a true local minimum on the surface, and 

certainly not the global energy minimum. The structure and energy values obtained 

from a geometry optimisation calculation will therefore usually vary depending on the 

particular starting geometry used in the calculation, and if conclusions are to be drawn 

regarding the equilibrium geometry of a system, it is essential to sample a 

comprehensive range of plausible starting geometries, or use some other means to 

probe the potential energy surface of the system. In Chapter 3, where the flexible outer-

sphere ligands studied produced a particularly complex potential energy surface, 

geometry optimisation calculations were preceded by molecular dynamics calculations 

(see Section 2.2) in order to identify geometries close to the global minimum of the 

relevant potential energy surfaces. 

It is possible to verify that an optimised geometry is at least a local minimum (as 

opposed to a transition state) by performing a frequency calculation, in which the 

frequencies of all accessible vibrations of the optimised system are calculated. In the 

event that the potential energy surface of the system has negative curvature along a 

particular coordinate (i.e. the optimised geometry is in fact a local maximum with 

respect to this coordinate rather than a minimum) then a vibration in this coordinate 

will be calculated to have an imaginary frequency value (which typically appears as a 

negative value in the output of a frequency calculation). If it is desired to do so, it may 

be possible to find a true local minimum by modifying the positions of the atoms 

involved in the imaginary-frequency vibrations(s) and/or by repeating the geometry 

optimisation calculation with stricter convergence criteria. Because of the very large 
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number of the systems investigated by geometry optimisation in this work (many of 

which are large and exhibit presumably very complex potential energy surfaces) this 

measure was not generally deemed to be time- and resource-effective, and the 

aforementioned potential energy surface exploration techniques were assumed to 

provide sufficient confidence that the optimised geometries presented in this thesis are 

at (or very near) the global potential energy minima of the relevant systems. 

 

2.1.6 – Formation energy  
 

Throughout this thesis, the thermodynamic favourability of specific chemical reactions 

are routinely assessed using ‘formation energy’ calculations, defined in reference to 

particular reaction equations. The quoted formation energy (ΔUf ) values are obtained 

using calculated values of internal energy (U, i.e. the equilibrium geometry energy) 

for each species featuring in the relevant reaction equation, according to Equation 2.7. 

 

Δ𝑈𝑓 =  ∑ 𝑈(𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠) − ∑ 𝑈(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)                   Equation 2.7 

 

These values are used here for the purpose of comparing the relative thermodynamic 

favourabilities of sets of related chemical reactions - generally, a more negative value 

of ΔUf  is taken to be indicative that a chemical transformation is more favourable than 

another.  

In principle, this could be achieved more definitively by converting values of U to 

values of Gibbs free energy (G), which account for entropic and zero-point energy 

effects, and thus allow for a more rigorous quantification of thermodynamic 

favourability. Doing so requires additional frequency calculations, which proved 

prohibitively computationally-expensive in the cases of some particularly large 

systems studied in this work – as a consequence, all formation energies referred to in 

this thesis are defined as ΔUf  according to Equation 2.7. 
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2.1.7 – Natural bond orbital (NBO) analysis 
 

In Chapter 3, it is occasionally of interest to discuss the relative strengths of 

interactions between particular pairs of atoms, rather than those between entire 

molecules (as given by the aforementioned formation energy calculations). This is 

achieved using the NBO 6.0 software,17 which, for a given structure, will calculate the 

complete set of natural bond orbitals (NBOs).18 These are localised and maximally-

occupied bonding orbitals which, together, approximate the distribution of electron 

density throughout a system, in a manner similar to a Lewis structure. 

To obtain a value for the strength of interaction between two particular atoms in an 

optimised geometry, the calculated energies of all interactions between NBOs residing 

on one of the two atoms and NBOs residing on the other are summed together. Sums 

of at least 5 kJ mol-1 were deemed to represent significant interatomic interactions. 

 

2.2 – Molecular dynamics 

Section 3.4 concerns a case in which metal extraction appeared to be driven by the 

formation of extended supramolecular aggregates. Modelling the behaviour of such 

systems using the QM methods discussed above would be rendered extremely difficult 

by the size of the systems, as QM calculations become exponentially slower and more 

computationally expensive as the number of atoms modelled increases. 

In such cases, it is more appropriate to employ classical mechanical techniques, which 

are based on the relatively simple principles of Newtonian mechanics and thus require 

much less computational expense than QM techniques. In this particular case, the 

formation and stability of supramolecular aggregates is modelled using molecular 

dynamics, in which the behaviour of molecules within a chemical system is modelled 

over a specified length of time by iteratively calculating the forces acting upon each 

atom (according to Newton’s laws of motion) and moving the atoms accordingly, 

producing a simulation of the motions of the species within the system over a period 

of time, usually on the order of picoseconds or nanoseconds. 
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Unlike QM methods, which aim to derive results purely or partly from theoretical first 

principles, the results of classical simulations depend entirely on a set of parameters 

(such as atomic charges, atomic masses, bond distances and angles, and associated 

force constants) which must be specified by the user prior to the calculation, and 

consequently the reliability of conclusions obtained from such calculations is 

contingent on appropriate parameter choices. In the classical molecular dynamics 

calculations presented in this thesis, where available, parameters from the OPLS-AA 

set (which are highly-optimised from experimental data and well-established for use 

in molecular dynamics calculations) were used,19 and in a small number of cases where 

such parameters were not available (usually ligand protonated sites), parameters were 

derived from the results of preliminary QM geometry optimisation calculations. The 

only exception to this (which was found to be necessary in order for simulations to run 

successfully) arises in the case of chloridometalate anions, in which the negative 

overall charge of the ion was divided evenly across all chlorine atoms within it, and 

the central metal atom was assigned a charge of zero. 

Simulations, which included explicit solvent molecules (toluene in all cases discussed 

here), were run from randomised initial system geometries, generated using the 

Packmol program.20 To allow the system to equilibrate before data collection began, 

initial geometries were subjected to a short simulation under the conditions of the 

canonical (or NVT) ensemble, in which the number of atoms and the volume of the 

system are held constant throughout the simulation, and temperature is explicitly 

controlled (using a thermostat algorithm) such that it will remain approximately 

constant as well. This allows the components of the system to move freely and arrange 

themselves into a relatively realistic geometry while the target simulation temperature 

(room temperature in all cases discussed in this thesis) is established. Following this, 

a longer simulation was run (starting from the resulting equilibrated system geometry) 

under the conditions of the isothermal-isobaric (or NPT) ensemble, in which number 

of atoms remains constant throughout the simulation and the pressure and temperature 

are held approximately constant. As the volume of the simulation is now a variable, 

the system density can equilibrate, and in this way a more accurate representation of 

experimental conditions is obtained. It is from the latter simulations that the data 

reported in this thesis were collected. 
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Unlike in geometry optimisation calculations, no single geometry generated during a 

molecular dynamics simulation can be taken as a definitive representation of the 

system’s behaviour. In order to obtain meaningful data from a molecular dynamics 

simulation, a sizeable sample of geometries generated throughout the simulation time 

must be considered together. Here, this is usually achieved through the generation of 

radial distribution functions, in which the distances (r) between particular atoms (or 

particular groups of atoms) are measured in all calculated geometries throughout the 

whole (or part) of the simulation time, and the frequency ( g(r) ) of each value of r is 

plotted against r. This allows not only the average distance between given atoms to be 

seen, but also the extent to which the distance varies over times, which itself provides 

valuable information regarding the rigidity or flexibility of the system. 

 

2.3 – Test scale solvent extraction experiments 

In Chapters 4 and 5, theoretical results are complemented by results from laboratory 

experiments, in which established characterisation techniques were used to investigate 

the nature of the various chemical species formed in the organic phase during 

extraction. To do so reliably, it is essential to devise a test system in which small-scale 

extractions can be performed in conditions resembling (as closely as possible) those in 

a conventional industrial solvent extraction facility, in order to ensure that any species 

characterised are representative of those formed in a larger-scale process. 

All test extractions described in those chapters were performed via the general 

procedure illustrated in Figure 2.2. 

 

 

Figure 2.2: General solvent extraction procedure for test extractions discussed in Chapters 4 and 5. 
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In these extractions, the organic phase consisted initially of an extractant reagent 

dissolved in a hydrophobic solvent (specifically, the commercial dearomatised 

kerosene ISOPAR M), while the aqueous phase consisted initially of a known 

concentration of metal dissolved in a mixture of water and either H2SO4 or NaOH. The 

relative proportions of these constituents were varied, depending on the desired 

aqueous phase pH (which, in accordance with the pH-swing mechanism discussed in 

Section 1.2, was used as a means to control the extent of metal extraction). 

In each case, equal volumes (8 cm3) of aqueous and organic phases were added 

together into a 26 cm3 vial, along with a magnetic stirrer bar. To promote extraction of 

the metal from the aqueous phase into the organic phase, the contents of the vial were 

stirred vigorously (at a rate of around 1000 rotations per minute), with stirring left to 

continue overnight in order to ensure equilibrium had been reached between the two 

phases (assuming efficient stirring, equilibrium in comparable systems has been 

reported to be reached with 5 minutes of stirring time, so it is assumed in all 

experiments described in this thesis that equilibrium was attained).21 

Following this, stirring was stopped, and the vial was left to stand for one hour to allow 

the organic and aqueous phases to disengage from each other. Samples of each phase 

were pipetted from the vial, and centrifuged at high speed for 30 minutes in order to 

remove any immiscible material entrained within them. These samples were used in 

subsequent characterisation experiments. 

 

2.4 – Inductively-coupled plasma optical emission 

spectroscopy (ICP-OES) 

Obtaining useful results from a test extraction requires some means of quantifying the 

amount of metal which has been transported into the organic phase. Here, this was 

achieved through the use of inductively-coupled plasma optical emission spectroscopy 

(ICP-OES), which allows for determination of the concentration of a given element in 

a sample through electronic excitation of all atoms within a sample using an 

electrically-generated plasma flame, and subsequent detection of electromagnetic 
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radiation emitted by the excited atoms and ions at wavelengths which are characteristic 

of particular elements.22 

Following a test extraction, this can be employed to determine the proportion of metal 

loaded into the organic phase, using either of two approaches – the organic phase can 

be subjected to ICP-OES analysis to determine the organic phase metal concentration 

directly, or the aqueous phase can be analysed along with a sample of the stock metal 

solution used in the preparation of the test system, with the difference in observed 

metal content between the two being taken as equivalent to the amount of metal which 

was transported into the organic phase.  

Assuming no insoluble ‘third phase’ is created in the extraction process (as was the 

case in all extraction whose results are presented in this thesis) then the two approaches 

should in theory produce virtually identical results, with the choice of which approach 

to use being largely a matter of practicality. For example, the cobalt and zinc loading 

levels reported in Chapter 4 were determined through analysis of aqueous phases, as 

the elevated viscosity of organic phases loaded to high levels with these metals 

rendered precise volumetric measurements difficult, while the simultaneous 

quantification of iron and sulfur loading levels discussed in Chapter 5 was performed 

using organic phase analysis, as the alternative would require precise control of the 

initial sulfur concentration in the aqueous phase, which is difficult when varying 

quantities of sulfuric acid need to be incorporated. 

In all cases, samples were diluted 1:400 in order to ensure analyte concentrations 

would remain within the working range of the ICP-OES instrument. For aqueous phase 

analysis, dilutions were performed in a solvent of 2% nitric acid, while 1-methoxy-2-

propanol was used for organic phase analysis. Calibration standards with analyte 

concentrations of approximately 3 ppm, 10 ppm and 20 ppm were prepared using the 

same solvents (along with a blank standard containing no analyte), and the reported 

results were taken in reference to the wavelength which yielded the calibration curve 

with the closest correlation (i.e. highest R-squared value, which in all such cases was 

greater than 0.998) between prepared analyte concentration and detected signal 

intensity. 
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2.5 – 31P{1H}  NMR spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a well-established 

characterisation technique which exploits the tendency for spin-active atomic nuclei 

in a magnetic field to absorb electromagnetic radiation, and re-emit it at a characteristic 

frequency.23 The frequency of this radiation varies depending on the electronic 

environment of the nucleus, and as a result, NMR spectroscopy provides a means of 

distinguishing between identical nuclei in different chemical environments, which 

gives it considerable power as a method for determining the structures of molecules, 

most commonly those of organic compounds. 

However, NMR spectroscopy also finds great applicability as a tool for quantitative 

analysis. Central to this is the fact that the area under a peak in an NMR spectrum 

(which can be calculated through peak integration) is proportional to the abundance of 

the corresponding environment within the sample being analysed. Determination of 

absolute concentrations using this method requires the inclusion of a known standard 

within the sample, though relative concentrations of different environments within a 

sample can be calculated without this, simply by comparing the integral areas of the 

peaks corresponding to the environments in question. 

The latter technique finds application in Chapters 4 and 5 of this thesis. These chapters 

primarily concern the extraction of Co(II) and Fe(III) using the commercial extractant 

formulation CYANEX® 272,24 which consists of a mixture of two phosphorus-based 

compounds: a phosphinic acid which readily associates to metal cations, and a 

phosphine oxide impurity which does not. As the phosphorus atoms in the two 

constituent compounds exist in different chemical environments, they will appear as 

two distinct peaks in a 31P NMR spectrum. Thus, 31P{1H} NMR spectroscopy (in 

which the effects of coupling interactions between 31P and 1H nuclei are removed) 

allows the relative abundances of the two compounds within a sample to be determined 

with ease. Coupled with the fact that the relevant NMR signals appear to be suppressed 

in molecules which are associated directly to Co(II) and Fe(III) cations (due to the 

interfering effects of paramagnetism arising from these cations), this technique allows 

the increasing association of phosphinic acid to metal to be monitored as a function of 

increasing metal loading, using the unassociated phosphine oxide impurity as 
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effectively an internal standard, which in turn can provide insight into the 

stoichiometry of the metal complexes being formed in the extraction process. 

Furthermore, by extending this analysis over a wide range of metal loading levels, any 

variation in extraction mechanism with increasing metal loading will likely become 

apparent. 

 

 

 

2.5.1 – DOSY NMR spectroscopy 
 

Diffusion-ordered spectroscopy (DOSY) is an extension of conventional NMR 

spectroscopy, in which the rates of decay of a series of radio-frequency pulses are 

measured and used to estimate the diffusion coefficients of the species within the 

sample, and these values are correlated with the chemical shifts of the corresponding 

species (as would be measured ordinarily) to produce a two-dimensional spectrum.25 

The diffusion coefficient (D) of a molecule is inversely related to its hydrodynamic 

radius (r, i.e. the radius of a hard sphere which diffuses at the same rate as the molecule, 

which naturally correlates with molecular size), according to the Stokes-Einstein 

equation (Equation 2.3). 

 

𝐷 =
𝑘𝐵𝑇

6π𝜂𝑟
                                                 Equation 2.3 

 

 

As temperature (T) and dynamic viscosity (η) can be taken as identical for species 

within the same fluid sample, and kB (the Boltzmann constant) and 6π are constants, a 

lower value of D for a species within a sample (compared to other species within the 

same sample) can be taken as indicative of a larger hydrodynamic radius, and thus a 

larger molecular size. 
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In Chapter 4, 31P DOSY NMR is applied to the elucidation of the mechanism of Zn2+ 

extraction by CYANEX® 272, and proved useful both in testing for the formation of 

high-molecular-weight species during the extraction process, and in determining 

whether sets of multiple chemical shift peaks corresponded to multiple distinct species, 

or multiple phosphorus environments within the same species. 

Here, Zn(II) is studied as a diamagnetic analogue to Co(II), while the suppression of 

peaks corresponding to species containing paramagnetic Co(II) proved useful in 1D 

31P NMR analysis, it renders characterisation of such species (as is the intention of 

these DOSY experiments) impractical. Through viscometric and mass spectrometric 

analysis, the mechanism of Zn(II) extraction by CYANEX® 272 was found to be 

closely comparable to that of Co(II) extraction, so the study of Zn(II) extraction (which 

is unaffected by paramagnetism) was deemed a potential source of insight into the 

mechanism of Co(II) extraction, which was the broader aim of the work discussed in 

Chapter 4. 

 

2.6 – Viscometry 

The aforementioned extraction of Co(II) and Zn(II) by CYANEX® 272 is known to be 

beset by the little-understood phenomenon of sharply-increasing organic phase 

viscosity at high metal loading levels. One of the primary aims of the work described 

in Chapter 4 was to investigate the chemical origins of this effect, and define the 

conditions under which it occurs. To do so, a HAAKE MARS rotational viscometer 

was used to measure the viscosity of organic phase samples with various levels of 

metal loading. In this instrument, a thin layer of sample was placed between a fixed 

plate and a rotatable disk, which was spun at a constant shear rate over a period of 60 

seconds. A more viscous sample will generate a greater resistive force opposing the 

rotation of the disk, and thus a greater torque will need to be applied on the disk in 

order to maintain the given constant shear rate. Consequently, by measuring the torque 

required in order to maintain this rate, the instrument provides a means of calculating 

the viscosity of a given sample.26  



 

30 
 

2.7 – Mass spectrometry 

In the work described in both Chapters 4 and 5, corroborating evidence as to the 

structures of metal-containing species generated in the organic phase during metal 

extraction was obtained using mass spectrometric techniques. These operate via the 

conversion of molecules within a sample into ions, whose mass-to-charge ratio can be 

measured, and whose mass can thus be inferred.27 In the simplest case, these ions are 

simply ionised forms of the molecules within the sample (termed molecular ions) in 

which case the measured mass is equal to that of the original molecule, though in most 

cases the generated ions are fragments of the original molecule, resulting from induced 

molecular decomposition within the instrument. 

 

While the structures of the generated ions are not directly measured in these 

techniques, it is very often possible to ascertain the chemical formulae of these ions by 

calculating the masses of various combinations of atoms or structural units known to 

be present within the sample, and comparing them to the measured masses of the 

species detected. Chemical identities can be further confirmed by examination of the 

distinctive patterns created within a mass spectrum by the different isotopes (present 

in characteristic ratios) of the elements contained in a species. This was achieved here 

using the isotope pattern prediction facility within the Bruker Daltonics software 

package. For all chemical assignments made within this thesis, the theoretical mass of 

the proposed species is within 0.1 Dalton of the measured mass-to-charge ratio (taking 

charge to be 1 in all cases) of the corresponding peak in a mass spectrum, and the 

predicted isotope pattern of the proposed species corresponds precisely to the pattern 

observed.  
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2.7.1 – Electrospray ionisation mass spectrometry (ESI-MS)  
 

The ions detected in mass spectrometry can be generated via multiple methods. 

Electrospray ionisation (ESI) involves the application of a high voltage to a liquid in 

order to create an aerosol, which is then sprayed through the detection apparatus, 

generating gas-phase ions in the process. This has the characteristic that fragmentation 

of molecules is minimised (hence it is referred to as a ‘soft’ ionisation technique) 

which makes the empirical formulae of the molecules easier to determine (albeit at the 

expense of detailed structural information which can sometimes be obtained from 

fragmentation patterns).28 

Appropriate choice of solvent is critical to the success of this technique, as some 

solvents are inherently more amenable to forming aerosols than others. It is essential 

to choose a solvent which balances this requirement with the ability to adequately 

dissolve all species to be analysed. For the samples analysed in this body of work, best 

results were achieved through a mixture of two solvents (3:1 methanol and 

chloroform). 

 

2.7.2 – Matrix-assisted laser desorption ionisation time-of-

flight mass spectrometry (MALDI-TOF MS) 
 

In cases where species of large molecular size are to be analysed, a second ionisation 

technique is employed – matrix-assisted laser desorption ionisation time-of-flight 

(MALDI-TOF) mass spectrometry. This involves the use of a laser to generate ions 

from a sample, which is dissolved in a solvent along with an additional species 

(referred to as a matrix), the purpose of which is to absorb the energy from the laser 

and transfer it to the analyte, avoiding the severe fragmentation of the analyte which 

would likely result from direct subjection to the laser beam. The solution, containing 

both analyte and matrix, is spotted onto a plate, and following evaporation of the 

solvent, a residue of the analyte co-crystallised with the matrix is left, onto which the 

laser is fired in order to desorb and ionise analyte molecules.27  



 

32 
 

As in the case of ESI-MS, careful choice of solvent is essential, though an additional 

factor that must be considered when employing MALDI-TOF MS is the choice of an 

appropriate matrix, which must not only be soluble in the same solvent as the analyte, 

but must exhibit suitable properties so as to co-crystallise successfully with the analyte. 

The compatibility of a matrix with an analyte is notoriously difficult to predict without 

experimentation, and as such, choosing an appropriate matrix and solvent combination 

for a given analyte often requires an extensive period of trial and error. 

MALDI-TOF MS has found significant popularity in the analysis of high-molecular-

weight species,29 as the relatively ‘soft’ ionisation technique prevents degradation of 

samples while still allowing the generation of detectable ions. It is a particularly 

favoured means for characterising polymers,30 as the molecular weight of the repeat 

unit can often be inferred from the fragmentation pattern observed in the resulting mass 

spectra. This is exploited in Chapter 4 of this thesis, in which polymeric extracted 

species are hypothesised to arise, by varying the strength of the laser beam in order to 

control the extent of fragmentation. 
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CHAPTER 3: COMPUTATIONAL MODELLING OF 

CHLORIDOMETALATE EXTRACTION 

 

3.1 – Background 

The value of precious metals such as gold and platinum has risen dramatically in recent 

decades,1,2 not merely because their popularity as investments and in the production of 

jewellery, but also because of their increasing applications in industrial and 

technological contexts, such as catalysis and electronics.3 Consequently, recovery of 

these metals from primary and secondary sources is of enormous economic interest, 

with improvements to the efficiency of established practices for metal recovery and 

refinement having the potential to increase profit margins substantially in the long 

term, as well as significantly mitigate potential hazards to the environment and human 

health. 

It is thus perhaps unsurprising that a great deal of research can be found in the literature 

concerning hydrometallurgical recovery of precious metals, with a wide variety of 

reagents being proposed as potential extractants for these metals, including amines, 

phosphates, carboxylic acids and thiols.4–7 A particularly common approach to solvent 

extraction of precious metals is the use of cationic reagents which can interact strongly 

with the chloridometalate anions which typically constitute the predominant form of 

these metals when dissolved in high concentrations of hydrochloric acid, thus 

generating a charge-balanced assembly which can be readily transported into an 

organic solvent. As the chloridometalates of precious metals (such as PtCl6
2- and 

AuCl4
-) are typically kinetically inert, it is usually more effective for such reagents to 

undergo ‘outer-sphere’ interactions with the chloride ligands surrounding the metal 

than to displace these chloride ligands in order to interact directly with the metal 

centre.  
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While extraction by this method has been found to be highly efficient in many cases,8,9 

it can be particularly challenging to induce selectivity for particular species over others 

when using outer-sphere extractants, as the possibility of exploiting chemical 

differences between metals is diminished by the fact that these reagents do not interact 

directly with the metal centres. 

Recent work within the Metal Recovery Group at the University of Edinburgh has 

focused on the development of outer-sphere extractants in which functional groups are 

strategically positioned such as to match the size and shape of particular 

chloridometalate species, thus promoting their interactions with those particular anions 

over competing interactions with other species.10,11  

A particularly promising example of this approach is the recent development of 

amidoamine and amidoether extractants which are capable of extracting platinum from 

concentrated chloride media with high efficiency, and thus must exhibit strong 

selectivity for platinum chloridometalates over free chloride ions.12 These reagents 

feature amide functional sites as well as amine or ether groups, which grants them the 

unusual capability of ‘chelating’ a proton between its two functional sites, creating a 

favourable pseudo- 6-membered ring structure, and ‘locking’ the cationic extractant 

into a particular conformation. If the reagent structure can be tuned such that this 

locked conformation presents an arranged set of hydrogen-bond donor groups tailored 

to address a particular chloridometalate anion favourably, it could be possible to 

induce strong selectivity for that anion over other potential substrates. This behaviour 

is illustrated in the crystal structure shown in Figure 3.1, obtained by Ellis et al.,11 

which shows the aforementioned proton chelation in two amidoamine cations, yielding 

a directed set of C-H donor groups which ‘cradle’ a PtCl6
2- anion with eight 

simultaneous hydrogen-bonding interactions. 
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Figure 3.1: Crystal structure showing two protonated amidoamine extractant cations undergoing 

‘outer-sphere’ interactions with a hexachloroplatinate (PtCl6
2-) anion.11 Close contacts between 

extractant and PtCl62- are highlighted with blue lines, as are intramolecular hydrogen-bonding 

interactions which ‘chelate’ a proton within the extractant structure. Chlorine, nitrogen and oxygen 

atoms are coloured green, blue and red respectively. 

 

Following on from this work, a simple primary amide reagent (3,5,5-

trimethylhexanamide) was subsequently developed within the group,13 which has 

demonstrated not only high efficiency as an extractant for gold from chloride media 

(which entails selectivity for the gold chloridometalate AuCl4
- over chloride) but also 

remarkable selectivity for gold over other metals present within the same medium.  

Compared to analogous secondary and tertiary amides, primary amides are relatively 

little-studied as reagents for solvent extractants, as they have typically been found to 

be insufficiently hydrophobic to function effectively in this role. However, not only 

has the primary amide reagent developed by the group been shown to perform 

adequately as an extractant, but its selectivity for gold has been found to be even 

stronger than that of its secondary and tertiary amide equivalents. 

Gaining an understanding of the mechanistic origin of these unusual characteristics 

will be invaluable in the development of selective metal extractants in future. 

However, this has proven exceptionally difficult using experimental techniques, 

largely due to the inherent difficulty in obtaining precise structural information about 

species in the solution phase. Consequently, theoretical methods have a vital role to 



 

38 
 

play in elucidating the chemistry underpinning the process of metal extraction by these 

reagents, and identifying the particular structural features of the reagents which are 

responsible for their efficiency as extractants, so as to guide the design of new 

extractants in future. 

In this chapter, computational techniques are employed in order to model both 

platinum extraction by the aforementioned amidoamine and amidoether reagents, and 

gold extraction by the aforementioned simple amide reagents. Both the generation of 

the active cationic forms of these extractants and the natures of their subsequent 

association with their target chloridometalates are modelled using a combination of 

quantum mechanical and classical mechanical methods, and the effects of variation of 

various structural features of the reagents on both of these processes are investigated. 
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3.2 – Experimental 

Reagent definitions: Throughout this chapter, reagents which function as metal 

extractants are generally referred to using abbreviations of the form Ln.  The structures 

of reagents L(1-9), featured in this chapter, are shown in Figure 3.2. L3 and L5 feature 

only in experimental results quoted here for comparison, and not in any of the 

computational studies presented in this chapter – for those purposes, they are modelled 

by the short-chain analogues L4 and L6 respectively. 

 

Figure 3.2: Chemical structures of amidoamine reagents L(1-4), amidoether reagents L(5-6) and simple 

amide reagents L(7-9). 
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Computational details: Geometry optimization calculations were carried out using 

the Gaussian 09 software.14 The calculations detailed in Section 3.3 were performed 

using the M06-2X functional,15 with the exception of some replicate calculations 

(indicated in the text) in which the non-dispersion-corrected B3LYP functional was 

used in order to assess the impact of dispersion corrections on results.16 In all geometry 

optimisation calculations detailed in Section 3.4, the M06 functional was used. 

Throughout this chapter, the 6-31+G* basis set was applied to all atoms with the 

exception of platinum and gold,17 for which the LANL2DZ pseudopotential/basis set 

was used.18 Structures were considered optimised when the standard convergence 

criteria (maximum force of 4.5  10−4 Hartrees/Bohr on any atom, maximum RMS 

force of 3.0  10−4 over all atoms, maximum atomic displacement of 1.8  10−3 Bohr 

for any atom, and maximum RMS atomic displacement of 1.2  10−3 Bohr over all 

atoms) were reached. Assembly formation energies and protonation energies were 

calculated using the difference in internal energy values of the sum of the products and 

the sum of the individual reactants (corrected for basis set superposition error using 

the Counterpoise correction method).19,20 Natural bond order (NBO) analysis was 

performed using NBO 6.0 on optimized structures.21  

Classical molecular dynamics (MD) simulations were performed using the OPLS-AA 

force field,22 with the software package LAMMPS.23 Initial models, comprising four 

LH+, six L, and four AuCl4
– entities randomly distributed along with explicit toluene 

solvent backgrounds (of standard density) within cubic simulation cells of side length 

40 Å  (in Section 3.4.2) or 60 Å (in Section 3.4.3), were constructed using Packmol.24 

The integration time step was set to 1 fs, and time increments accrued using the 

standard Velocity-Verlet algorithm. In total, system dynamics were accrued for 10200 

ps, which included 500 ps equilibration time. The simulations were run under 

canonical (NVT) ensemble conditions during equilibration time, and isothermal-

isobaric (NPT) ensemble conditions for the remainder of the simulation time, with a 

constant temperature of 293 K maintained using the Nosé–Hoover thermostat system. 
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The results of the simulations detailed in Section 3.4.3 were further analysed using a 

purpose-built Fortran script which calculates the proportion of amide-chloride 

distances less than or equal to a threshold distance of 4 Å over the course of the 

simulation trajectory – for reference, this code is presented in Appendix 2. 

 

3.3 – Platinum extraction by amidoamine and 

amidoether reagents 

In order to gain a complete understanding of the mode of action of the amidoamine 

and amidoether reagents L(1-6) as pH-swing extractants for platinum, it is necessary to 

consider two aspects of the process: the protonation of the reagents to form cations, 

and the subsequent ion-pairing of these cations with the chloridometalate anions to be 

extracted. 

 

3.3.1 – Protonation of extractants 
 

The ditopic nature of amidoamine and amidoether reagents such as L(1-6) presents 

multiple plausible possibilities as to the equilibrium geometries of the protonated 

reagents L(1-6)H+. For example, as illustrated in Figure 3.3, the protonated tertiary 

amidoamine L1H+ could plausibly exist with a proton residing on the amine nitrogen 

atom (A), on the carbonyl oxygen atom (B), or chelated between these two atoms (C). 
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Figure 3.3: Optimised geometry of L1 (upper), and of the protonated extractant L1H+ where the proton 

resides solely on the amine nitrogen atom (A), solely on the carbonyl oxygen atom (B), or chelated 

between the two (C). Optimisations were performed using the M06-2X functional and the 6-31+G* 

basis set for all atoms. 

 

To determine the equilibrium structure of L1H+, the geometries of conformers A-C 

were optimised, and the change in internal energy due to protonation (ΔUp, defined in 

reference to the reaction outlined in Equation 3.1) was calculated for each conformer. 

The calculated energies of protonation are shown in Table 3.1. 

 

L + H3O+ ⇌ LH+ + H2O                            Equation 3.1 
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Table 3.1: Energies of protonation (ΔUp) of conformers A-C of L1H+ (see Figure 3.3), defined as the 

change in total internal energy in the reaction outlined in Equation 3.1. Values are derived from 

calculations performed using the M06-2X functional and the 6-31+G* basis set for all atoms. 

Conformer A B C 

ΔUp (kJ mol-1) -281.9 -254.5 -325.7 

 

By a significant margin, ΔUp is greatest for conformer C, presumably due to the 

presence of a favourable hydrogen-bonding interaction between the amine and 

carbonyl moieties of the extractant, which outweighs any conformational strain 

introduced by the formation of a pseudo- 6-membered ring within the structure. In 

subsequent calculations, conformer C was taken to the equilibrium structure of L1H+. 

The protonation energy for conformer A was significantly greater than for conformer 

B, indicating that the basicity of the amine nitrogen atom is greater than that of the 

carbonyl oxygen atom. 

In a similar manner, the equilibrium geometry of the more aliphatic tertiary 

amidoamine L2 and its protonated form L2H+ were determined by geometry 

optimisation. Conformers of L2H+ with a proton residing on the amine nitrogen atom 

(A), on the carbonyl oxygen atom (B), or chelated between these two atoms (C), were 

considered (see Figure 3.4). 
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Figure 3.4: Optimised geometry of L2 (upper), and of the protonated extractant L2H+ where the proton 

resides solely on the amine nitrogen atom (A), solely on the carbonyl oxygen atom (B), and chelated 

between the two (C). Optimisations were performed using the M06-2X functional and the 6-31+G* 

basis set for all atoms. 

 

As before, the calculated values of ΔUp for each of conformers A-C are shown in Table 

3.2. 

 

Table 3.2: Energies of protonation (ΔUp) of conformers A-C of L2H+ (see Figure 3.4), defined as the 

change in total internal energy in the reaction outlined in Equation 3.1. Values are derived from 

calculations performed using the M06-2X functional and the 6-31+G* basis set for all atoms. 

Conformer A B C 

ΔUp (kJ mol-1) -267.7 -233.6 -319.7 

 

The trends observed are virtually identical to those seen for L1H+ - the proton-chelating 

conformer C results in the greatest protonation energy, with protonation of the amine 
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nitrogen atom (as in conformer A) apparently more favourable than that of the 

carbonyl oxygen atom (as in conformer B). 

With the exception of an apparent slight impact on the basicity of the extractant (as 

evidenced by consistent decreases of around 10-20 kJ mol-1 in protonation energy 

between corresponding conformers of L1H+ and L2H+) the variation in hydrocarbon 

substituents between L1 and L2 does not appear to make any substantial difference to 

the protonation behaviour of the extractants. 

The N-H group present within the amide moiety of the secondary amidoamine 

extractant L4 enables the formation of hydrogen-bonded dimers [(L4)2, see Figure 3.5] 

in which two neutral L4 units are linked via hydrogen-bonding interactions between 

N-H donor groups on one unit and C=O acceptor groups on the other. Such behaviour 

in amides has been reported extensively.25 

Geometry optimisation calculations confirm that formation of such dimers is 

significantly thermodynamically favourable, with the calculated internal energy of one 

(L4)2 unit being 29.4 kJ mol-1 lower than the sum of the calculated internal energies of 

two individual L4 units. Consequently, the dimeric (L4)2 was assumed to be the 

equilibrium form of the neutral L4 for the purposes of protonation energy calculations, 

which in this case are defined in reference to the reaction shown in Equation 3.2. 

 

½ L2 + H3O+  ⇌ LH+ + H2O                            Equation 3.2 

 

Presumably due to their lack of available N-H hydrogen-bond donor groups, the 

tertiary amidoamines L1 and L2 were not found to show any significant propensity for 

dimerisation in this manner. 

Three conformers, analogous to those considered for L1H+ and L2H+ (see Figure 3.5), 

were compared in order to determine the equilibrium geometry of L4H+.  
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Figure 3.5: Optimised geometry of (L4)2 (upper), and of the protonated extractant L4H+ where the 

proton resides solely on the amine nitrogen atom (A), solely on the carbonyl oxygen atom (B), and 

chelated between the two (C). Optimisations were performed using the M06-2X functional and the 6-

31+G* basis set for all atoms. 

 

The calculated values of ΔUp for each of conformers A-C (see Figure 3.5) are shown 

in Table 3.3. 

 

Table 3.3: Energies of protonation (ΔUp) of conformers A-C of L4H+ (see Figure 3.5), defined as the 

change in total internal energy in the reaction outlined in Equation 3.2. Values are derived from 

calculations performed using the M06-2X functional and the 6-31+G* basis set for all atoms. 

Conformer A B C 

ΔUp (kJ mol-1) -238.0 -172.9 -295.9 

 

Unsurprisingly, the same trends in protonation energy that were observed for the 

tertiary amidoamines L1 and L2 are evident here – the conformer of L4H+ featuring 
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proton chelation resulted in the greatest value of ΔUp, while protonation of the amine 

nitrogen atom appears significantly more favourable than protonation of the carbonyl 

oxygen atom.  

The noticeable differences in protonation energy between corresponding conformers 

of L4H+ and the analogous tertiary amidoamine L2H+ (ranging from approximately 25 

to 60 kJ mol-1) can be rationalised by considering the need to break two stabilising 

hydrogen bonds in the neutral (L4)2 in order to generate the protonated species, which 

is not the case for the protonation of L2. 

As with the secondary amidoamine L4, the secondary amidoether extractant L6  shows 

a significant propensity for dimerisation through intermolecular hydrogen-bonding, 

with the calculated internal energy of the dimeric species (L6)2 (see Figure 3.6) being 

30.1 kJ mol-1 lower than the combined internal energy of two individual L6 units. The 

dimeric (L6)2 was taken to be the equilibrium form of neutral L6 in subsequent 

calculations. 

Three conformers, with a proton residing on the ether oxygen atom (A), on the 

carbonyl oxygen atom (B), or chelated between the two oxygen atoms (C), were 

compared in order to determine the equilibrium geometry of L6H+ (see Figure 3.6). 
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Figure 3.6: Optimised geometry of (L6)2 (upper), and of the protonated extractant L6H+ where the 

proton resides solely on the ether oxygen atom (A), solely on the carbonyl oxygen atom (B), or 

chelated between the two (C). Optimisations were performed using the M06-2X functional and the 6-

31+G* basis set for all atoms. 

 

The calculated values of ΔUp for each of conformers A-C (see Figure 3.6) are shown 

in Table 3.4. 

 

Table 3.4: Energies of protonation (ΔUp) of conformers A-C of L6H+ (see Figure 3.6), defined as the 

change in total internal energy in the reaction outlined in Equation 3.2. Values are derived from 

calculations performed using the M06-2X functional and the 6-31+G* basis set for all atoms. 

Conformer A B C 

Protonation energy (kJ mol-1) -83.1 -161.6 -222.9 

 

In contrast to the protonated amidoamine reagents L1H+, L2H+ and L4H+, conformer 

B of L6H+ (with the proton residing on the carbonyl oxygen atom) was substantially 

lower in energy than conformer A, and correspondingly, the chelated proton in 



 

49 
 

conformer C is located closer to the carbonyl oxygen atom than the ether oxygen atom 

(1.00 Å vs. 1.69 Å), while the reverse is true in the corresponding conformers of L1H+, 

L2H+ and L4H+. 

This is unlikely to be a consequence of increased basicity of the carbonyl oxygen atom 

in L6 compared to the amidoamine extractants, as the energy of formation of conformer 

B of L6H+ is no greater than that of conformer B of the amidoamine analogue L4H+. 

The difference must arise due to the relative unfavourability of protonation of the ether 

group in L6 in comparison to the corresponding amine group in the amidoamine 

extractants. As a consequence of this, the ether group provides relatively little 

additional stability when involved in proton chelation, and the energy of formation of 

conformer C of L6H+ is greatly reduced compared to the equivalent values of ΔUp for 

L1H+, L2H+ and L4H+. Assuming the proton-chelated conformers to be the equilibrium 

geometries for all extractants studied, this can be expected to represent a general 

difference in the ease of protonating amidoether extractants compared to amidoamine 

equivalents. 

 

3.3.2 – Outer-sphere complexation of the 

hexachloroplatinate anion 
 

If, as previous results indicate, the proton-chelated conformers of L(1-6)H+ can be 

assumed to be the equilibrium geometries of these species, two distinct possibilities 

are presented for the mode of co-ordination of these species to the hexachloroplatinate 

(PtCl6
2−) anion – one in which the ligand intramolecular hydrogen-bond remains intact, 

and one in which it is broken in order to allow the hydrogen-bond donor group 

involved to interact directly with PtCl6
2−. 

For the case of L1, this is illustrated in Figure 3.7, which shows conformers of the 

outer-sphere complex [(L1H)2PtCl6] where the intramolecular hydrogen bond in the 

L1H+ units are broken (A) and retained (B). 
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Figure 3.7: Optimised geometries of L1H+ (upper left), PtCl62- (upper right) and conformers of 

[(L1H)2PtCl6] in which intramolecular hydrogen-bonds within L1H+ units are broken (A) and retained 

(B). Optimisations were performed using the M06-2X functional and the 6-31+G* basis set for all atoms 

except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

 

To determine the equilibrium structure of [(L1H)2PtCl6], the geometries of conformers 

A and B were optimised, and the change in internal energy due to complexation of 

PtCl6
2- by L1H+ (ΔUc, defined in reference to the reaction outlined in Equation 3.3) was 

calculated for each conformer. The calculated energies of complexation are shown in 

Table 3.5. 

2 LH+ + PtCl62-  ⇌ [(LH)2PtCl6]                            Equation 3.3 
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Table 3.5: Energies of complexation (ΔUc) of PtCl6
2- by L1H+ to form conformers A and B of [(L1H)2PtCl6] 

(see Figure 3.7), defined as the change in total internal energy in the reaction outlined in Equation 3.3. 

Values are derived from calculations performed using the M06-2X functional and the 6-31+G* basis 

set for all atoms except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

Conformer A B 

ΔUc (kJ mol-1) -917.6 -925.7 

 

The choice of conformer of [(L1H)2PtCl6] was found to make little difference to the 

value of ΔUc for L1H+, with conformer B resulting in a value less than 10 kJ mol-1 

more negative than that resulting from conformer A.  

The implication of this is that the thermodynamic penalty incurred by breaking the 

intramolecular hydrogen bonds within the L1H+ units is almost exactly compensated 

for by the creation of a more effective set of hydrogen-bond donor groups (including 

the amide N-H+ group) which can interact more favourably with the PtCl6
2- anion. 

This being the case, the two different modes of co-ordination are likely to act in close 

competition with each other, and it is plausible that both modes could contribute to 

some extent to the overall behaviour of the system. Nonetheless, the apparent 

thermodynamic favourability of conformer B is consistent with the crystal structure of 

[(L1H)2PtCl6] shown in Figure 3.1, where intramolecular hydrogen bonds can be seen 

within the L1H+ units. 

Similarly, the equilibrium structure of [(L2H)2PtCl6] was determined by geometry 

optimisation of two conformers of the complex, with intramolecular hydrogen-bonds 

within the L2H+ ligands broken (A) and retained (B), as shown in Figure 3.8. 
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Figure 3.8: Optimised geometries of L2H+ (upper left), PtCl62- (upper right) and conformers of 

[(L2H)2PtCl6] in which intramolecular hydrogen-bonds within L2H+ units are broken (A) and retained 

(B). Optimisations were performed using the M06-2X functional and the 6-31+G* basis set for all atoms 

except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

 

The calculated energies of ΔUc for the formation of conformers A and B (see Figure 

3.8) are shown in Table 3.6. 
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Table 3.6: Energies of complexation (ΔUc) of PtCl6
2- by L2H+ to form conformers A and B of [(L2H)2PtCl6] 

(see Figure 3.8), defined as the change in total internal energy in the reaction outlined in Equation 3.3. 

Values are derived from calculations performed using the M06-2X functional and the 6-31+G* basis 

set for all atoms except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

Conformer A B 

ΔUc (kJ mol-1) -946.0 -916.4 

 

In contrast to L1H+, the value of ΔUc for the more aliphatic L2H+ varies considerably 

depending on the choice of conformer of [(L2H)2PtCl6], with conformer A resulting in 

a complexation energy almost 30 kJ mol-1 greater than that resulting from conformer 

B. 

Little difference (less than 10 kJ mol-1) can be seen between the values for conformer 

B of [(L1H)2PtCl6] and the equivalent conformer of [(L2H)2PtCl6], suggesting that the 

disparity is primarily related to the stabilities of conformer A of each of the two 

assemblies, whose associated complexation energies differ by almost 30 kJ mol-1. A 

possible explanation for the difference is the rigidity and steric bulk of the additional 

phenyl groups in L1H+, which would likely impair the conformational flexibility of the 

ligand and partially negate the increase in flexibility resulting from the cleavage of the 

intramolecular hydrogen bond, which is likely responsible for the increased 

favourability of conformer A of [(L2H)2PtCl6] compared to conformer B. 

To determine the equilibrium geometry of [(L4H)2PtCl6], the geometries of conformers 

with intramolecular hydrogen bonds in L4H+ units broken (A) and retained (B) were 

optimised (Figure 3.9). 
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Figure 3.9: Optimised geometries of L4H+ (upper left), PtCl62- (upper right) and conformers of 

[(L4H)2PtCl6] in which intramolecular hydrogen-bonds within L4H+ units are broken (A) and retained 

(B). Optimisations were performed using the M06-2X functional and the 6-31+G* basis set for all atoms 

except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

 

The calculated values of ΔUc for the formation of conformers A and B (see Figure 3.9) 

are shown in Table 3.7. 
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Table 3.7: Energies of complexation (ΔUc) of PtCl6
2- by L4H+ to form conformers A and B of [(L4H)2PtCl6] 

(see Figure 3.9), defined as the change in total internal energy in the reaction outlined in Equation 3.3. 

Values are derived from calculations performed using the M06-2X functional and the 6-31+G* basis 

set for all atoms except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

Conformer A B 

ΔUc (kJ mol-1) -987.7 -940.8 

 

As with [(L2H)2PtCl6], formation of conformer A of [(L4H)2PtCl6] appears 

significantly more thermodynamically favourable than for conformer B, again likely 

due to the increased conformational flexibility of the L4H+ unit when the 

intramolecular hydrogen bond is broken, allowing a greater number of stabilising 

interactions between L4H+ and PtCl6
2- to arise.  

As the only difference between [(L2H)2PtCl6] and [(L4H)2PtCl6] units is variation of 

the substituent on the amide nitrogen atom, whose position and behaviour is effectively 

constant across both conformers of both complexes, it is intuitive that the relative 

trends in ΔUc between conformers of the two complexes would be similar. The 

replacement of N-CH3 by N-H does, however, increase the strength of this donor 

group, resulting in significantly increased values of ΔUc for both conformers of 

[(L4H)2PtCl6] compared to the equivalent conformers of [(L2H)2PtCl6]. 

To determine the equilibrium geometry of [(L6H)2PtCl6], the geometries of conformers 

with intramolecular hydrogen bonds in L6H+ units broken (A) and retained (B) were 

optimised (Figure 3.10). 
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Figure 3.10: Optimised geometries of L6H+ (upper left), PtCl62- (upper right) and conformers of 

[(L6H)2PtCl6] in which intramolecular hydrogen-bonds within L6H+ units are broken (A) and retained 

(B). Optimisations were performed using the M06-2X functional and the 6-31+G* basis set for all atoms 

except platinum, for which the LANL2DZ basis set and pseudopotential were used. 

 

The calculated values of ΔUc for the formation of conformers A and B (see Figure 

3.10) are shown in Table 3.8. 
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Table 3.8: Energies of complexation (ΔUc) of PtCl6
2- by L6H+ to form conformers A and B of [(L6H)2PtCl6] 

(see Figure 3.10), defined as the change in total internal energy in the reaction outlined in Equation 

3.3. Values are derived from calculations performed using the M06-2X functional and the 6-31+G* 

basis set for all atoms except platinum, for which the LANL2DZ basis set and pseudopotential were 

used. 

Conformer A B 

ΔUc (kJ mol-1) -884.8 -1044.2 

 

In stark contrast to previous cases, formation of conformer B of [(L6H)2PtCl6] was 

calculated to be overwhelmingly more thermodynamically favourable than formation 

of conformer A, indicating that the intramolecular hydrogen bonds within L6H+ units 

are highly likely to be retained following complexation of PtCl6
2-. 

It seems very likely that this is at least partially a consequence of the previously-

observed unfavourability of protonating the ether oxygen atom within L6 (as is 

required to form conformer A) in comparison to protonation of the corresponding 

amine nitrogen atom in amidoamine reagents. However, it should also be noted that 

the value of ΔUc for conformer B of [(L6H)2PtCl6] is substantially greater than that of 

conformer B for any other assembly, including the close amidoamine analogue 

[(L4H)2PtCl6]. This could be a consequence of the relative weakness of the 

intramolecular O-H…O hydrogen bond within L6H+ in comparison to the 

corresponding N-H…O hydrogen bonds within protonated amidoamines, which could 

conceivably have the effect of reducing the conformational rigidity of the L6H+ units 

within [(L6H)2PtCl6] and afford them greater flexibility to adopt a more favourable co-

ordination mode. 
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3.3.3 – Overall assembly formation energies 
 

The overall energy of formation (ΔUf) for an assembly [(LH)2PtCl6] can be represented 

as the sum of the complexation energy to produce the complex (ΔUc) and the 

protonation energies (ΔUp) of each of the two ligands L.  

The calculated values of ΔUf  for each of the four amidoamine or amidoether reagents 

studied are shown in Table 3.9. 

Table 3.9: The calculated values of protonation energy (ΔUp), co-ordination energy (ΔUc) and overall 

energy of formation of [(LH)2PtCl6] (ΔUf) for each of the amidoamine reagents L1, L2 and L4, as well as 

the amidoether reagent L6. Values are derived from calculations performed using the M06-2X 

functional and the 6-31+G* basis set for all atoms except platinum, for which the LANL2DZ basis set 

and pseudopotential were used. 

Reagent ΔUp (kJ mol-1) ΔUc (kJ mol-1) ΔUf (kJ mol-1) 

L1 -325.7 -925.7 -1577.1 

L2 -319.7 -946.0 -1585.4 

L4 -295.9 -987.7 -1579.5 

L6 -222.9 -1044.2 -1490.1 

 

It is interesting to note that among the four reagents studied, the trend in ΔUp proved 

to be exactly the reverse of the trend in ΔUc. The consequence of this is that both trends 

were largely cancelled out in the calculation of ΔUf, resulting in the values for all 

amidoamine reagents (L1, L2 and L4) being very similar (all within 10 kJ mol-1 of each 

other).  

While the large value of ΔUc for amidoether reagent L6 does partially offset its 

substantially smaller value for ΔUp in comparison to the other reagents, the calculated 

value of ΔUf  for L6 is nonetheless significantly smaller than the corresponding values 

for all amidoamine reagents studied.  
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3.3.4 – Comparison with experimental results 
 

To test the extractant strength of amidoamine and amidoether reagents, a series of 

model extraction experiments was undertaken by others in the group.26 The percentage 

of available platinum transported out of aqueous solutions by the tertiary amidoamine 

L1, the secondary amidoamine L3, and the secondary amidoether L5 was measured at 

various values of extractant concentration, [L], relative to the concentration of metal 

initially present in the aqueous solution, [M]. The results of these experiments are 

shown in Figure 3.11. 

 

Figure 3.11: Platinum recovery from aqueous solutions of 0.01 M H2PtCl6 in 6 M HCl by equal volumes 

of toluene solutions of L1, L3, and L5 as a function of extractant concentration. 

The tertiary amidoamine L1 was found to be the ‘strongest’ extractant of the three, 

with the lowest relative concentration of extractant required in order to remove close 

to 100% of the available platinum from the aqueous solution. The secondary 

amidoether L5 was found to be by far the weakest extractant of the three by this 

definition, with the secondary amidoamine L3 displaying an intermediate extractant 

strength. 
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The observation that the amidoether reagent is substantially weaker as an extractant 

than its amidoamine counterparts corresponds with results from the computational 

study which indicate that formation of the platinum-containing assembly [(LH)2PtCl6] 

is significantly less thermodynamically favourable for the amidoether reagent L6 than 

for any amidoamine reagent modelled. 

Comparisons of experimental and computational results regarding the relative 

strengths of secondary and tertiary amidoamines is rendered more difficult by the 

difference in hydrocarbon substituents between L1 and L3. It is entirely conceivable 

that the relative strengths of these two extractants (as determined by experiment) is 

influenced by differences in extractant solubility caused by the difference in 

substituents, which would not be accounted for in the computational results. 

Nonetheless, the apparent increased strength of tertiary amidoamine extractants 

compared to secondary amidoamine extractants is at least somewhat reflected in 

computational results, with the formation energy of the tertiary amidoamine 

hexachloroplatinate complex [(L2)2PtCl6] being slightly (6 kJ mol −1) greater than that 

of the secondary amidoamine analogue [(L4)2PtCl6]. 

These observations suggest that the simple formation energy calculations outlined 

previously could serve as a means of predicting (in relative terms) the impact on the 

strength of extractants of this type caused by modifications of functional components 

of the extractant structure. However, as changes in extractant solubility cannot be 

detected by this method, one would be wise to restrict comparisons to extractants with 

identical solubilising groups if this approach is used. 

If calculated values of ΔUf  can be taken to correlate with extractant strength, then it 

would appear from the results shown in Table 3.9 that (again disregarding the case of 

L1) the extractant strength of a reagent of this type is primarily determined by the 

relative favourability of its protonation. Therefore, structural modifications which 

further promote protonation of the extractant may provide a means of further 

increasing the strengths of extractants of this class. 
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3.3.5 – Selectivity for the hexachloroplatinate anion over 

chloride 
 

As the extraction method discussed here involves the use of cationic species to extract 

platinum from chloride media, the potential exists for competing interactions between 

extractant cations and chloride (Cl−) ions, as outlined in Equation 3.4. 

 

                        LH+ + Cl− ⇌ [(LH)Cl]                                Equation 3.4 

 

As chloride ions are inevitably present in a large excess in the solutions from which 

PtCl6
2− is to be extracted, the successful function of platinum extractants in such 

conditions depends not only on the absolute favourability of their interactions with 

PtCl6
2−, but also on an overwhelming selectivity for PtCl6

2− over Cl−. The competition 

between PtCl6
2− and Cl− is represented by the equilibrium outlined in Equation 3.5, in 

which the forward reaction must be substantially favoured in order for platinum 

extraction to proceed effectively. 

 

2[(LH)Cl] + PtCl62− ⇌ [(LH)2PtCl6] + 2Cl−                            Equation 3.5 

 

In order to quantify this selectivity, the energy of anion exchange (ΔUex), defined as 

the change in total internal energy in the forward reaction of the equilibrium shown in 

Equation 3.5, was calculated for reagents L1, L2, L4 and L6 by geometry optimisation 

of the extractant-chloride adducts [(LH)Cl] for each reagent. The optimised geometries 

are shown in Figure 3.12. 
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Figure 3.12: Optimised geometries for the chloride adducts [(LH)Cl] of each of the reagents L1, L2, L4 

and L6. Optimisations were performed using the M06-2X functional and the 6-31+G* basis set for all 

atoms. 

For each of these adducts, a number of plausible geometries exist, with the proton 

residing on different sites and (in the cases of [(L4H)Cl] and [(L6H)Cl]) with the 

intramolecular hydrogen bonds intact and broken – in each case, the geometry 

presented here was found to be the lowest-energy geometry by a margin of 10 kJ mol−1 

or greater. For tertiary amidoamine chloride adducts [(L1H)Cl] and [(L2H)Cl], the 

lowest-energy geometries were found to feature the amine N-H+ donor group 

interacting directly with chloride, despite the intramolecular hydrogen bonds within 

L1H+ and L2H+ being broken to achieve this conformation. The intramolecular 

hydrogen bond in L4H+ is also broken to create the lowest-energy geometry of 

[(L4H)Cl], in which chloride is chelated through interactions with both amine N-H+ 

and amide N-H donor groups. For [(L6H)Cl], however, the global minimum-energy 

geometry was found to retain the O-H…O hydrogen bond, with the chloride 

interacting solely with the amide N-H group, in preference to alternative 

configurations in which carbonyl or ether O-H+ groups formed direct associations to 

chloride. 
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The calculated value of ΔUex, as well as the chloride association energy ΔUCl (defined 

as the change in total internal energy in the forward reaction of the equilibrium shown 

in Equation 3.4), for each of the reagents L1, L2, L4 and L6, are shown in Table 3.10. 

 

Table 3.10: Calculated values of chloride association energy (ΔUCl)  and energy of anion exchange (ΔUex) 

for each of the amidoamine reagents L1, L2 and L4, and the amidoether reagent L6. Where not 

otherwise stated, values are derived from calculations performed using the M06-2X functional and the 

6-31+G* basis set for all atoms except platinum, for which the LANL2DZ basis set and pseudopotential 

were used. Values of ΔUex using the B3LYP functional, which does not correct for dispersion effects, 

are also shown.  

Reagent ΔUCl (kJ mol–1) ΔUex (kJ mol–1) ΔUex (kJ mol–1) 

(using B3LYP functional) 

L1 –409.0 –107.8 -1.7 

L2 –412.6 –120.8 -33.3 

L4 –428.5 –130.7 -54.2 

L6 –433.1 –177.9 -80.3 

 

For all reagents, ΔUex was sizeable and negative, with magnitudes in excess of 100 kJ 

mol-1 in all cases. This indicates a strong selectivity for hexachloroplatinate over 

chloride across all reagents studied, which would allow them to function effectively as 

extractants for platinum from chloride media, as observed in extraction experiments. 

For comparison, results obtained in the same fashion using an alternative functional 

(B3LYP), which has been shown to account for dispersion effects less rigorously than 

the M06-2X functional used elsewhere in this study (which contains 54% of Hartree-

Fock exchange,27 considerably more than the 20% in B3LYP) are also shown in Table 

3.10. In all cases, the values of ΔUex calculated using the B3LYP functional were found 

to be substantially smaller in magnitude than corresponding results obtained using 

M06-2X, and in the case of L1, the calculated value was insignificantly greater than 

zero.  

If this were reflective of reality, L1 would not be expected to function effectively as a 

platinum extractant in the conditions of the experiments described in Section 3.3.4. 
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This is entirely incompatible with the results actually observed in these experiments, 

which indicated that L1 was the strongest extractant of the three tested. This disparity 

serves to highlight the importance of choosing a functional with adequate dispersion 

correction when modelling systems in which non-covalent interactions play a 

significant role. 

In the interest of rigour, it should be noted that a more targeted evaluation of the effects 

of dispersion corrections on the results of this study could be achieved by repeating it 

using the B3LYP-D3 functional, which is directly analogous to B3LYP and features 

dispersion corrections – this was not undertaken here due to constraints of time and 

computational expense. 

The observed selectivity of reagents L1, L2, L4 and L6 for hexachloroplatinate over 

chloride can be understood in terms of the large number of favourable interactions that 

these reagents can undergo simultaneously with a large, charge-diffuse anion such as 

PtCl6
2−, through their extensive array of N-H and C-H donor groups. To pinpoint these 

individual interactions, the optimised geometries of [(L1H)2PtCl6], [(L2H)2PtCl6], 

[(L4H)2PtCl6] and [(L6H)2PtCl6] were subjected to Natural Bond Orbital (NBO) 

analysis. The most prominent extractant-anion interactions identified in this analysis 

(i.e. those with calculated energies greater than 5 kJ mol-1) are illustrated in Figure 

3.13. 
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Figure 3.13: Optimised geometries of [(L1H)2PtCl6], [(L2H)2PtCl6], [(L4H)2PtCl6] and [(L6H)2PtCl6], with 

individual extractant-anion interactions with energies greater than 5 kJ mol−1 (as determined by 

Natural Bond Orbital analysis) illustrated using dotted lines. Optimisations were performed using the 

M06-2X functional and the 6-31+G* basis set for all atoms except platinum, for which the LANL2DZ 

basis set and pseudopotential were used. 
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In all cases, at least four separate interactions of significant strength (with energies 

greater than 5 kJ mol−1) were identified between N-H and C-H donor groups on each 

ligand and chloride groups in PtCl6
2−, all of which presumably contribute to the 

favourability of association of these extractants with PtCl6
2−. It would not be 

geometrically feasible for such a large number of simultaneous interactions to arise 

between these extractants and an anion as small as Cl−. It seems plausible that this 

difference is the primary origin of the apparent selectivity of these extractants for 

hexachloroplatinate over chloride. 

 

 

3.4 – Gold extraction by simple amide reagents 

Following the development of the selective amidoether and amidoamine extractants 

for platinum, effort was undertaken within the group to identify similar reagents which 

would display comparable extractive selectivity for gold. Promising extraction 

behaviour was identified in a simple primary amide reagent (3,5,5-

trimethylhexanamide, or L7), though as primary amides had previously found very 

little application as solvent extraction reagents (largely on the presumption that they 

would offer insufficient hydrophobicity), it was a matter of significant interest to 

determine the chemical basis for the apparent efficacy of L7 for this purpose. 

 

3.4.1 – Primary amide reagent L7 

 

The primary amide reagent L7 (Figure 3.2) has been shown experimentally by co-

workers in the group to function as an extractant for gold from chloride media, with 

high selectivity for gold over other metals.13 As L7 is functionally comparable to the 

amidoether and amidoamine extractants discussed earlier, and appears also to operate 

via a ‘pH-swing’ mechanism (with increasing concentration of H+ in the aqueous phase 

promoting increased extraction), one might expect the extraction of gold by L7 to 

proceed via a similar mechanism to platinum extraction by L(1-6), with protonated 
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amide units forming charge-balanced ‘ion pairs’ with the tetrachloroaurate (AuCl4
−) 

anion which has been shown to be the predominant gold species found in solutions of 

high chloride concentration.28 However, in-house slope analysis experiments 

suggested that the stoichiometric ratio of L7 to Au in the extracted species varied from 

approximately 2.5:1 to 3.1,29 depending on the initial gold concentration in the aqueous 

phase. These results are incompatible with a simple ion-pairing mechanism, which 

would logically produce an L7:Au ratio of 1:1. Furthermore, the non-unitary L7:Au 

ratio observed implies that the extraction process involves the formation of 

polynuclear species containing more than one gold atom, and/or the simultaneous 

formation of multiple different species featuring different L7:Au stoichiometries. This 

contrasts starkly with the relatively simple mechanism for platinum extraction by L(1-

6) proposed above. 

Computational studies were undertaken to investigate the mechanism of gold 

extraction by L7 further. 

 

3.4.1.1 – Protonation of L7 

 

The equilibrium geometry of L7 and various related species were determined by 

geometry optimisation, and are shown in Figure 3.14. 

In an identical manner to L4 and L6 discussed earlier, L7 shows a strong propensity to 

form the dimer (L7)2 through hydrogen-bonding interactions between amide N-H and 

carbonyl oxygen groups on opposing molecules – the internal energy of (L7)2 was 

calculated to be 58.1 kJ mol-1 lower than the combined internal energy of two L7 

monomers. 
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Protonation of L7 to form the cationic monomer L7H+ (in accordance with Equation 

3.1) was found to occur most favourably at the carbonyl oxygen site, yielding a 

protonation energy of -179.6 kJ mol-1, significantly greater than the value of -126.2 kJ 

mol-1 resulting from protonation at the nitrogen site. Further stabilisation can be 

achieved by the chelation of a proton between two oxygen atoms on different L7 units, 

forming the ‘protonated dimer’ (L7)2H
+. The formation of this species via the 

association of a neutral L7 unit to a protonated monomer L7H+ (as outlined in Equation 

3.6) was calculated to proceed with a formation energy of -119.5 kJ mol-1. 

LH+ + ½L2  ⇌ L2H+                            Equation 3.6 

The protonated dimer (L7)2H
+ can be seen as the most favourable protonated L7 species 

that can be formed with a single proton – the protonated trimer (L7)3H
+ (with a proton 

chelated by three carbonyl groups on different L7 units) was not yielded as a local 

energy minimum in any geometry optimisation calculation attempted. However, the 

relative prevalences of L7H+ and (L7)2H
+ in an aqueous system is likely to be 

influenced by the concentration of available protons – if a vast excess of H+ is present, 

it seems plausible that the equilibrium outlined in Equation 3.7 could be shifted 

towards the right hand side, resulting in a predominance of monomeric L7H+. 

L2H+ + H3O+  ⇌ 2 LH+ + H2O                            Equation 3.7 

For this reason, both the monomeric (LH+) and dimeric (L2H
+) forms of the protonated 

extractant were considered in the following calculations. 
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Figure 3.14: Geometry-optimised structures of various forms of the primary amide extractant L7 : the 

neutral monomer L7, the neutral dimer (L7)2, the protonated monomer L7H+ and the protonated dimer 

(L7)2H+. Optimisations were performed using the M06 functional and the 6-31+G* basis set for all 

atoms. 

 

3.4.2 – Interactions of L7 with the tetrachloroaurate anion 
 

As gold extraction by L7 is not expected to operate by a simple ion-pairing mechanism 

(due to experimental observations discussed earlier), and potentially involves the 

formation of large polynuclear species and/or multiple species simultaneously, it is 

unlikely that simple geometry optimisation calculations will be able to produce a 

complete representation of the extracted species. Nonetheless, optimisation of 

fragmentary structures can yield useful information regarding the favourability of 

potential structural motifs within the larger extracted species. 

The geometries of various assemblies involving the protonated extractant (as both 

L7H+ and (L7)2H
+ ) interacting with AuCl4

− were optimised, and are shown in Figure 

3.15. 

Both L7H+ and (L7)2H
+ were found to be readily able to form strong, pseudo-

multidentate interactions with AuCl4
−, with L7H+ able to address two different chloride 
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groups simultaneously via O-H+ and N-H hydrogen-bond donor groups, and (L7)2H
+ 

capable of interacting with two chloride groups through two N-H donor sites while 

maintaining the O-H…O hydrogen bond. Formation of the assemblies [(L7H)AuCl4] 

and [((L7)2H)AuCl4] through these interactions were found to be highly 

thermodynamically favourable, with the internal energies of [(L7H)AuCl4] and 

[((L7)2H)AuCl4] calculated to be, respectively, 349.8 kJ mol-1 and 296.3 kJ mol-1 lower 

than the combined internal energies of the protonated extractant and AuCl4
− anion in 

isolation, as outlined in Equations 3.8 and 3.9. 

 

LH+ + AuCl4
−  ⇌ [(LH)AuCl4]                              Equation 3.8 

L2H+ + AuCl4
−  ⇌ [(L2H)AuCl4]                            Equation 3.9 

 

Furthermore, the presence of multiple available hydrogen-bond donor groups in both 

L7H+ and (L7)2H
+ allows them to interact with two different AuCl4

− anions 

simultaneously, to create the bridged structures [(L7H)(AuCl4)2]
− and 

[((L7)2H)(AuCl4)2]
−. Formation of these structures by the association of an additional 

AuCl4
− unit to the relevant ion pair (as per the reactions outlined in Equation 3.10 and 

3.11) was calculated to be thermodynamically favourable, with total internal energy 

changes of -109.7 kJ mol-1 and -83.4 kJ mol-1 associated with the formations of 

[(L7H)(AuCl4)2]
− and [((L7)2H)(AuCl4)2]

− respectively via these processes. 

 

[(LH)AuCl4] + AuCl4
−  ⇌ [(LH)(AuCl4)2]−                           Equation 3.10 

[(L2H)AuCl4] + AuCl4
−  ⇌ [(L2H)(AuCl4)2]−                         Equation 3.11 

 

If the protonated extractant is capable of spontaneously forming bridges between 

multiple AuCl4
− units, as these results suggest, it is straightforward to envision how 

larger species containing multiple gold centres could form in the organic phase, 
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leading to the non-unitary L7:Au stoichiometric ratios implied by slope analysis to be 

present in the extracted species. 

 

 

 

Figure 3.15: Geometry-optimised structures of various species formed by the interaction between 

primary amide extractant L7 and AuCl4- : the ion pairs [(L7H)AuCl4] and [((L7)2H)AuCl4], and the bridged 

structures [(L7H)(AuCl4)2]− and [((L7)2H)(AuCl4)2]−. Optimisations were performed using the M06 

functional and the 6-31+G* basis set for all atoms except gold, for which the LANL2DZ basis set and 

pseudopotential were used. 

 

The use of quantum mechanical geometry optimisation techniques rapidly becomes 

impractical when behaviour on a supramolecular level is to be modelled, as the 

computational power and time required to perform such techniques with adequate 

basis sets and levels of theory becomes prohibitive when large numbers of atoms are 
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included. Instead, classical molecular dynamics (MD) simulations were used to study 

the behaviour of L7 and AuCl4
− on a supramolecular scale, and probe the formation of 

bridged polynuclear aggregates as suggested by quantum mechanical results. 

A test system, consisting of 6 neutral L7 units, 4 protonated L7H+ units, 4 AuCl4
− units 

(in order to match the approximately 2.5:1 stoichiometric ratio between L7 and Au in 

the extracted species, implied by slope analysis) and an explicit toluene solvent 

background, in a cubic simulation box of side length 40 Å (see Section 3.2 for further 

details) was simulated over a time period of 10.2 ns. A representative geometry from 

the latter stages of the simulation is shown in Figure 3.16. 

 

Figure 3.16: Representative geometry taken from MD simulation featuring 10 L7 units (including four 

in the protonated form L7H+), toluene solvent, and 4 AuCl4
−

 units in a cubic box of side length 40 Å. 

Toluene solvent molecules are omitted for clarify. L7 units are coloured to indicate their involvement 

in the structural motifs [((L7)2H)(AuCl4)2]− (dark blue), [((L7)3H)(AuCl4)2]− (magenta), [((L7)H)(AuCl4)2]− 

(red), and (L7)2 (cyan). 

 

Following system equilibration, all four AuCl4
− anions had become incorporated into 

a single aggregate, bridged by L7 units in a variety of different configurations, and 

remained as such for the duration of the simulation. Four distinct structural motifs (as 

indicated by colouration of L7 units in Figure 3.16) were observed in the equilibrated 
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system – a monomeric L7H+ unit bridging two AuCl4
− anions (red), a dimeric (L7)2H

+ 

unit bridging two AuCl4
− anions (dark blue), two AuCl4

− anions bridged by a trimeric 

species consisting of a neutral L7 unit hydrogen-bonding to an (L7)2H
+ unit (magenta), 

and a neutral (L7)2 dimer which does not interact with AuCl4
− at all (cyan). For easier 

inspection, these motifs are shown in isolation in Figure 3.17. 

 

Figure 3.17: Structures of motifs [((L7)2H)(AuCl4)2]−, [((L7)3H)(AuCl4)2]−, [((L7)H)(AuCl4)2]− and (L7)2, 

isolated from the geometry shown in Figure 3.16. Caption colours correspond to the colour scheme 

used in Figure 3.16. Apparent hydrogen-bonding interactions between L7 units are indicated by dotted 

lines. 

The simulation suggests a strong tendency for L7 to form large aggregates with AuCl4
−, 

containing multiple AuCl4
− units and a variety of structural motifs with differing L7:Au 

stoichiometries. If this behaviour is replicated in reality, it would provide a plausible 

explanation for the emergence of irregular overall L7:Au stoichiometries in the 

extracted species, as indicated by slope analysis. 
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It should be noted that the emergence of the motifs [((L7)2H)(AuCl4)2]
− (red), 

[((L7)H)(AuCl4)2]
− (dark blue) and (L7)2 (cyan) in the MD simulation corresponds 

exactly with behaviours predicted in the geometry optimisation calculations to be 

significantly favourable, which lends credibility to the results obtained from both 

methods. Furthermore, the formation of extended hydrogen-bonded networks of 

multiple L7 units within the larger aggregate structures (as exemplified by the 

magenta-coloured motif [((L7)3H)(AuCl4)2]
− ), and the possibility of multiple L7 units 

within different structural motifs interacting simultaneously with the same AuCl4
− unit 

(several instances of which can be seen in the equilibrated simulation geometry) would 

allow for the relatively high values of the L7:Au ratio suggested by slope analysis in 

comparison to the 1:1 ratio that would be expected in a simple ion-pairing mechanism. 

 

3.4.3 – Behaviour of L7 compared with secondary and tertiary 

amides L8 and L9  

 

In the light of the apparent efficacy of the primary amide L7 as a selective extractant 

for gold, and in an effort to further understand the chemical origin of its selectivity, 

the secondary and tertiary amide analogues (L8 and L9 respectively) were synthesised 

by co-workers, and their extractant strengths tested by experiment. The percentage of 

available gold extracted from an aqueous solution by each of L7, L8, and L9 in model 

extraction experiments, with varying concentrations of HCl in the aqueous solution, is 

shown in Figure 3.18. 
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Figure 3.18 – Loading of gold from aqueous solutions of varying [HCl] into a toluene solution of L7, L8 

or L9. Conditions: 2 mL 0.01 M Au(III) in 0-11 M HCl, 2 mL of 0.1 M L in toluene, phases contacted for 

1 h at RT with magnetic stirring. 

 

It was found that secondary and tertiary amides L8 and L9 were capable of extracting 

higher percentages of gold at low HCl concentrations that the primary amide L7, and 

maintained high extraction percentages at higher HCl concentrations. While the 

apparent increased extractant strength of L8 and L9 does not in itself confirm or explain 

any trends in selectivity between the different extractants, understanding the origins of 

the observed patterns in extractant strength could grant an improved understanding of 

the chemical mechanism of extraction by the three reagents, which in turn could help 

to rationalise the trends in selectivity. 
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3.4.3.1 – Protonation of L8 and L9 

 

The geometries of L8 and L9, as well as the monomeric and dimeric protonated 

structures LH+ and L2H
+ of each of the two (in analogy with the most favourable 

calculated protonated structures of L7) were optimised, and are shown in Figure 3.19. 

 

 

 

Figure 3.19: Geometry-optimised structures of the monomeric (LH+) and dimeric (L2H+) protonated 

forms of secondary amide extractant L8 and tertiary amide extractant L9. Hydrogen bonds are indicated 

by dotted lines. Optimisations were performed using the M06 functional and the 6-31+G* basis set for 

all atoms. 
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Using the calculated internal energies of these structures, the protonation energies for 

L8 and L9 can be calculated, with respect to the reactions outlined in Equations 3.12 

and 3.13. 

½ L2 + H3O+  ⇌ LH+ + H2O                                  Equation 3.12 

L2H+ + AuCl4
−  ⇌ [(L2H)AuCl4]                             Equation 3.13 

The calculated values of the protonation energy of L8 and L9 are shown in Table 3.11, 

alongside the previously calculated equivalent values for L7 for comparison. 

 

Table 3.11: Calculated values of protonation energy to produce structures LH+ and L2H+ for each of the 

amide reagents L7, L8 and L9, in accordance with the reactions outlined in Equations 3.12 and 3.13. 

Values are derived from calculations performed using the M06 functional and the 6-31+G* basis set 

for all atoms. 

Reagent Protonation energy (kJ mol-1) 

 LH+ L2H+ 

L7 -179.6 -270.0 

L8 -200.1 -326.0 

L9 -231.9 -356.9 

 

 

For both the monomeric and dimeric structures of the protonated extractants, the 

calculated protonation energies of L8 and L9 are significantly greater than those of L7. 

As generation of the protonated forms of these extractants is required for extraction of 

AuCl4
− to proceed, these results provide a plausible explanation for experimental 

observations that L7 requires higher concentrations of acid in the test solution than L8 

and L9 in order to reach its maximal level of gold extraction (see Figure 3.18). 
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3.4.3.2 – Interactions of L(7-9) with chloride 
 

One conceivable explanation for the observed declines in gold extraction by L(7-9) at 

high concentrations of HCl is the promotion of competing interactions (represented in 

Equations 3.14 and 3.15) between protonated L(7-9) amide units and chloride ions, 

which will be present in vast excess at high concentrations of HCl, inhibiting the 

formation of extractable gold-containing species.  

 

LH+ + Cl−  ⇌ [LHCl]                              Equation 3.14 

L2H+ + Cl−  ⇌ [L2HCl]                            Equation 3.15 

To assess the veracity of this explanation, the geometries of the chloride adducts of 

LH+ and L2H
+ for extractants L(7-9) were optimised. The optimised geometries of these 

adducts are shown in Figure 3.20. 
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Figure 3.20: Geometry-optimised structures of the adducts formed by the interaction of chloride with 

the monomeric (LH+) and dimeric (L2H+) protonated forms of amide extractants L7, L8 and L9. 

Optimisations were performed using the M06 functional and the 6-31+G* basis set for all atoms. 

 

By comparison of the calculated internal energies of these species with the calculated 

internal energies of the component ions in isolation (as per Equations 3.14 and 3.15), 

the energies of formation of these chloride adducts can be calculated. The calculated 

values are shown in Table 3.12. 
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Table 3.12: Formation energies of chloride adducts [LHCl] and [L2HCl] of amide extractants L7, L8 and 

L9. Formation energies of [LHCl] and [L2HCl] are defined as the change in total internal energy during 

the reactions outlined in Equations 3.14 and 3.15 respectively. Values are derived from calculations 

performed using the M06 functional and the 6-31+G* basis set for all atoms. 

Reagent Chloride adduct formation energy (kJ mol-1) 

 [LHCl] [L2HCl] 

L7 -526.2 -414.0 

L8 -500.5 -367.4 

L9 -477.0 -368.4 

 

It is clear from these results that for all reagents, it is greatly more favourable for a 

chloride ion to associate to the monomeric form of the protonated reagent (LH+) than 

to the dimeric form (L2H
+). Coupled with the likelihood that LH+ will be the 

predominant form of the protonated extractant at high acid concentrations (due to 

shifting of the equilibrium outlined in Equation 3.7), it seems probable that [LHCl] 

will be the prevalent chloride adduct structure present at high concentrations of HCl.  

If this is the case, the trend in the calculated formation energies of [LHCl] for the three 

reagents L(7-9) suggests that formation of this adduct is most thermodynamically 

favourable for L7 and least favourable for L9. This corresponds exactly to the pattern 

observed in extraction experiments (see Figure 3.18) that gold extraction by L7 begins 

to decline at a lower concentration of HCl than extraction by L8, which in turn begins 

to decline at a lower concentration of HCl than extraction by L9. Based on the results, 

it seems likely that these declines in gold extraction are indeed a consequence of 

competing interactions between extractant cations and chloride anions, and that the 

favourability of such interactions governs the value of acid concentration at which gold 

extraction begins to drop. 

3.4.3.2 – Interactions of L(7-9) with tetrachloroaurate  
 

While quantum mechanical geometry optimisation has proven useful in rationalising 

some comparative aspects of the observed extraction behaviour of L(7-9), it is likely 

that, as in studies of L7 described earlier, any differences in the fundamental 
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mechanism of gold extraction between the three reagents will only be evident on a 

larger scale than can be reliably modelled using such techniques.  

Instead, as before, the interactions of L(7-9) with AuCl4
− were investigated through the 

use of classical molecular dynamics simulations. For each reagent, three test systems 

(of identical composition to those described in Section 3.4.2.2, but with increased box 

side lengths of 60 Å) were created, each with the components arranged in a different 

initial configuration. All nine systems were simulated for a total run time of 10.2 ns 

(using identical computational parameters to those used in simulations described in 

Section 3.4.2.2), and representative geometries from the final stages of each simulation 

are illustrated in Figure 3.21. 

 

Figure 3.21 – Representative geometries from classical molecular dynamics simulations 

involving four AuCl4− units, toluene solvent, and ten units of either L7 (upper), L8 (middle) 

or L9 (lower), including four in the protonated form LH+, in a cubic box of side length 60 Å. For clarity, 

only AuCl4− units are shown.  
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In all three simulations featuring L7, all four AuCl4
− anions became incorporated into 

a single aggregate connected by L7 and L7H+ units, a representative geometry of which 

is shown in Figure 3.22. 

 

Figure 3.22 – Representative geometry of a ‘cluster’ of AuCl4
−, L7 and L7H+ units, obtained from one of 

the nine molecular dynamics simulations illustrated in Figure 3.21. 

This behaviour is consistent with that observed in the simulation described in Section 

3.4.2.2, using the smaller periodic boundary condition box size, and is further evidence 

that formation of large aggregates in this manner is a fundamental feature of the 

interactions between L7 and AuCl4
− during gold extraction. 

The same behaviour was observed in simulations involving L8, with the four AuCl4
− 

becoming incorporated into a single aggregate in all three simulations. However, in 

contrast, formation of a single aggregate was only observed in one of the three 
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simulations featuring L9, with one showing the formation of two separate smaller 

aggregates each containing two AuCl4
− units, and the other resulting in the formation 

of one aggregate containing three AuCl4
− units, leaving one AuCl4

− anion unassociated 

with any others. 

This contrast can be visualised in Au-Au radial distribution functions obtained from 

the final 5.0 ns of each simulation (by which time equilibrium was observed to have 

been reached in all simulations), which show the relative abundance of different values 

of r(Au-Au) (i.e. the distances between a given gold atom and the other gold atoms in 

the system) over this time period. The Au-Au radial distribution functions for the 

simulations featuring L7, L8 and L9 can be seen in Figures 3.23, 3.24 and 3.25 

respectively. 

 

Figure 3.23 Au-Au radial distribution functions from the final 5.0 ns of each of three molecular 

dynamics simulations involving the primary amide L7 (black) and their integrals (blue, dotted). 
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Figure 3.24 Au-Au radial distribution functions from the final 5.0 ns of each of three molecular 

dynamics simulations involving the secondary amide L8 (black) and their integrals (blue, dotted). 
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Figure 3.25 Au-Au radial distribution functions from the final 5.0 ns of each of three molecular 

dynamics simulations involving the tertiary amide L9 (black) and their integrals (blue, dotted). 

 

The integrals of the radial distribution functions (illustrated in the above figures using 

blue dotted lines) reach their maximum value of 3.0 at the value of r(Au-Au) for which 

any given gold atom is within distance r of all three of the other gold atoms in the 

systems at all points in time within the period of simulation time analysed. 

For all simulations featuring L7 and L8, the maximal integral value is reached at an 

r(Au-Au) value of around 15 Å, which corresponds to typical Au-Au distances found 

within aggregates such as that shown in Figure 3.22 (for comparison, the largest Au-

Au distance within that particular geometry is 12 Å). However, of the simulations 

featuring L9, in only one simulation does the integral reach its maximal value at around 
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this distance, with the integrals in the other two cases reaching values of only one half 

and one third of the maximum, corresponding to the distribution of AuCl4
− units 

among smaller aggregates as discussed earlier. 

It appears from these results that aggregation of multiple AuCl4
− units occurs less 

readily for L9 than for L7 and L8, which can be rationalised intuitively by the presence 

of only one strong hydrogen-bond donor group in the structure of L9, making it less 

capable of forming hydrogen-bonded bridges between AuCl4
− units than L7 and L8, 

which each have multiple potent donor groups. 

In addition to merely testing for the existence or absence of these aggregates, the 

integrity of the aggregates can be probed by considering the average distances between 

likely donor groups (such as the amide groups) on each extractant unit and the likely 

acceptor sites (i.e. chloride groups) on AuCl4
− units. In each production frame of each 

simulation, the number of amide nitrogen atoms within a distance of 4 Å (representing 

the generally-accepted maximum donor-acceptor distance in a hydrogen bonding 

interaction)30 of at least one chlorine atom was counted. The total count over all frames 

of a simulation was divided by the theoretical maximum value (i.e. the number of 

frames in the simulation multiplied by 10, which is the maximum possible number of 

such interactions in a given frame) and multiplied by 100 to give the average 

percentage of nitrogen atoms within the threshold distance of a chlorine atom at any 

given point in the simulation. The calculated percentages for all nine simulations, as 

obtained using a purpose-built Fortran 95 script (see Appendix 2) are shown in Table 

3.13. 
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Table 3.13: The average percentage, at any given time, of amide nitrogen atoms located within a 

distance of 4 Å from at least one chloride atom, over the course of three molecular dynamics 

simulations involving each of L7, L8 and L9.  

Reagent Average percentage of amide N atoms within 4 Å of at least 

one Cl atom 

 Simulation 1 Simulation 2 Simulation 3 

L7 66.0 66.2 62.5 

L8 47.9 43.3 43.0 

L9 9.6 13.2 13.1 

 

The calculated percentages are fairly consistent across all three simulations for each 

extractant, suggesting that the differences in values seen between different extractants 

are representative of intrinsic behavioural differences between extractants, rather than 

being consequences of random variation. 

As one might expect, the percentage of amide nitrogen atoms within typical hydrogen-

bonding distance of chloride groups is markedly lower for L9 than for both L7 and L8, 

almost certainly due to the lack of any strong hydrogen-bond donor groups in the 

amide moiety of L9. However, it was also found that the percentage was significantly 

lower for L8 than for L7, suggesting that the interactions between extractant and anion 

are less persistent for L8 than for L7. A likely explanation for this is the increased steric 

hindrance caused by the additional methyl group in the amide moiety of L8, which 

could limit the flexibility of the extractant, likely a significant factor in the stability of 

the resulting aggregates. 

As the formation of these aggregates appears to be a fundamental feature of gold 

extraction by these reagents, it seems plausible that the apparent superior stability of 

the aggregates formed by L7 compared to those formed by L8 and L9 could contribute 

to the greater selectivity for gold over other metals exhibited by L7 compared to L8 

and L9. It should be noted that the square planar geometry exhibited by AuCl4
− is 

relatively uncommon among chloridometalates, with most others likely to be present 

in industrial mixed-metal feeds exhibiting tetrahedral or octahedral geometry.31 If the 

square planar geometry of AuCl4
− is in some way particularly conducive to the 
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formation of aggregates of this nature in comparison to other geometries, it would be 

intuitive that the strong propensity of L7 to form these aggregates would impart 

particular selectivity for gold over other metals. Applying the methods described here 

to comparable systems involving other metals may allow this to be determined. 

 

3.5 – Summary and conclusions 

For all amidoamine and amidoether reagents L(1-6), chelation of a proton between the 

carbonyl and amine/ether functional groups within the extractant structure was found 

to confer significant thermodynamic stability to the protonated forms of these reagents. 

Protonation of amidoamine reagents was found to be substantially more favourable 

than that of the amidoether L6, due to the apparent relative unfavourability of 

protonation of the ether group in L6 compared to the corresponding amine group in the 

amidoether reagents. Furthermore, protonation of tertiary amidoamines L1 and L2 was 

found to be more favourable than that of secondary amidoamine L4, due to the latter's 

propensity to form hydrogen-bonded dimers in its neutral state which must be broken 

upon protonation. 

For L2 and L4, the most stable conformations of the extractant-hexachloroplatinate 

assembly [(LH)2(PtCl6)] were found to involve the disruption of the intramolecular 

proton-chelating interactions with the extractant cations, allowing both functional sites 

within the cation to address hexachloroplatinate directly. However, the proton chelates 

were found to be preferentially retained in the equivalent assemblies featuring L1 and 

L6, believed to be consequences of the aforementioned instability of protonation of the 

ether group in L6 and steric hindrance caused by the additional phenyl groups present 

within L1. 

By combining the calculated energies of protonation and of association to PtCl6
2-, 

values for the overall energy of formation of the extractable assemblies were obtained. 

These were found to correlate with the extractant strengths of these reagents as 

determined by experiment, with tertiary amidoamine L2 producing a greater value of 

assembly formation energy than secondary amidoamine L4, which in turn produced a 

significantly greater value than secondary amidoether L6, in good agreement with 
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trends in experimentally-determined extractant strength. Assembly formation energy 

(and thus extractant strength) was found to be primarily determined by the 

favourability of protonation of the extractant. Furthermore, all amidoamine and 

amidoether reagents were found to exhibit strong selectivity for PtCl6
2- over chloride 

(again in agreement with experimental observations), with NBO analysis revealing a 

multitude of significant interactions between PtCl6
2- and a wide array of donor sites 

within the extractant units, which are proposed to be the origin of this selectivity. 

Protonation of the primary extractant L7 was found to yield two favourable structures, 

the monomeric L7H+ and dimeric (L7)2H
+, the relative prevalences of which are likely 

to depend on the concentration of H+ in the system. Both of these protonated structures 

were found to form stable pseudo-bidentate interactions with AuCl4
2- anions, as well 

as bridging interactions between multiple AuCl4
2- units simultaneously. These findings 

were replicated in classical molecular dynamics simulations, which showed the 

formation of large aggregates containing multiple AuCl4
2- units bridged by hydrogen-

bonded networks of L7 units. The formation of such aggregates is consistent with 

experimental results, which indicate irregular ratios of L7 to gold in the species formed 

during gold extraction by L7, much larger than the ratios which would be expected 

from the simple ion-pairing mechanism previously seen in platinum extraction by 

aminoamide/aminoether extractants. 

Protonation of L7 was calculated to be less favourable than protonation of its secondary 

and tertiary amide analogues L8 and L9, consistent with experimental observations that 

higher acid concentrations are required in order for L7 to reach its maximal extraction 

efficiency in comparison to L8 and L9. Furthermore, interactions between chloride ions 

and L7H+ cations were found to be more favourable than the equivalent interactions 

with L8H+ and L9H+, which accounts for experimental observations of gold extraction 

by L7 beginning to decline at lower concentrations of chloride than in gold extraction 

by L8 and L9. However, analysis of molecular dynamics simulations suggests that 

formation of supramolecular aggregates occurs more readily with L7 than with L8, and 

significantly more so than with L9, presumably due to the differences in the numbers 

of N-H donor groups available to participate in hydrogen-bonding networks. The 

ability of L7 to form these aggregates so effectively could provide an explanation for 
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the observed selectivity of L7 for gold over other metals, though further calculations 

involving other metals will be required to determine this definitively. 
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CHAPTER 4: EXTRACTION OF COBALT(II) AND 

ZINC(II) BY CYANEX® 272 

 

4.1 – Introduction 

Cobalt has been identified by governmental bodies worldwide as a ‘critical material’,1–

3  and, as an overwhelming majority of the world’s supply arises as a by-product of 

nickel and copper production,3 it is important to develop efficient separation processes 

for its recovery. Hydrophobic derivatives of phosphorus acids, including the 

commercially available reagents DEHPA® (the di-2-ethylhexyl ester of phosphoric 

acid), PC-88A (the 2-ethylhexyl ester of 2-ethylhexylphosphonic acid) and 

CYANEX® 272 (bis(2,4,4-trimethylpentyl)phosphinic acid), are known to show 

selectivity for Co over Ni in the recovery of these metals by solvent extraction; 

previous studies have determined cobalt/nickel separation factors of 2.2 and 5 for 

DEHPA®, 21 and 71 for PC-88A, and values as high as 380, 830 and 2700 for 

CYANEX® 272.4,5,6  

It is recognized that these reagents form very stable dimers (II in Figure 4.1) in the 

non-polar hydrocarbon diluents used commercially, and that interligand hydrogen 

bonding is usually retained when metal cations are bound, leading to the formation of 

pseudo-chelated structures.7 This results in the stoichiometry of extraction involving 

twice the number of phosphorus acid molecules that would be required to generate a 

charge-neutral, hydrocarbon-soluble, complex (Equation 4.1) if they were all present 

as their conjugate anions.  
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Figure 4.1: Monomeric (I) and dimeric forms (II) of phosphorus acid proligands, LH, showing the 

retention of interligand hydrogen bonding on formation of a charge-neutral tetrahedral complex, 

[M(L.LH)2], with M2+. 

The pseudo-chelate rings formed by the [L.LH]−  units provide a good fit for tetrahedral 

1st transition-metal period dications, which accounts for the selectivity for Co(II) over 

Ni(II) shown by CYANEX® 272.4,5,6 Similarly, the high selectivity for Zn(II) shown 

by DEHPA®,  applied widely in commercial Zn-recovery,8 is attributed to the 

formation of pseudo-chelates of the form [ZnL2.LH].9  

 

n[(LH)2]org   +  Mn+ ⇌ [M(L.LH)n]org + nH+   Equation 4.1  

 

As the application of CYANEX® 272 in the separation of cobalt from nickel in sulfate 

media is of great commercial interest, it has been the subject of a number of literature 

reports.10–12 As would be expected for this pH-swing process (Equation 4.1), higher 

levels of metal loading into an organic phase are achieved when CYANEX® 272 is 

used to extract metals as the pH of the aqueous phase is increased, but studies have 

also shown that a significant increase in the viscosity of the water-immiscible phase 

occurs at high Co loading. As a result, care must be taken to choose appropriate reagent 
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concentrations in order to control viscosity and avoid disrupted flow and slow phase 

disengagement.   

The origins of the increase in viscosity are poorly understood in the context of the 

supramolecular and coordination chemistry exhibited by CYANEX® 272. While solid-

state structures of metal complexes of phosphinates are well-defined, and their 

propensity to form polynuclear species with bridging phosphinate ligands widely 

reported, the relevance of this phenomenon to solution structures is less well-studied. 

In the solid state, ten different binding motifs in both mono- and polynuclear 

complexes have been identified in which an individual phosphinate group can bind up 

to five metal atoms.13  Most commonly, phosphinate complexes contain M-O-PR2-O-

M units (a in Figure 4.2) in oligomeric and polymeric structures. The implication that 

similarly high molecular weight complexes are formed in solution is particularly 

relevant to solvent extraction when metal-loading results in increased viscosity of the 

organic phase. Formation of 4-membered chelate rings (b in Figure 4.2) is very rare, 

being recorded only 3 times in solid state structures.   

 

Figure 4.2: (a) The most common binding motif identified in alkyl- or arylphosphinate complexes in 

the solid state has 260 occurrences compared with just 3 occurrences of the 4-membered chelate 

structure (b) in a total of 552 structures retrieved when the survey of the CCDC was conducted.13 

While the formation of aggregates at high Co(II) loading levels has been proposed,14 

relatively little experimental evidence of aggregate formation, or of the structures of 

such aggregates, has been reported. Generally, studies of the solvent extraction of 

Co(II) from sulfate media using CYANEX® 272 have proposed only mononuclear 

extracted species consisting of Co(II) and hydrogen-bonded dimers of phosphinic acid 

(see Figure 4.1).10,11 
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In this chapter, the speciation of the cobalt-compounds formed by CYANEX® 272 is 

studied in the context of the propensity of phosphinate ligands to show unusual 

supramolecular chemistry based on H-bonding and to form oligomeric complexes 

rather than simple 4-membered chelate rings (see above). The work involves the 

application of a wide variety of experimental characterization techniques, including 

the combination of electrospray ionisation mass spectrometry (ESI-MS) and matrix-

assisted laser desorption ionisation time-of-flight (MALDI-TOF) mass spectrometry, 

along with proton-decoupled 31P NMR spectroscopy of both paramagnetic and 

diamagnetic complexes and diffusion-ordered NMR spectroscopy (DOSY NMR). 

These are complemented by computational analysis, with computational geometry 

optimization calculations identifying the most stable gas phase Co(II)-containing 

species and determining the thermodynamic driving forces for their interconversion.  

 

4.2 – Experimental 

Solvents and reagents were used as received from Solvay, Sigma-Aldrich, Fisher 

Scientific UK, Alfa Aesar, Acros Organics or VWR International. Deionised water 

was obtained from a Milli-Q purification system.  

Reagent definitions: The structures of the phosphinic acid L1H (the main component 

of CYANEX® 272), the phosphine oxide impurity L2, and their methyl analogues L3H 

and L4 used in computational studies, are shown in Figure 4.3.   
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Figure 4.3: The structures of L1H, the main component of the extractant CYANEX® 272 and its 

phosphine oxide impurity, L2. L3H and L4 were used as models in computational studies and L5H and 

L6H are present in the solid state structures of [py3Co(µ2-L5)3CoCl] and [Co(µ2L6)2]  discussed 

below.15,16 

 

General Extraction Procedure: All metal stock solutions contained 20 g L-1 metal 

(as CoSO4•7H2O, ZnSO4•7H2O or anhydrous Fe2(SO4)3 for Co(II), Zn(II) and Fe(III) 

respectively) in deionised water. Except where otherwise stated, the water-immiscible 

(organic) phases  consisted of 10% (by volume) CYANEX® 272 (an extractant 

consisting of 85% bis(2,4,4-trimethylpentyl)phosphinic acid, along with small 

quantities of tris(2,4,4-trimethylpentyl)phosphine oxide and other impurities) in the 

commercial dearomatised kerosene diluent ISOPAR M. In experiments where the 

concentration of phosphine oxide impurity was varied, this was achieved by 

substituting varying proportions of CYANEX® 272 with CYANEX® 272Y (a purer 

formulation of CYANEX® 272 with negligible phosphine oxide content). 
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All volumes were measured with 1 mL and 5 mL Rainin edp3 automatic pipettes. 

Extraction mixtures consisted of 8 mL organic phase, 4 mL metal stock solution and 

4 mL of a mixture of deionised water and either 1 M H2SO4 or 1 M NaOH stock 

solutions, the proportions of which were varied in order to vary the pH of the extraction 

mixture (monitored using an Ionode IJ44 pH electrode). To perform extractions, 

mixtures were prepared in vials, sealed, and then subjected to vigorous magnetic 

stirring at a rate of approximately 900 rotations per minute overnight at room 

temperature, conditions under which equilibrium is known to be achieved.6 After 

separation, both the organic and aqueous phases were centrifuged for 15 minutes to 

remove entrained material. In some cases, where stated, the organic phase was pre-

loaded with low concentrations of Fe(III) by performing an extraction by the procedure 

described above using Fe(III) stock solution in the aqueous phase, before using the 

resulting pre-loaded organic phase in a second extraction (of Co(II) ) by the same 

procedure. 

Loading levels were determined by measurement of the metal concentrations of 

aqueous phases (for Co and Zn) and organic phases (for Fe), using inductively coupled 

plasma optical emission spectroscopy (ICP-OES), with a Perkin Elmer Optima 

5300DC spectrometer. Aqueous phase samples were diluted 1:400 in 2% nitric acid 

and taken up by a peristaltic pump at a rate of 1.5 mL min−1 into a Gem Tip cross flow 

nebuliser and a Scotts spray chamber, while organic phase samples were diluted 1:400 

in 1-methoxy-2-propanol and taken up by a peristaltic pump at a rate of 2.0 mL min−1 

into a Gem Tip cross flow nebuliser and a Glass Cyclonic spray chamber. Argon 

plasma conditions were: 1500 W RF forward power, argon gas flows of 20, 1.4 and 

0.45 L min-1 for plasma, auxiliary and nebuliser flow, respectively. ICP-OES 

calibration standards for cobalt, zinc, and iron were obtained from VWR International 

or Sigma-Aldrich. 

Metal loading levels are reported as percentages, relative to the theoretical maximum 

quantity of metal which could be extracted by the amount of phosphinic acid present 

in the organic phase, assuming a 2:1 stoichiometry of phosphinate to metal in the 

extracted metal complex (see Appendix 4 for details).  
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Viscosity: Viscosities were recorded on a HAAKE MARS rotational viscometer using 

a constant shear rate of 70 s-1 over a period of 60 seconds at 293 K, a gap size of 0.5 

mm and a sample volume of 1.45 mL. 

 

NMR spectroscopy: 31P{1H} NMR and DOSY spectra were recorded on a Bruker 

PRO500 spectrometer as d6-benzene solutions. All measurements were performed at 

300 K, at a frequency of 202.40 MHz for 31P and 500.12 MHz for 1H. Spectra were 

analysed using the MestReNova software.17 

For Co extraction, peak integrals were calculated as a means of quantifying the relative 

proportions of species present in the organic phase. Assuming L2 to be insignificantly 

involved in the extracted cobalt species below high loading levels, the ratio of the 

integrals of the peaks corresponding to unassociated L1H and L2 was used to monitor 

the change in proportion of L1 associated to cobalt as Co loading increases. By 

comparison with the known absolute concentrations of unassociated L1H in the 

organic phase at 0% loading and of Co in the organic phase at 100% loading, the 

proportion of unassociated L1H versus Co uptake in the organic phase was calculated, 

and the stoichiometries of extracted species inferred (see Appendix 5 for detail). 

 

Mass spectrometry: Electrospray ionisation mass spectra (ESI-MS) were recorded on 

a Bruker 12 T SolariX mass spectrometer, with samples diluted into a 3:1 mixture of 

methanol and chloroform. MALDI-TOF mass spectra were recorded on a Bruker 

UltraflexExtreme mass spectrometer, with solutions of sample (1 mg mL-1 in 

chloroform) mixed with solutions of dithranol (20 mg mL-1 in chloroform) in a 1:10 

ratio before spotting on the sample plate. Spectra were analysed using the Bruker 

Compass DataAnalysis software, with peaks assigned manually. 

 

Computational Methods: All geometry optimisation calculations were performed 

using the Gaussian 09 software package.18 The M06 functional was used in all 

calculations,19 along with the LANL2DZ basis set and its associated pseudopotential 

for Co and the 6-31+G* basis set for all other atoms.20  Structures were considered 
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optimised when the standard convergence criteria (maximum force of 4.5  10−4 

Hartrees/Bohr on any atom, maximum RMS force of 3.0  10−4 over all atoms, 

maximum atomic displacement of 1.8  10−3 Bohr for any atom, and maximum RMS 

atomic displacement of 1.2  10−3 Bohr over all atoms) were reached. 

 

4.3 – Results and discussion 

As much of the experimental work in this study involves comparison of the behaviour 

of organic-phase CYANEX® 272 solutions at different levels of Co(II) loading in a 

solvent extraction experiment, it was essential to devise protocols such that loading 

levels were reproducible.  

 

4.3.1 – Cobalt loading and organic phase viscosity 
 

The pH-dependence of Co loading was established through a series of test extractions 

at varying pH (Figure 4.4) and these data dictated the amounts of acid or base required 

to obtain samples of particular Co loading levels for subsequent measurements.   
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Figure 4.4: The pH dependence of loading of Co(II) from an aqueous phase into an organic phase of 

CYANEX® 272 (0.27 M) in ISOPAR M. 

In common with other reports,14 viscosity levels of the organic phase were found to 

rise sharply when Co- loading exceeded 80%. Very similar behaviour was observed 

with the loading of Zn2+ [see Figure 4.5(a)].  
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Figure 4.5: The variation of viscosity of (a) CYANEX® 272 in ISOPAR M loaded with Co (black circles) 

and Zn (blue triangles) and (b) ISOPAR M containing mixtures of CYANEX® 272 and CYANEX® 272Y in 

proportions of 100% CYANEX® 272:0% CYANEX® 272Y (black dots), 75%:25% (green squares), 50%:50% 

(pink triangles), 25%:75% (blue stars) and 0%:100% (red crosses), at varying Co loading levels. 

 

The role of the impurities in CYANEX® 272 (which account for around 10% of the 

formulation) was explored by repeating extractions using CYANEX® 272Y, which 

contains negligible quantities of the phosphine oxide L2 (Figure 4.3). The CYANEX® 

272Y solution in ISOPAR M was diluted to ensure that it contained the same molar 

concentration (0.27 M) of the phosphinic acid, L1H, as corresponding solutions of 

CYANEX® 272. The extractant formulation containing no phosphine oxide, L2, 

produced very similar viscosity levels at low Co loading levels to those using 



 

103 
 

formulation containing L2, but once the critical loading level of 80%, had been 

reached, the subsequent rise in viscosity was considerably greater [see Figure 4.5(b)]. 

This effect was investigated further by mixing CYANEX® 272Y in different 

proportions with CYANEX® 272 (whilst maintaining a consistent concentration of the 

phosphinic acid extractant L1H). The extractant formulations containing greater 

proportions of CYANEX® 272Y (and therefore lower quantities of L2) exhibited 

higher levels of viscosity [see Figure 4.5(b)].  

In order to determine the solution structures of the species responsible for high 

viscosity at high Co loading, various methods were applied to define the stoichiometry 

of the Co complexes formed in the water-immiscible phase. 

 

4.3.2 – NMR spectroscopic analysis 
 

As the phosphinic acid L1H and the phosphine oxide impurity L2 each contain only a 

single phosphorus environment, 31P{1H} NMR spectroscopy offers the means to 

analyse the relative concentrations of species present in the organic phase. The 31P{1H} 

NMR spectrum for CYANEX® 272 was recorded [see Figure 4.6(a)] and showed an 

intense singlet at 58 ppm corresponding to the phosphinic acid, L1H, accompanied by 

a much smaller singlet at 46 ppm due to the phosphine oxide impurity L2. The 

resonance corresponding to L2 was not detected in the 31P{1H} NMR spectrum of 

CYANEX® 272Y (see Appendix 7).  

The 31P{1H} NMR spectra of organic phases containing CYANEX® 272 after loading 

with varying quantities of Co(II) showed dramatic changes (see Figure 4.6). At 42% 

Co loading, the signal due to L1H was noticeably broadened, and at 58% loading it 

was difficult to detect (spectra b and c). At that point, it can be assumed that all 

phosphinic acid, L1H, was bound to the paramagnetic Co2+ ion. The signal due to L2 

remained sharp at 42% Co loading, suggesting that none was bound to Co(II), although 

there was a shift to lower frequency associated with the change in bulk susceptibility 

of the solvent. No other 31P{1H} resonances were observed in the range -1000 to 1000 

ppm at any the Co loading levels examined.  At 58% Co loading, the signal for L2 was 

broadened, and at 90% Co loading it was no longer detected. This is believed to be a 
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consequence of the build-up of paramagnetic material in the system as Co loading 

reaches high levels, rather than incorporation of L2 in Co(II) complexes, as the signal 

due to L2 did not disappear in this manner at high loading in similar experiments 

involving diamagnetic Zn(II) (see Figure 4.8). 

 

Figure 4.6: 31P{1H} NMR spectra obtained from ISOPAR M solutions of CYANEX® 272 with (a) zero Co 

loading, (b) 42% Co loading, (c) 58% Co loading, and (d) 90% Co loading. 

If the assumptions are made that the phosphine oxide impurity, L2, does not contribute 

significantly to the formation of extracted cobalt species at loading levels, below that 

at which viscosity begins to rise, and that peak suppression due to residual 

paramagnetism affects both signals proportionately, then the ratio of the area of the 

L1H signal to that of the L2 signal can be used to evaluate the proportion of the 
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uncomplexed phosphinic acid at a given (low) Co loading level. The proportion of free 

phosphinic acid, L1H, remaining in the organic phase does not vary linearly with Co 

uptake, with consumption of L1H being greater at low (< 50%) Co loading (see Figure 

4.7). The mean gradient of the graph in the range of 0-20% Co loading corresponds to 

the consumption of 3.92 moles of phosphinic acid for every mole of Co(II) transferred 

into the organic phase (see Appendix 5 for further detail), and suggests that, at low Co 

concentration, the 4:1 ligand:metal complex [Co(L1.L1H)2] is formed (see Figure 4.1).  

Similar calculations for the Co loading in the range 20-60% suggest that on average 

2.42 moles of phosphinic acid are consumed per mole of Co(II) extracted, consistent 

with the presence of a mixture of the mononuclear complex [Co(L1.L1H)2] and 

polynuclear complexes with formulae such as [(L1H)Co(L1) 3Co(L1)]. 

The integral of the resonance due to L1H (and thus the L1H:L2 integral ratio) reaches 

zero at a Co loading level of around 70%, which is close to the critical Co loading level 

above which organic phase viscosity begins to rise rapidly. This supports the notion 

that the onset of the increase in viscosity occurs when Co loading reaches such a level 

that there is no free L1H in the system to allow further formation of mononuclear and 

small polynuclear species.  

The incorporation of the phosphine oxide L2 into oligomeric complexes could increase 

the total Co uptake as all the phosphinic acid is present as its conjugate anion [L1]− 

and the resulting complexes have a 1:2 Co:L1 molar ratio. A corollary is that identical 

Co loadings will be associated with lower (average) molecular weights when L2 is part 

of the complex formed. This is consistent with the lower viscosity being observed 

when CYANEX® 272, which contains 10% phosphine oxide, L2, is used as the 

extractant (see Figure 4.5).  
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Figure 4.7: The ratio of the integrals of peaks L1H and L2 in 31P{1H} NMR spectra of ISOPAR M 

solutions of CYANEX® 272 with different levels of Co loading.  

Diffusion-ordered NMR spectroscopy (DOSY) could be used to investigate whether 

high molecular weight compounds are formed under conditions that result in high Co 

loading. However, as complexes of Co(II) are paramagnetic, studies of the uptake of 

Zn(II) by CYANEX® 272 were undertaken, as this metal showed a similar loading 

profile and viscosity dependence on loading levels to those for Co(II) (see Figure 4.5). 

The diffusion coefficients (which vary inversely with the hydrodynamic radius of the 

corresponding species) were determined as a function of the chemical shifts of 31P{1H} 

signals for solutions of CYANEX® 272 loaded with varying levels of Zn(II) (Figure 

4.8). Resonances labelled A and B correspond to L1H and L2 in metal-free CYANEX® 

272. At 18% Zn loading, an additional resonance (C) of lower intensity and a higher 

hydrodynamic radius was observed which can be ascribed to a Zn-containing complex. 

At 69% Zn loading, resonance A was absent (no uncomplexed phosphinic acid, L1H, 

remained) and two new resonances (D and E) appeared. These had different chemical 

shifts but identical diffusion coefficients, suggesting that they were due to two 

different phosphorus environments within a single oligomer. At 90% Zn loading, well 
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above the critical level at which viscosity began to rise substantially, two further broad 

resonances (F and G) can be seen. These arise from compounds of significantly higher 

hydrodynamic radii, which is consistent with much larger oligomers being formed at 

high Zn loading. Generally, the intensity of resonance G is greater at lower values of 

diffusion coefficient than that of resonance F, indicating that the phosphorus 

environment responsible for resonance G occurs disproportionately in polymers of 

relatively low molecular weight. It is possible that resonance G corresponds to units 

of the phosphine oxide L2 which have become incorporated into the polymer structure, 

terminating the growth of the polymer and thus creating lower molecular-weight 

species. This provides an explanation for the observation that the inclusion of L2 in the 

organic phase moderates the increase in organic phase viscosity seen at high metal-

loading levels (see Figure 4.5(b)). 
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Figure 4.8: DOSY spectra; plots of diffusion coefficient against 31P{1H} NMR chemical shift for 

solutions of CYANEX® 272 with zero, 18%, 69% and 90% Zn loading (a to d respectively). 
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4.3.3 – Mass spectrometric analysis 
 

The ESI-MS of an organic phase solution with 42% Co loading was recorded (Figure 

4.9) and no major ions with m/z > 1800 were observed. The ion at m/z 1218.9 was 

assigned to a protonated form of the mononuclear complex [Co(L1.L1H)2] which was 

assumed to be the dominant species at low Co loading.10,11  

 

 

Figure 4.9: Positive-ion ESI-MS obtained from an organic phase with 42% Co loading of CYANEX® 

272. 

The ion of m/z 1566.1 contains two Co atoms and five L1 units, and is most plausibly 

formulated as [(L1H)Co(L1)3Co(L1H)]+ with three bridging phosphinates and two 

capping phosphinic acids.  The linking of two Co(II) atoms with three bridging 

phosphinate ligands was observed in the solid state structure of [py3Co(µ2-

L5)3CoCl].15 A dinuclear complex of this nature, with both bridging and terminal L1 
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units, is likely to be responsible for the resonances D and E in DOSY NMR spectra at 

medium and high loading (see Figure 4.8). This is supported by the observation of 

exactly equivalent peaks in ESI-MS spectra of Zn-loaded organic phases (see 

Appendix 6). 

The ions of m/z 1315.1, 1411.2, 1663.3 and 1759.4 can only be assigned with 

chemically reasonable formulae if one or two L1 units in [Co(L1.L1H)2]
+ or 

[(L1H)Co(L1)3Co(L1H)]+ are replaced by the phosphine oxide L2, resulting in ions of 

empirical formulae [Co(L1)3(L
2)H2]

+, [Co(L1)2(L
2)2H]+, [Co2(L1)4(L2)H]+ and 

[Co2(L1)3(L2)2]
+ (Figure 4.9). A curious feature of this mass spectrum is that ions 

containing the phosphine oxide L2 have disproportionally high intensities compared 

with the concentration of L2 in CYANEX® 272 as used in the extraction. The 

possibility that L2 is generated by disproportionation of L1H in the ESI-MS apparatus 

can be discounted because much lower intensities of L2-containing peaks are found in 

spectra using the ‘pure’ reagent CYANEX® 272Y and there is no evidence in the mass 

spectrum for the formation of 2,4,4-trimethylpentylphosphonic acid. A more credible 

alternative is that L2-containing cationic complexes are more stable or more readily 

generated in the electrospray ionization process.  

Further evidence for the formation of oligomeric/polymeric complexes at high Co 

loading is found in the MALDI-TOF mass spectrum of 100% Co-loaded CYANEX® 

272 in a chloroform/dithranol matrix (Figure 4.10).  Ions of m/z 985.9, 1623.3 and 

2260.6 can be assigned to fragments of the oligomers 

[(L1.L1H)Co{(L1)2Co}n(L1.L1H)] with a repeat unit of [Co(L1)2] (formulae 

[Co2(L1)3]
+, [Co3(L1)5]

+, and [Co4(L1)7]
+ respectively) formed at high Co loading. The 

proposition that complexes of generic formula [Con(L1)n+1]
+ are formed by 

fragmentation of a polymer during the ionization process is supported by the 

observation that the intensity of the higher m/z [Con(L1)n+1]
+ peaks increases relative 

to that of the lower m/z peaks when the laser power is reduced.   
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Figure 4.10: MALDI-TOF mass spectra obtained from a highly viscous organic phase containing 

CYANEX® 272 with Co2+ loaded to a level of 100%, using laser power settings of (a) 70% and (b) 1%. 

 

Prominent peaks could be assigned to the fragments [Zn2(L1)3]
+ and [Zn4(L1)7]

+ in a 

spectrum of a viscous Zn-loaded sample (see Appendix 6), indicating that a similar 

oligomerisation occurs at high Zn loading, and supporting the assignment of the low-

diffusivity species observed in DOSY analysis (see Figure 4.8(d) ) to oligomeric 

species. 

As the formation of oligomeric, phosphinate-bridged, species is of considerable 

significance to the efficiency of Co transfer in commercial operations, it is appropriate 

to consider what factors could influence the effective concentration of L1H under 

various operating conditions. As mentioned above, it appears that the phosphine oxide 

L2 can replace L1H as end groups in oligomers at very high Co loadings and thus 

increase the effective concentration of extractant. The uptake of anions such as SO4
2−, 

HSO4
− or OH− from the aqueous phase and incorporation into complexes in the organic 

phase could also achieve this. There is some evidence that sulfate is transferred in the 

extraction of copper, based on the Cu-loading dependence on sulfate concentration,21 

but in this study, no evidence for the presence of SO4
2− or HSO4

− was found by mass 

spectrometry or by ICP-OES analysis of organic phases.   
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4.3.4 – Computational analysis 
 

Geometry optimisation calculations were undertaken in order to assess the stability of 

the various complexes proposed above, and to rationalise their formation. For the 

purposes of these calculations, the phosphinic acid L1H and phosphine oxide L2 were 

replaced by their methyl-substituted analogues, L3H and L4, respectively (see Figure 

4.3) in order to reduce computational expense associated with differentiating between 

very large numbers of conformers of the 2,4,4-trimethylpentyl groups in CYANEX® 

272. The thermodynamic stability of [Co(L3.L3H)2], used as a model for the 

mononuclear cobalt-containing species formed at low Co loading of CYANEX® 272, 

was compared to that of the mononuclear complex containing two bidentate 

phosphinate ligands, [Co(L3)2], see Figure 4.11), by evaluating the internal energy 

charge associated with the reaction expressed in Equation 4.2: 

 

[Co(L3)2] + (L3H)2  ⇌  [Co(L3.L3H)2]                                Equation 4.2 

 

The internal energy of [Co(L3.L3H)2] was calculated to be 112.6 kJ mol-1 lower than 

the sum of the internal energies of the compounds on the left hand side of Equation 

4.2, indicating a strong thermodynamic impetus for the reaction to proceed in the 

forward direction. Phosphinic acid dimers (LH)2 are generally accepted to be the 

lowest-energy forms of free phosphinic acids (in hydrocarbon solution),13 which 

suggests that the overwhelming difference in internal energy between the two sides of 

Equation 4.2 results from the instability of [Co(L3)2]. An explanation for this is that 

the phosphinate ligands are insufficiently flexible to allow for O-Co-O angles close to 

the ideal tetrahedral angle (109.5°) when in their bidentate co-ordination mode; the 

bite angles defined by the oxygen atoms in [Co(L3)2] were found to be only 74.6°. In 

contrast, the O-Co-O angles in the optimised geometry of [Co(L3.L3H)2] deviate from 

the ideal tetrahedral angle by only 4.8° on average, accounting for its much greater 

stability. These results are consistent with the rarity of solid-state structures containing 

the 4-membered chelate ring (see Figure 4.2).13 
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Figure 4.11. Energy-minimised structures of [Co(L3.L3H)2] (left) and the hypothetical complex 

[Co(L3)2] (right). Hydrogen bonds are indicated by dotted lines. Optimisations were performed using 

the M06 functional and the 6-31+G* basis set for all atoms except cobalt, for which the LANL2DZ 

basis set and pseudopotential were used.  

 

It should be noted that the calculated energy difference between [Co(L3.L3H)2] and 

[Co(L3)2] will likely have been influenced at least in part by the necessity of specifying 

a fixed spin multiplicity in the relevant geometry optimisations, which is not 

necessarily reflective of reality for reactions involving a change in complex geometry. 

Specifically, a spin multiplicity of 4 was specified in all calculations involving a single 

cobalt centre, reflecting the predominance of tetrahedral geometries in Co(II) 

complexes, for which the most stable d-electron arrangement involves three unpaired 

electrons (see Figure 4.12, left), though the same spin multiplicity in a square-planar 

Co(II) complex (which the distorted [Co(L3)2] geometry somewhat resembles) would 

result in an electron occupying a very high-energy dx2-y2 orbital (see Figure 4.12, right)  

which presumably would destabilise the complex. As formally square-planar Co(II) 

complex are very rarely stable, it was assumed here that no such complex would 

present a lower-energy geometry of [Co(L3)2] than the one used in the formation 

energy calculations discussed here, though in order to assess this definitively, it is 
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recommended that a geometry optimisation of [Co(L3)2] be repeated with a specified 

spin multiplicity of 2, which would prevent the occupancy of the dx2-y2 orbital if a 

stable square-planar or pseudo-square-planar optimised geometry was obtained.  

 

 

Figure 4.12. Occupancy of d-orbitals in tetrahedral (left) and square-planar (right) Co(II) complexes 

with a specified spin multiplicity of 4.22 

 

It also bears recognition that the calculation of the energy of the gas phase reaction 

shown in Equation 4.2 takes no account of differences in solvation energies, which 

will likely influence the reaction equilibrium in solution. However, these differences 

are likely to be small in a non-polar solvent such as ISOPAR M because the polar and 

H-bond donor groups in the complexes and the proligand dimer will be effectively 

shielded by the 2,4,4-trimethylpentyl groups present in CYANEX® 272. 

Optimised geometries of the methyl analogues of the cationic complexes with 

empirical formulae [Co(L1)3(L
2)H2]

+, [Co2(L1)4(L2)H]+ and [Co2(L1)3(L2)2]
+ (see 

Figure 4.13), proposed as the structures of the ions observed by ESI-MS (see Figure 
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4.9) with m/z 1566.1 1663.3 and 1759.4 respectively, were obtained. All optimized 

structures were found to contain O-Co-O bond angles in the range of 98.3-116.8°, close 

to the ideal tetrahedral geometry favoured by Co(II) ions.  

 

 

Figure 4.13. Energy-minimised structures of [(L3H. L4)Co(L3.L3H)]+, [(L3H)Co(L3)3Co(L3H)]+ and 

[(L4)Co(L3)3Co(L4)]+, the methyl-substituted models for ions with empirical formulae [Co(L1)3(L2)H2]+, 

[Co2(L1)5H2]+ and [Co2(L1)3(L2)2]+ (m/z 1315.1, 1566.1 and 1759.4) in the ESI-MS spectrum in Figure 

4.9.   Hydrogen bonds are indicated by dotted lines. Optimisations were performed using the M06 

functional and the 6-31+G* basis set for all atoms except cobalt, for which the LANL2DZ basis set and 

pseudopotential were used. 

Repeat units containing the symmetrical µ2-bridging mode (see Figure 4.2(a) ) were 

found to provide bond angles even closer to those favoured by tetrahedral metal ions. 

In the solid state structure of [Co2(µ2-L6)2], the bridging phenylphosphinate ligands 

define O-Co-O angles in the range 104.3-116.4°.16 Similar geometries are found in the 

repeat units of the geometry-optimised (gas phase) structures of the dinuclear 

[(L3.L3H)Co(L3)2Co(L3.L3H)] and the trinuclear [(L3.L3H)Co{(L3)2Co}2(L3.L3H)] 

(see Figure 4.14). Angles subtended by the oxygen atoms in the pseudochelating units 

(L3.L3H)− fall in the range of 108.2-115.5° and those by the bridging phosphinate 

ligands in the range 107.9-112.2o. The possibility of adopting such favourable co-
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ordination geometries is likely to be a thermodynamic driving force towards the 

formation of complexes of this form. 

 

Figure 4.14. Energy-minimised structures of the di- and trinuclear complexes 

[(L3.L3H)Co(L3)2Co(L3.L3H)] and [(L3.L3H)Co{(L3)2Co}2(L3.L3H)]. Hydrogen bonds are indicated by dotted 

lines. Optimisations were performed using the M06 functional and the 6-31+G* basis set for all 

atoms except cobalt, for which the LANL2DZ basis set and pseudopotential were used. 
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4.3.5 – Fe(III) pre-loading 
 

As CYANEX® 272 readily forms stable complexes with Fe(III) cations,23 the presence 

of Fe(III) in feed solutions should reduce the concentration of L1H available to Co and 

therefore increase the viscosity of the organic phase at lower Co loading compared to 

an Fe(III)-free system. This was shown to be the case by carrying out solvent 

extraction of Co into organic phases that were pre-loaded with low concentrations of 

Fe(III) (see Figure 4.15). In this case, the presence of Fe(III) caused the viscosity of 

the organic phase to increase at lower Co loading (<80%), which is likely due to the 

loss of L1H in the formation of organic-soluble Fe(III) phosphinate complexes. The 

requirement for a 3:1 phosphinate:Fe(III) stoichiometry to generate a charge neutral 

species in the organic phase compounds this problem.  

 

Figure 4.15. A comparison of the variation in the viscosity with Co loading by a CYANEX® 272 solution 

in ISOPAR M when preloaded to a level of 27% (of the theoretical limit assuming 2:1 L1:M 

stoichiometry) with Fe3+ (red squares) and in the absence of Fe(III) (black circles).  

The dependence of 31P{1H} NMR shifts on Co loading (as in Figure 4.6) was measured 

for samples in which the organic phase had been ‘pre-loaded’ with low concentrations 

of Fe(III) (see Figure 4.16). As expected, the presence of Fe(III) decreased the 
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proportion of “free” phosphinic acid, L1H, relative to phosphine oxide L2 in solution. 

ICP-OES analysis of the aqueous phase following extraction of cobalt into an organic 

phase pre-loaded with iron confirmed that no iron was displaced into the aqueous 

phase upon Co loading. As such, the presence of Fe(III) in the Co-containing leach 

solution will decrease the Co extraction capacity of CYANEX® 272 due to preferential 

coordination of Fe cations by the phosphinic acid.  

 

Figure 4.16. The variation in the ratio of the integrals of peaks L1H  and L2
 in 31P{1H} NMR spectra 

with increasing Co loading for CYANEX® 272 solutions in ISOPAR M which were pre-loaded with 

Fe(III)  to levels of 0% (black circles), 6% (blue triangles) and 27% (red squares). 

 

4.4 – Conclusions 

The unusual features of cobalt recovery by phosphinic acids such as CYANEX® 272 

in solvent extraction processes (abrupt viscosity increase at high loading and L:M 

change from 4:1 to 2:1) can be accounted for in terms of  two key aspects of the 

coordination and supramolecular chemistry of phosphinic acids: (i) the propensity to 

form outer-sphere hydrogen-bonding interactions between ligands in Co(II) 

complexes, leading to “pseudo-chelate” rings which favour tetrahedral coordination 
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geometry (see Figure 4.1) and (ii) the propensity to form M-O-P-O-M bridges between 

metal centres [see Figure 4.2(a)]. As Co loading increases, the decreasing availability 

of neutral phosphinic acid favours the replacement of the pseudochelating hydrogen-

bonded motif found in mononuclear complexes with the bridging motif, which leads 

to the formation of polynuclear Co(II) complexes and causes a major increase in the 

viscosity of the organic phase.  

The broadening of the signal for coordinated phosphinic acid L1H due to the 

paramagnetism of Co(II) permits the use of 31P{1H} NMR spectroscopy to infer the 

extent of complex formation between the phosphinic acid and Co(II) by comparing the 

integrals of the signals arising from L1H and the phosphine oxide modifier L2, which 

is not incorporated into Co(II) complexes until very high Co loading is achieved.  

The assignment of empirical formulae to ions in the ESI and MALDI-TOF mass 

spectra of Co-loaded solutions of CYANEX® 272, combined with the computation of 

energy-minimised structures, provides very plausible structures for both mononuclear 

and polynuclear complexes formed as loading levels are increased. All of these are 

consistent with the phosphinic acid and, at high Co loading, the phosphine oxide 

components being able to present an unstrained tetrahedral O4-donor set for the cobalt 

cation. 31P{1H} NMR spectra of Zn(II)-loaded solutions provide evidence for the 

formation of increasingly higher molecular weight species, consistent with increasing 

viscosity at high Zn loading which follows a similar profile to that of Co loading.  

In general there is a striking similarity between the extraction behaviour of Co(II) and 

Zn(II) when using CYANEX® 272, in particular the dependence of viscosity on metal 

loading. This is consistent with the coordination chemistries of these metals being 

similar, especially when forming complexes with hard, anionic ligands.24,25 Co(II) has 

been used for some time as a structural probe for the active sites of zinc-containing 

enzymes when replacing this “spectroscopically silent” metal ion,26 and this technique 

continues to find favour.27 In most cases, the Co(II)-substituted enzymes retain their 

catalytic properties. As might be expected based on the Irving-Williams series,24,28 the 

apparent stability constants for Zn(II) binding to proteins are consistently slightly 

higher than those for Co(II) binding.26  The similarities of the coordination chemistry 

of cobalt and zinc do not extend to oxidizing conditions or to systems containing high 
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field ligands which promote the formation of Co(III). This ion, which is kinetically 

inert,29,30 usually forms octahedral complexes which, in solvent extraction (for 

example using the commercial phenolic oxime reagents)31 are very difficult to strip. 

Phosphinate ligands do not favour the formation of Co(III), as evidenced by the fact 

that all cobalt phosphinate complexes found in the Cambridge X-ray structural 

database contain Co(II). Several such complexes are structurally identical to their zinc 

analogues, e.g. ALELIM and ALEKAD,32 and XAXJUC and XAXKAJ.33 

Whilst all the techniques described above provide results consistent with the proposed 

changes in speciation which lead to increased viscosity at high metal loadings they do 

not provide definitive structures for the complexes formed. The plausibility of the 

proposed structures formed in hydrocarbon solutions is supported by geometry 

optimisation calculations which demonstrate that these gas phase structures have very 

similar features to the most commonly observed structures in the solid state.13  
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CHAPTER 5: EXTRACTION OF IRON(III) BY 

CYANEX® 272 

 

5.1 – Introduction 

While the primary commercial application of CYANEX® 272 is in the separation of 

Co(II) from Ni(II) in mixed-metal pregnant leach solutions, and iron is not in and of 

itself a particularly frequent target of hydrometallurgical recovery processes, the 

interactions of CYANEX® 272 with Fe(III) are nonetheless of considerable 

significance – iron is frequently a major component of industrial pregnant leach 

solution (particularly in those created during hydrometallurgical recovery of metals of 

waste electronic and electrical equipment) and, as documented in Chapter 4, 

CYANEX® 272 coordinates preferentially to Fe(III) over many more widely-targeted 

metals such as Co(II). Thus, failure to remove Fe(III) from industrial pregnant leach 

solutions is liable to significantly reduce the efficiency of metal recovery processes, 

and in the case of  CYANEX® 272, could hasten the onset of disruptive increases in 

organic phase viscosity. 

Presently, removal of iron from hydrometallurgical streams is predominantly achieved 

through precipitation methods, though the necessitated disposal of the resulting 

precipitates has raised environmental as well as economic concerns.1 Consequently, it 

is of great interest to develop efficient solvent extraction-based techniques which allow 

iron to be removed from such streams on a continuous-flow basis and with improved 

materials balance.   

A small number of studies on extraction of Fe(III) by CYANEX® 272, predominantly 

from sulfate media, have been reported, detailing how loading depends on variation of 

pH and on the concentrations of the extractant, Fe(III) and sulfate in the system.2,3 

However, as in the case of Co(II) extraction, very little consensus appears to have been 

reached regarding the natural of the resulting extracted species - the incorporation of 

HSO4
− into the extracted species has been suggested by Biswas and Singha2 and by 
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Ahmed,3 though they suggest different compositions for the complex formed, namely 

[Fe(HSO4)(L1)2] and [Fe(HSO4)(L1)2(L1
2H2)2], i.e. a metal to ligand ratio of 1:2 and 

1:6, respectively.  

Such a lack of consensus reflects the inherent difficulty in determining chemical 

structures in the solution phase. In this chapter, similarly to Chapter 4, a range of 

experimental techniques is applied towards the task of identifying the organic-phase 

species formed during solvent extraction of Fe(III) by CYANEX® 272. Proton-

decoupled 31P (31P{1H}) NMR spectroscopy is employed to determine the extent of 

association of L1−  or L1H with Fe(III), taking advantage of the paramagnetism of 

Fe(III) which causes suppression of signals from 31P atoms in molecules directly bound 

to the metal ion. Monitoring the concentration of free L1H at various Fe(III) loading 

levels allows the L1:Fe(III) stoichiometric ratio to be determined in the extracted 

species. Inductively-coupled plasma optical emission spectroscopy (ICP-OES) is used 

to determine the concentrations of sulfur and iron in the organic phase at various 

Fe(III) loading levels, and hence the stoichiometric ratio between SO4
2− or HSO4

− and 

Fe(III) in the extracted species. Electrospray ionisation mass spectrometry (ESI-MS) 

is employed to determine the chemical composition of Fe-containing species in the gas 

phase resulting from soft ionisation of components in the organic phases obtained in 

extraction experiments. Concurrently with this, QM geometry optimisation 

calculations are employed in order to ascertain plausible chemical structures for the 

species formed. 

 

5.2 – Experimental 

Solvents and reagents were used as received from Solvay, Sigma-Aldrich, Fisher 

Scientific UK, Alfa Aesar, Acros Organics or VWR International. Deionised water 

was obtained from a Milli-Q purification system. 

Reagent definitions: The structures of the phosphinic acid L1H (the main component 

of CYANEX® 272), the phosphine oxide impurity L2, and the methyl analogue of L1H 

(labelled L3H) used in computational studies, are shown in Figure 5.1.   
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Figure 5.1: The structures of L1H, the main phosphinic acid component of the extractant CYANEX® 272, 

and the phosphine oxide impurity, L2, along with the structure of L3H, used in computational 

calculations as a computationally-inexpensive model of L1H. 

General Extraction Procedure: Stock solutions containing 20 g L−1 iron in deionised 

water were prepared using Fe2(SO4)3. In all extractions, the water-immiscible 

(organic) phases consisted of 5% (by volume) CYANEX® 272 (an extractant 

consisting of 85% wt. bis(2,4,4-trimethylpentyl)phosphinic acid, along with small 

quantities of tris(2,4,4-trimethylpentyl)phosphine oxide and other impurities) in the 

commercial dearomatised kerosene diluent ISOPAR M.  

All volumes were measured with 1 mL and 5 mL Rainin edp3 automatic pipettes. 

Extraction mixtures consisted of 8 mL organic phase, 4 mL metal stock solution and 

4 mL of a mixture of deionised water and either 1 M H2SO4 or 1 M NaOH stock 

solutions, the proportions of which were adjusted in order to vary the equilibrium pH 

after extraction, monitored using an Ionode IJ44 pH electrode. Extraction mixtures 

were prepared in vials, sealed, and subjected to vigorous magnetic stirring at a rate of 

approximately 900 rotations per minute overnight at room temperature, conditions 

under which equilibrium is known to be achieved.4 After separation, both the organic 

and aqueous phases were centrifuged for 15 minutes to remove entrained material. In 

some cases, in order to increase metal loading beyond what can be attained using this 
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method, loaded organic phases were subjected to the same procedure, using a fresh 

metal stock solution and deionised water.  

The single exception to the above procedure is the data shown in Figure 5.2, which 

was obtained from a series of extraction experiments by Boban Jakloljevic using 

aqueous phases with Fe(III) concentrations of 0.81 M, and organic phases containing 

10% (by volume) CYANEX® 272, resulting in an L1H concentration twice that of the 

organic phases used in all measurements discussed here.5 

Organic phase iron and sulfur concentrations were determined using inductively 

coupled plasma optical emission spectroscopy (ICP-OES) using a Perkin Elmer 

Optima 5300DC spectrometer. Organic phase samples were diluted 1:400 in 1-

methoxy-2-propanol and taken up by a peristaltic pump at a rate of 2.0 mL min−1 into 

a Gem Tip cross flow nebuliser and a Glass Cyclonic spray chamber. Argon plasma 

conditions were: 1500 W RF forward power, argon gas flows of 20, 1.4 and 0.45 L 

min−1 for plasma, auxiliary and nebuliser flow, respectively. ICP-OES calibration 

standards for iron and sulfur were obtained from VWR International or Sigma-Aldrich. 

Metal loading levels are reported as percentages, relative to the theoretical maximum 

quantity of metal which could be extracted by the amount of phosphinic acid present 

in the organic phase, assuming a 3:1 stoichiometry of phosphinate to metal in the 

extracted metal complex (see Appendix 4 for details).  

NMR spectroscopy: 31P{1H} NMR spectra were recorded on a Bruker PRO500 

spectrometer as d6-benzene solutions. All measurements were performed at 300 K, at 

a frequency of 202.40 MHz for 31P and 500.12 MHz for 1H. Spectra were analysed 

using the MestReNova software.6 

Peak integrals were used to quantify the relative concentrations of species in the 

organic phase. Assuming L2 to be insignificantly involved in the extracted iron species 

below high loading levels, the ratio of the integrals of the peaks corresponding to 

unassociated L1H and L2 was used to monitor the change in proportion of L1 

associated to iron as % Fe(III) loading increases. By comparison with the known 

absolute concentrations of unassociated L1H in the organic phase at 0% loading and 

of iron in the organic phase at 100% loading, the absolute rate of consumption of 
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unassociated L1H versus iron uptake in the organic phase was calculated, and the 

stoichiometries of extracted species inferred (see Appendix 5 for detail). 

Mass spectrometry: Electrospray ionisation mass spectra (ESI-MS) were recorded on 

a Bruker 12 T SolariX mass spectrometer, with samples diluted into a 3:1 mixture of 

methanol and chloroform. Spectra were analysed using the Bruker Compass 

DataAnalysis software, with peaks assigned manually. 

Computational Methods: All geometry optimisation calculations were performed 

using the Gaussian 09 software package.7 The M06 functional was used in all 

calculations,8 along with the LANL2DZ basis set and its associated pseudopotential 

for Fe and the 6-31+G* basis set for all other atoms.9 Structures were considered 

optimised when the standard convergence criteria (maximum force of 4.5*10−4 

Hartrees/Bohr on any atom, maximum RMS force of 3.0*10−4 over all atoms, 

maximum atomic displacement of 1.8*10−3 Bohr for any atom, and maximum RMS 

atomic displacement of 1.2*10−3 Bohr over all atoms) were reached. 
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5.3 – Results and discussion 

The pH dependence of the uptake of iron by a CYANEX® 272 solution (with an L1H 

concentration of 0.27 M) in ISOPAR M, as measured by Boban Jakovljevic, is shown 

in Figure 5.2. 

 

Figure 5.2 – The pH-dependence of Fe loading, by a 0.27 M solution of L1 in ISOPAR M. A loading of 

100% is based on the formation of [Fe(L1)3] in the organic phase. The initial Fe3+ concentration in the 

aqueous phase was 0.81 M.5  

At equilibrium pH values above 1.2, Fe(III) loading levels exceed those expected if 

the uptake of iron proceeded solely through the formation of a complex of the form 

[Fe(L1)3] in the water-immiscible phase. This suggests that anionic species apart from 

L1− must be involved in extraction, in order to create a charge-neutral assembly that 

could exist in the organic phase. This is consistent with other studies indicating SO4
2− 

or HSO4
− uptake accompanying Fe loading.2,3 
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At equilibrium pH values greater than 2.5, extraction into the organic phase is 

disrupted by precipitation of an Fe(III)-containing complex. However, higher Fe(III) 

loading levels than those shown in Figure 5.2 could be achieved through the use of a 

lower concentration of extractant (0.14 M L1H in the organic phase), yielding up to 

177% loading at the highest workable aqueous-phase pH values (the data in question 

are presented in Figure 5.3). This value does not correspond closely to any simple 

L1:Fe(III) stoichiometric ratio, which suggests that there may be more than one simple 

Fe(III)-containing species formed in the organic phase during Fe(III) extraction, or a 

single species of unusual stoichiometry. This conclusion rests on the assumption that 

the observed plateau in Fe(III) loading level occurs as a consequence of depletion of 

available L1H in the organic phase, rather than depletion of some other species 

involved in the extraction process. 

 

5.3.1 – ICP-OES analysis 
 

As the Fe(III) stock solutions used in extraction experiments in this study were made 

by dissolution of iron(III) sulfate, they contain an abundance of SO4
2− and/or HSO4

− 

anions, which would seem the most likely candidates for any non-phosphinate anion 

involved in the extraction process, and indeed have been proposed as such in previous 

studies.2,3 To test this, the sulfur content of organic phases of different Fe(III) loading 

levels was measured using ICP-OES, with the results shown in Figure 5.3. 
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Figure 5.3: Variation of the sulfur concentration in a 0.14 M solution of CYANEX® 272 in ISOPAR M 

with concentration of loaded iron. A calculated line of best fit is shown in red. 

The sulfur concentration in the organic phase was found to increase linearly (with a 

best fit line of adjusted R-squared value 0.98) with uptake of Fe(III). The calculated 

line of best fit has a gradient of 0.51, indicating that approximately 1 mole of SO4
2− or 

HSO4
− is extracted for every 2 moles of Fe(III). Whilst supporting the earlier 

observations by Biswas and Ahmed that a sulfur-containing species is integrally 

involved in the Fe(III) extraction mechanism across all Fe(III) loading levels, the ratio 

of Fe to SO4
2− or HSO4

− implied here deviates from the stoichiometries of the extracted 

species observed in the aforementioned earlier studies. It should be noted that in those 

studies, significantly lower aqueous-phase concentrations of iron (in relation to the 

concentrations of extractant in the organic phase) were used, which presents the 

possibility that different extraction mechanisms predominate when different 

proportions of iron and L1H are present, though no evidence for this can be found in 

this study alone.  

The strength of the linear fit to the data provides evidence that the mechanism of 

extraction remains largely unchanged across all Fe(III) loading levels. Given that 
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SO4
2− or HSO4

− are present in excess in the aqueous phases in all the extractions, 

depletion of sulfur-containing anions is unlikely to be a limiting factor on the uptake 

of Fe(III). 

 

5.3.2 – 31P NMR spectroscopic analysis 
 

As discussed in Chapter 4, the 31P{1H} NMR spectrum of a commercial sample of 

CYANEX® 272 (see Figure 5.4(a) ) contains an intense peak at around 58 ppm  

corresponding to the phosphinic acid, L1H, and a much weaker peak at 46 ppm arising 

from the phosphine oxide impurity L2. 
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Figure 5.4: 31P{1H} NMR spectra of ISOPAR M solutions of CYANEX® 272 with (a) no Fe loading and (b, 

c and d) Fe loading at levels of 32, 96 and 177% respectively, relative to the maximum loading level 

achievable through formation of a [Fe(L1)3] complex alone. 

The effects of three different levels of Fe(III) loading on the resulting 31P{1H} NMR 

spectra are shown in spectra b, c and d in Figure 5.4.  Due to the paramagnetism of 

Fe(III), no 31P{1H} signal from L1H or L1− units in the inner coordination sphere of a 
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metal cation, or closely associated with it, could be observed in the range of −1000 to 

1000 ppm in spectra at any loading level. The 31P{1H} signal of L1H becomes less 

intense as Fe(III) loading increases, while no such decline in the intensity of the L2 

signal is apparent until very high Fe(III) loading levels, at which point the abundance 

of paramagnetic nuclei in the system appears to cause some degree of suppression of 

both signals. 

If the assumption, supported by mass spectrometric analysis (see Section 5.3.3), is 

made that incorporation of L2 into Fe(III)-containing complexes is negligible, and that 

suppression due to residual paramagnetism at high Fe-loading levels affects both peaks 

proportionately, then the amount of free L1H in the organic phase at different Fe-

loadings can be derived from the ratio of the integral of the L1H 31P signal to that of 

L2 (see Figure 5.5) in the same manner as in Chapter 4.  

 

 

Figure 5.5. The ratio of the integrals of peaks L1H and L2 in 31P{1H} NMR spectra of ISOPAR M solutions 

of CYANEX® 272 with different levels of Fe loading.  
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The linear dependence of loss of free L1H with Fe-loading (the best fit line yields an 

adjusted R-squared value of 0.98) suggests that a single Fe-containing species (or a 

mixture species with a constant combined Fe:L1 stoichiometry) is formed in the 

organic phase up to the maximum loading level observed of 177%. The best fit line 

intersects the x-axis (corresponding to an integral ratio of zero) at almost exactly this 

loading level, strongly suggesting that the observed limit of Fe(III) loading arises due 

to depletion of available L1H, rather than depletion of any other species. This 

behaviour contrasts markedly with the uptake of Co(II) by CYANEX® 272, where the 

evidence suggests the formation of different species at different Co(II) loading levels, 

these having significantly different molecular weights and the viscosity of the organic 

phase varying considerably as a consequence.10,11 It also marks a further deviation to 

the Fe:2L1 or Fe:6L1 ratios reported for the extracted complex by Biswas and Ahmed, 

respectively. 

In fact, the gradient of the line of best fit can be calculated to correspond to a L1:Fe(III) 

molar ratio of 1.68:1 (see Appendix 5 for details), which cannot be reduced to any 

simple integer ratio. As the calculated ratio is considerably lower than the 3:1 ratio 

which would be required to create extractable charged-balanced species using L1− 

alone, it provides further evidence that anions other than L1− must be involved in the 

extraction process.  

 

5.3.3 – Mass spectrometric analysis 
 

The loading data and 31P{1H} NMR measurements indicate that the complex or 

complexes formed in the water-immiscible phase have constant Fe : L1 and Fe : SO4
2− 

(or HSO4
−) stoichiometric ratios across all Fe(III) loading levels. In an effort to obtain 

more accurate information as to the chemical identities of these complexes, 

electrospray ionisation mass spectrometry (ESI-MS) was employed. Positive- and 

negative-ion spectra, obtained from an organic phase loaded to a level of 69% with 

Fe(III), are shown in Figure 5.6(a) and 5.6(b) respectively. 
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Figure 5.6: (a) Positive-ion and (b) negative-ion mass spectra of an sample of CYANEX® 272 loaded to 

an Fe(III) loading level of 69%, obtained by ESI-MS. 
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The peaks at 773.737 m/z (positive-ion) and at 579.463 m/z (negative-ion), can be 

assigned to species consisting solely of components of the CYANEX® 272 formulation 

– the former a protonated dimer of L2 molecules, and the latter a protonated dimer of 

L1− anions. 

Peaks at higher m/z values can be assigned to Fe(III)-containing species, and reveal 

striking differences between the positive-ion and negative-ion spectra. Intense peaks 

at m/z 1751.903 and 2385.257 in the negative-ion spectrum can be assigned to species 

containing either SO4
2− or HSO4

− ions, which is consistent with the presence of sulfur 

in significant concentrations in loaded organic phases. In particular, the intense peak 

at m/z 1751.903 corresponds to a species of formula [Fe2(L1)5(SO4)2H2]
−, which can 

be reasonably formulated  as a dinuclear complex with terminal hydrogen-bonding 

sulfate and phosphinate units on each Fe(III) centre, creating favourable pseudo- 8-

membered rings, along with three additional phosphinate units bridging the Fe(III) 

centres to create stable 6-coordinate geometries on each (an optimised geometry of 

such a complex is shown in Figure 5.7(a) ).  

In contrast, no peaks corresponding to SO4
2−/HSO4

−  containing species can be seen in 

the positive-ion spectrum, with high m/z peaks assignable to very different Fe(III)-

containing species: peaks at m/z 1848.220 and 2138.447 correspond to [Fe2(L1)6H]+ 

and [Fe2(L1)7H2]
+ respectively, while peaks at m/z 1919.137 and 2209.362 correspond 

to [Fe3(L1)6O]+ and [Fe2(L1)7(O)H]+ respectively. The former (and more intense) peak 

can be visualised as a trinuclear complex with the three Fe(III) centres connected by a 

central oxo anion and pairs of bridging phosphinate units - an optimized geometry of 

such a complex is shown in Figure 5.7(b). Complexes containing three iron atoms 

bridged by a single oxo ion have been characterised extensively in the literature,12,13 

and examples of such complexes with additional phosphinate ligands bridging iron 

centres have also been reported.14  
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Figure 5.7: Energy-minimized geometries of proposed structures of (a) [Fe2(L3)5(SO4)2H2]−, the species 

responsible for the peak at m/z 1751.903 in the negative-ion ESI mass spectrum shown in Figure 5.6(b), 

and (b) [Fe3(L3)6O]+, the species responsible for the peak at m/z 1919.137 in the positive-ion ESI mass 

spectrum shown in Figure 5.6(a). Optimisations were performed using the M06 functional and the 6-

31+G* basis set for all atoms except iron, for which the LANL2DZ basis set and pseudopotential were 

used. 

 It is noteworthy that no peaks corresponding to mononuclear Fe-containing species 

were observed in either positive or negative ion spectra, suggesting that the extraction 

of Fe(III) by CYANEX® 272 operates differently from other base metals in that it 

always involves the formation of polynuclear complexes.  

 

5.4 – Conclusions 

Some, but not all, of the results obtained here are consistent with those of previous 

studies of the nature of the species formed during extraction of Fe(III) by CYANEX® 

272.2,3 It is possible that the differences observed are a consequence of conditions 

differing from those applied previously, such as differences in the concentration of 

Fe(III) in the aqueous phase (which was ca. 0.02 M in the studies by Biswas, Singha 

and Ahmed, but around 0.18 M in this one). Here, Fe(III) concentrations were used 

which mirrored those of analogous studies on Co(II) and Zn(II) extraction (presented 

in Chapter 4), which demonstrated the formation of polymeric complexes which 
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account for high organic phase viscosity observed at high Co(II) and Zn(II) loading.10 

Formation of similar complexes by Fe(III) could present problems in industrial 

hydrometallurgical systems in which recovery of base metals is accompanied by 

Fe(III) extraction. However, in accordance with other studies,2,3 there is no evidence 

for increased viscosity with Fe uptake, even at the 177% loading levels achieved here.  

31P{1H} NMR spectra of Fe(III)-loaded ISOPAR M solutions indicate that 

consumption of unassociated L1H proceeds virtually linearly with increasing Fe(III) 

uptake, suggesting that the mechanism of Fe(III) extraction remains the same across 

all loading levels. The dependence of consumption of unassociated L1H on Fe(III) 

uptake implies a molar ratio around 1.68:1 of L1 to Fe(III) in the extracted species, and 

that the maximum Fe(III) loading level occurs at the point at which all L1H in the 

organic phase is incorporated into an Fe(III) complex. 

Direct analysis of the sulfur content in the organic phase (by ICP-OES) indicates that 

HSO4
− or SO4

2− anions are integrally involved in the iron complex or complexes 

formed - the ratio of iron atoms to sulfur atoms in the organic phase was found to be 

close to 2:1 across a wide range of Fe(III) loading levels.  

Unlike in other systems studied recently,10,15 ESI-MS data from Fe(III)-loaded organic 

phases provide ambiguous results in identifying the major species present in the 

organic phase, with the species identified in positive- and negative-ion spectra being 

markedly different. Peaks were observed in the negative-ion spectrum which could be 

assigned to species containing SO4
2− or HSO4

− anions (in accordance with ICP-OES 

measurements), while no such species are evident from the positive-ion spectrum, 

which instead suggests the presence of Fe(III) complexes containing oxy (O2−)  or 

hydroxy (OH−) ions, which itself has precedent in the literature.12,13  

It is tempting to conclude from these mass spectrometric data that multiple species are 

formed simultaneously during the extraction process, with different such species being 

detected in the positive- and negative-ion analyses, though if this is the case, it is 

surprising that the equilibrium between these species would be as constant across all 

Fe(III) loading levels as the other results presented in this chapter appear to suggest. 

On the other hand, it is difficult to conceive of a singular species which alone accounts 

for the stoichiometric ratios implied by the ICP-OES and NMR results, and would 
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plausibly produce all of the fragments observed in the mass spectra. Such a species 

would necessarily be far more large and intricate than is usual for complexes formed 

during solvent extraction processes. If the possibility is to be considered that the 

fragments detected in mass spectrometry are the product of rearrangements of 

complexes within the detection apparatus, and are not reflective of the species formed 

in the organic phase during solvent extraction, an explanation must be found for the 

lack of evidence for such random rearrangements in comparable analysis of different 

systems.10,15   

It is therefore apparent from this study that the mode of action of extraction of Fe(III) 

by CYANEX® 272 is complex, and fundamentally different to that of the extraction of 

Co(II) and Zn(II) by the same extractant. If solvent extraction processes are to be 

developed for the removal of iron from aqueous solutions, it will be of great interest 

to investigate the extraction mechanism further. 
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CHAPTER 6: METAL SPECIATION IN AQUEOUS 

SOLUTION 

 

6.1 – Background 

The distinctive electronic and magnetic properties of the lanthanides (a series of 

metallic elements with atomic numbers 57 to 71) has led to their widespread 

application in a variety of modern technologies, including lasers, permanent magnets 

and superconductors.1 Consequently, the commercial demand for lanthanides has risen 

sharply in recent years, with the global market for rare earth metals (the lanthanides, 

along with scandium and yttrium) projected to grow to $9 billion by 2020, from a value 

of $5 billion in 2014.2 

Thus, as with the other metals discussed in earlier chapters, a strong financial and 

societal impetus exists to develop more efficient and environmentally benign 

processes for the recovery and refinement of these metals from their natural ores and 

secondary sources. Solvent extraction is already widely employed in the concentration 

of lanthanides from primary sources, with a wide range of extractants being found to 

target both lanthanide cations and neutral lanthanide salts with high efficiency. As 

lanthanide ‘metalate’ anions such as LaCl6
3−

 have been characterised extensively in 

the solid state,17 the use of cationic extractants to target such anions (which has been 

employed widely in the extraction of other metals, as discussed in Chapter 3) would 

intuitively seem to be a promising route to solvent extraction of lanthanides. There is, 

however, a conspicuous dearth of reports of successful solvent extraction of lanthanide 

metalates in this manner – successful use of traditional ‘anion exchange’ reagents such 

as quaternary ammonium salts in the extraction of lanthanides from nitrate and sulfate 

media has been reported in a few cases,3–6 and from chloride media in one case,7 

though the precise extraction mechanisms in these examples have been little studied, 

with some suggesting that such extractions may proceed via the association of a neutral 

‘adduct’ of the anion exchange reagent with a neutral lanthanide salt, rather than via 

direct interactions between the extractant and lanthanide metalates.  
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In a recent study within the Metal Recovery Group at the University of Edinburgh,8 it 

was found that extraction of lanthanum (the lightest of the lanthanides) from chloride 

media could not be achieved using a pyridinomalonamide extractant (PMA) which had 

been found to be effective in the extraction of metalates of base metals such as zinc 

and cobalt,9 or even using the established solvent extraction reagents tributylphosphate 

(TBP) and trioctylamine (TOA) which have been found to extract even trianionic 

metalates such as IrCl6
3−,8 and thus might be expected to be capable of extracting 

LaCl6
3− in a similar manner. 

If viable processes for the extraction of lanthanide metalates are to be developed, it 

will be immensely useful to identify and understand the physical and/or chemical 

factors contributing to the apparent difficulty of lanthanide extraction by established 

metalate extraction reagents. Quantum mechanical internal energy calculations 

provide a means of investigating the thermodynamic trends associated with each stage 

in a hypothetical lanthanide metalate solvent extraction process, allowing for specific 

limiting factors to be identified in a more direct manner than would be feasible through 

experiment. 

In this chapter, the properties of a series of known lanthanide metalates are investigated 

in the gas phase using geometry optimisation and vibrational frequency calculations, 

and the favourability of their interactions with the established metalate extraction PMA 

is investigated through gas-phase energy calculations. Subsequently, the formation of 

metalates of lanthanides (in particular, La3+) in aqueous solution is investigated 

through a series of formation energy calculations in which implicit and explicit 

solvation models are employed to simulate the effects of the aqueous solvent 

background.  

Subsequently, this metholodogy is extended to the d-block metals cadmium and 

mercury, the recovery of which has been the focus of a considerable research effort in 

recent years due to their high toxicity and tendency to accumulate in industrial waste 

streams.10,11 The aqueous-phase speciation of these metals (in chloride media) is 

investigated here not only to assess the versatility of the computational methodology 

over a variety of different metals and media, but in an effort to establish a means 
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whereby the ideal conditions for hydrometallurgical recovery of such toxic metals can 

be ascertained. 

 

6.2 – Computational methods 

All calculations were performed using the Gaussian 09 software package.12 The M06 

functional was used in all calculations.13 Metal atoms were modelled using MWBXX 

(where XX denotes the number of electrons treated as core electrons) pseudopotentials 

and their associated basis sets - specifically, MWB46 for lanthanum, MWB28 for 

cadmium and MWB60 for mercury.14 The 6-31+G* basis set was used for chlorine 

atoms in all cases,15 and all other non-metal atoms were modelled using the 6-31+G* 

basis set in all calculations with the exception of a set of three geometry optimisations 

of particularly large complexes (see Figure 6.1) in which the smaller 3-21G* basis set 

was used to avoid prohibitive computational expense. 

With the exception of single-point energy calculations of distorted PMAH+ units (the 

last calculations discussed in Section 6.3), all structures were subjected to geometry 

optimisation, and were considered optimised when the standard convergence criteria 

(maximum force of 4.5  10−4 Hartrees/Bohr on any atom, maximum RMS force of 

3.0  10−4 over all atoms, maximum atomic displacement of 1.8  10−3 Bohr for any 

atom, and maximum RMS atomic displacement of 1.2  10−3 Bohr over all atoms) 

were reached. In addition, frequency calculations were performed on a series of 

optimised chloridometalate geometries in order to calculate the three lowest-energy 

vibrational frequencies in each complex (as reported in Table 6.1). 

In all calculations described in Section 6.4 and thereafter, solvation was accounted for 

using the polarisable continuum model (PCM) implicit solvent model,16 parametrised 

for water (using the keyword ‘SCRF=(Solvent=Water)’ in Gaussian 09). 
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6.3 – Gas-phase characterisation of metalates 

If selective extractants for lanthanide metalates are to be designed, an understanding 

of the geometric and electrostatic characteristics of such metalates (in comparison to 

those of other metals) is essential. To this end, the geometries of two lanthanide 

chloridometalates (LaCl6
3− and ErCl6

3−) and three comparable octahedral 

chloridometalates of transition metals (IrCl6
3−, PdCl6

2− and PtCl6
2−), all of which have 

been reported in the solid state, were optimised in the gas phase, and the metal-chloride 

bond distances and lowest-energy vibrational frequencies in the optimised structures 

calculated (see Table 6.1). 

Table 6.1: Calculated gas-phase metal-chloride bond distances, mean literature solid-state metal-

chloride bond distances,17–21 and the three lowest-energy vibrational frequencies calculated in 

optimised structures of octahedral chloridometalates of various lanthanides and transition metals. 

Optimisations were performed using the M06 functional, with MWB pseudopotentials and basis sets 

for metals and the 6-31+G* basis set for chloride. 

Metalate Gas-phase 

r(M-Cl) 

(Å) 

Solid-state 

r(M-Cl) 

(Å) 

Vibrational frequency (cm−1) 

Lowest E 2nd lowest E 3rd lowest E 

LaCl6
3− 2.929 2.79 17 47.4 50.2 51.6 

ErCl6
3− 2.742 2.614(7) 18 57.2 59.5 63.5 

IrCl6
3− 2.462 2.327(1) 19 113.0 113.4 115.2 

PdCl6
2− 2.380 2.419(12) 20 124.0 125.7 126.8 

PtCl6
2− 2.393 2.319(18) 21 119.6 120.4 122.8 

 

Gas-phase metal-chloride distances were calculated to be substantially greater in 

lanthanide chloridometalates than in the transition metal analogues, in agreement with 

the trend seen in solid-state structures. As extractant selectivity can arise through 

preferential association to anions of particular sizes (as exemplified by the amidoamine 

and amidoether extractants discussed in Chapter 3) this difference could in principle 

be exploited in the design of selective extractants for lanthanides. 
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Generally, calculated gas-phase M-Cl distances were found to differ somewhat from 

the solid-state bond distances reported for the same species, with the former bond 

distances being in most cases approximately 0.10-0.15 Å greater than corresponding 

values in the solid state. Disparities of this magnitude between solid-state and gas-

phase bond distances are unlikely to result from crystal packing effects22 - it is 

conceivable that greater correspondence might have been achieved through the use of 

larger and more specialised basis sets in the gas-phase calculations (which was avoided 

so as to ensure methodological continuity with calculations involving larger 

complexes, discussed later in this chapter, for which the use of larger basis sets would 

have created prohibitive computational expense) though the overall trends in solid-

state bond distances appear largely to be reproduced qualitatively by gas-phase 

computational results.  

Vibrational frequencies were also found to differ significantly between metalates of 

transitional metals and those of lanthanides, with all of the three lowest vibrational 

frequencies calculated in each of LaCl6
3− and ErCl6

3− being over 49 cm−1 lower than 

even the lowest frequency calculated in any of the three metalates of transition metals. 

The lowest frequencies calculated in IrCl6
3− were not substantially lower than those in 

PdCl6
2− and PtCl6

2−, suggesting that differences in the overall charge of a metalate do 

not have a significant impact on the values of its vibrational frequencies. 

The low vibrational frequencies observed in lanthanide metalates would reasonably be 

expected to have the consequence of granting these metalates greater conformational 

flexibility compared to transition metal analogues, with less energy being required to 

distort the complex from its octahedral equilibrium geometry. In principle, this 

phenomenon could be exploitable in the formation of extractable outer-sphere 

assemblies containing these metalates, as the flexibility of the anion would afford the 

outer-sphere ligands greater freedom to remain in a favourable conformation while 

still interacting strongly with the metalate. This is borne out in optimised geometries 

of the outer-sphere assemblies [(PMAH)2(PtCl6)], [(PMAH)3(IrCl6)] and 

[(PMAH)3(LaCl6)] (shown in Figure 6.1), in which the LaCl6
3− anion in 

[(PMAH)3(LaCl6)] is noticeably more distorted than the metalate units in either of the 

other two assemblies – Cl-La-Cl bond angles within it range from 77.9° to 114.5°, 
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while the equivalent angles in the PtCl6
2− and IrCl6

3− units lie in the ranges 86.9-94.9° 

and 85.2-93.9° respectively. 

 

Figure 6.1: Optimised structures of the charge-neutral outer-sphere complexes [(PMAH)2(PtCl6)] (A),  

[(PMAH)3(IrCl6)] (B), and [(PMAH)3(LaCl6)] (C). Optimisations were performed using the M06 

functional, with MWB pseudopotentials and basis sets for metals, the 6-31+G* basis set for chloride, 

and the 3-21G* basis set for all other atoms. 

Furthermore, the notion that the flexibility of LaCl6
3− in comparison to IrCl6

3− and 

PtCl6
2− allows outer-sphere ligands to adopt a more favourable binding conformation 

was supported by single-point energy calculations at the M06/6-31+G* level – with 

the metalate anions removed from the optimised geometries of [(PMAH)3(LaCl6)] and 

[(PMAH)3(IrCl6)] and the conformations of the PMAH+ units kept intact, the total 

internal energy of the PMAH+ units in [(PMAH)3(LaCl6)] was calculated to be 21.2 kJ 

mol−1 lower than that of the PMAH+ units in [(PMAH)3(IrCl6)], implying greater steric 

strain exists in the ligand system on binding to the more rigid metalate unit.  
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This being the case, it seems likely that anion receptors such as PMAH+ would be 

readily able to form strong associations with, and thus presumably extract, lanthanide 

chloridometalates should they come into contact. 

 

6.4 – Solution-phase metal speciation 

As no impediments to the association of outer-sphere anion receptors to lanthanide 

chloridometalates are evident in the gas phase, an alternative explanation is required 

for the failure of lanthanide solvent extraction by extractants of this type. One such 

explanation could be the instability of these metalates in solution, which would 

thermodynamically disfavour the formation of extractable lanthanide-containing 

assemblies. 

The stability of metalates in solution is inherently linked to the favourability of direct 

inner-sphere association of anionic ligands to hydrated metal cations, displacing water 

molecules from the inner hydration shell of the cation in the process. If this process is 

not sufficiently favoured, the anionic ligands would instead be likely to remain in the 

outer coordination sphere of the metal cation, undergoing a loose electrostatic 

interaction with the cation but leaving its inner hydration sphere intact. Extraction of 

the resulting ‘outer-sphere complexes’ into a hydrophobic medium will presumably be 

rendered impractical due to the large numbers of water molecules contained within 

them. Consequently, solvent extraction of metals in the form of metalates is dependent 

on the viability of inner-sphere association of anionic ligands to metal cations, relative 

to the competing outer-sphere mode of association. 

In order to assess the relative favourabilities of inner- and outer-sphere complexation 

of La3+ in the conditions of a conventional solvent extraction process, the structures of 

inner- and outer-sphere complexes of La3+ with various anionic ligands were optimised 

and their relative internal energies calculated, using both explicit water molecules and 

a polarisable continuum model (PCM) implicit solvent background to account for the 

effects of solvation. Chloride, nitrate and sulfate anions were chosen for use in this 

study in order to reflect the prevalence of hydrochloric, nitric and sulfuric acids as 

aqueous media in industrial solvent extraction facilities. 
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Geometries of inner-sphere and outer-sphere La3+ complexes were generated by the 

addition of varying numbers (n, where n = 1-6) of chloride, nitrate and sulfate ligands 

to the inner and first outer coordination spheres of a fully hydrated La3+ cation. As the 

equilibrium number of water molecules in the inner hydration sphere is generally 

agreed to be 9, as determined by numerous past experimental and computational 

studies,23–25 the hydrated La3+ cation was represented in this study as the species 

[La(H2O)9]
3+. 

The geometries of inner-sphere complexes were generated by introducing up to six of 

each anionic ligand (X, where X = chloride, nitrate or sulfate) to the inner coordination 

sphere of the hydrated La3+ cation, and retaining whichever number of inner-sphere 

water molecules (z) yielded the most negative formation energy (defined as the change 

in total internal energy upon addition of X to the inner coordination sphere of La3+ - 

explicit definitions are given in each case later). The optimal values of z, determined 

for each value of n, are shown in Table 6.2. Geometries in which displaced water 

molecules or anionic ligands were present in the outer coordination sphere were not 

used in formation energy calculations. 

 

Table 6.2: The numbers of inner-sphere water molecules (z) found to yield the most negative 

formation energies (defined in reference to the reactions outlined in Equations 6.1 and 6.3) in 

complexes of La3+ with varying numbers (n) of chloride, nitrate and sulfate ligands in the inner 

coordination sphere. 

 Optimal number (z) of inner-sphere water molecules in: 

n [La(H2O)zCln](3−n)+ [La(H2O)z(NO3)n](3−n)+ [La(H2O)z(SO4)n](3−2n)+ 

1 9 9 9 

2 8 8 7 

3 6 7 6 

4 4 5 4 

5 2 4 1 

6 0 2 0 
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Outer-sphere complex geometries were generated by addition of n units of each 

anionic ligand X to the outer coordination sphere of the [La(H2O)9]
3+, leaving the inner 

hydration sphere intact.  

 

6.4.1 – Complexation of La3+ with chloride  

 

The optimised geometries of the inner-sphere (A) and outer-sphere (B) chloride 

complexes of La3+, where n = 3, are shown in Figure 6.2. 

 

 

 

Figure 6.2: Optimised solution-phase structures of hydrated La3+ cations with three chloride ligands in 

the ‘inner-sphere’ (A) and ‘outer-sphere’ (B) configurations. Optimisations were performed using the 

M06 functional, with the MWB46 pseudopotential and basis set for lanthanum, and the 6-31+G* basis 

set for all other atoms. 

For each value of n, the formation energies of the inner- and outer-sphere complexes 

were calculated as the changes in total internal energy during the reactions outlined in 

Equations 6.1 (inner-sphere) and 6.2 (outer-sphere), where X = Cl−. These values are 

shown in Figure 6.3. 

 

[La(H2O)9]3+ + n X−  → [La(H2O)z(X)n](3−n)+ + (9−z)H2O        Equation 6.1 

[La(H2O)9]3+ + n X−  → [La(H2O)9  • (X)n](3−n)+           Equation 6.2 
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Figure 6.3: Calculated formation energies of complexes of La3+ with varying numbers (n) of chloride 

ligands in the inner (red circles) and outer (black squares) coordination spheres of La3+. Formation 

energies for inner- and outer-sphere complexes are defined as the changes in internal energy 

associated with the reactions shown in Equations 6.1 and 6.2 respectively. Energy values are derived 

from calculations performed using the M06 functional, with the MWB46 pseudopotential and basis 

set for lanthanum, and the 6-31+G* basis set for all other atoms. 

It was found that the formation energy of outer-sphere chloride complexes of La3+ 

uniformly becomes more negative as n is increased from 0 to 6, with no obvious sign 

that this trend would not continue as n is increased further. In contrast, the formation 

energy of the corresponding inner-sphere complexes only becomes more negative with 

increasing n up to n = 2, beyond which formation energy becomes increasingly more 

positive. As a consequence, the formation energies of outer-sphere complexes are 

significantly more negative than those of their inner-sphere counterparts where n ≥ 3.  

The formation energy of the inner-sphere complex with n = 1 is slightly more negative 

than the corresponding outer-sphere complex, suggesting that direct coordination of a 

single chloride anion to La3+ in aqueous solution is thermodynamically favoured and 

likely to occur spontaneously. However, the formation energy of the outer-sphere 
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complex becomes the lower of the two at n = 2, and the difference in formation energy 

increases dramatically as n is increased further. These results correspond well with 

results from experimental studies of solution-phase coordination of chloride to La3+ - 

many such studies provide evidence of inner-sphere coordination of a single chloride 

anion to La3+ in aqueous solution,26,27 but only one was found which showed evidence 

of simultaneous inner-sphere coordination by two chloride ions,28 and none which 

indicate simultaneous inner-sphere coordination by any greater number of chloride 

ions. 

The fact that simultaneous coordination of 4 or more chloride ions to La3+, which 

would be necessary in order to form a complex with an overall negative charge, is not 

observed in such studies is not in itself proof that extraction of La3+ as a metalate is 

unviable – factors such as the very high chloride concentration in the aqueous media 

used in solvent extraction, and the stability of the extractable assembly created in the 

solvent extraction process, could conceivably shift the complexation equilibrium 

further towards the formation of metalates than would be the case in a simple aqueous 

solution. However, according to the formation energy calculations presented above, 

the formation energy of the outer-sphere complex where n = 4 is 205.5 kJ mol−1 lower 

in energy than the corresponding inner-sphere complex, with the difference rising to 

347.1 kJ mol−1 at n = 6, which would likely be necessary to provide a satisfactory 

coordination environment for the La3+ cation without the need for inner-sphere water 

molecules (6 is the lowest ordinarily-stable coordination number for La3+,29 and the 

LaCl6
3− anion appears in four crystallographic structures in the Cambridge Structural 

Database while LaCl4
− and LaCl5

2− appear in none).17,30–32 This being the case, it is 

difficult to imagine that equilibrium effects would be sufficient to overcome the 

apparently overwhelming thermodynamic penalty associated with chloridometalate 

formation, and the observed inefficacy of metalate extraction of La3+ from chloride 

media may be satisfactorily explained by this effect alone. 

It is to be noted that the internal energy calculations upon which these results are based 

do not account for changes in entropy, and hence provide only a simplified version of 

the thermodynamic favourability of these processes – given that the outer-sphere 

complex formation process defined in Equation 6.2 necessarily results in a decrease in 

the number of free species while inner-sphere complex formation (as defined in 
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Equation 6.1) does not, there is good reason to expect that the relative favourability of 

outer-sphere complex formation would be decreased due to entropic considerations, 

and that the apparent gulf in favourability between inner-sphere and outer-sphere 

complex formations at high n would be somewhat offset. This could be verified by 

performing frequency calculations on all optimised geometries, which yield entropic 

corrections to internal energy values and allow the effects of entropy to be factored 

into formation energy calculations such as these. This was not done in this study as the 

computational expense of frequency calculations on the large, loosely-bound outer-

sphere complexes (with very large numbers of molecular vibrations to account for) 

was found to be prohibitive, though if a practical means of conducting these 

calculations can be found, it may allow the reliability of these results to be improved. 

 

 

 

6.4.2 – Complexation of La3+ with nitrate 
 

The optimised geometries of the inner-sphere (A) and outer-sphere (B) nitrate 

complexes of La3+, where n = 3, are shown in Figure 6.4. 
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Figure 6.4: Optimised solution-phase structures of hydrated La3+ cations with three nitrate ligands in 

the ‘inner-sphere’ (A) and ‘outer-sphere’ (B) configurations. Optimisations were performed using the 

M06 functional, with the MWB46 pseudopotential and basis set for lanthanum, and the 6-31+G* basis 

set for all other atoms. 

Formation energies of inner- and outer-sphere complexes were calculated as the 

changes in total internal energy during the reactions outlined in Equations 6.1 (inner-

sphere) and 6.2 (outer-sphere), where X = NO3
−. The resulting formation energies 

(where n = 0-6) are shown in Figure 6.5. 

 

 

 

 

 

Figure 6.5: Calculated formation energies of complexes of La3+ with varying numbers (n) of nitrate 

ligands in the inner (red circles) and outer (black squares) coordination spheres of La3+. Formation 

energies for inner- and outer-sphere complexes are defined as the changes in internal energy 

associated with the reactions shown in Equations 6.1 and 6.2 respectively. Energy values are derived 

from calculations performed using the M06 functional, with the MWB46 pseudopotential and basis 

set for lanthanum, and the 6-31+G* basis set for all other atoms. 
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Similar trends in formation energies are observed as with chloride complexes, with 

inner-sphere complexation producing a more negative formation energy at n = 1, but 

outer-sphere complexes becoming increasingly more favoured over inner-sphere 

complexes as n increases. However, the apparent thermodynamic preference for outer-

sphere complexation is less pronounced in the case of nitrate, with inner-sphere 

complexation being favoured at n = 1 by 11.4 kJ mol−1 (compared to 3.8 kJ mol−1 in 

the case of chloride) and outer-sphere complexation being favoured by only 104.1 kJ 

mol−1 at n = 4 and 203.8 kJ mol−1 at n = 6 (compared to the corresponding values of 

205.5 and 347.1 kJ mol−1 respectively for chloride). Again, these findings are 

consistent with experimental observations in the literature of inner-sphere association 

of a single nitrate anion to La3+ in solution, as well as observations that nitrate displays 

greater propensity for inner-sphere complexation to La3+ than that of chloride.33–35 

While the disparities in formation energy at high n are still substantial in the case of 

nitrate, the possibility of metalate formation at high nitrate concentration can be less 

easily dismissed. The notion is lent further plausibility by the fact that nitrate is capable 

of coordinating to metal cations in a bidentate fashion (see Figure 6.6), reducing the 

number of anions required in the inner coordination sphere to produce a satisfactory 

coordination number for La3+ - indeed, of the 9 crystallographic structures within the 

Cambridge Structural Database in which nitrate is directly associated to lanthanum, 

the bidentate nitrate coordination mode is seen in 7 cases. However, the solution-phase 

calculations in this study appear to suggest that this behaviour may be particular to the 

solid state – in all cases, more negative formation energies were calculated in structures 

where nitrate coordinates to La3+ in a monodentate fashion (with water molecules 

occupying the vacant coordination sites) than in those where nitrate adopts the 

bidentate coordination mode. If this is reflective of a fundamental difference in 

coordination behaviour between the solid and solution phases, then inner-sphere 

complexes with bidentate nitrate ligands would likely be unviable as target species for 

solvent extraction. 
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Figure 6.6: Nitrate anions coordinating to La3+ in their monodentate (A) and bidentate (B) coordination 

modes. 

 

While the apparently significant thermodynamic unfavourability of inner-sphere 

nitrate complexes of La3+ at high n (relative to the corresponding outer-sphere 

complexes) would make it unintuitive to predict the inner-sphere complexation of La3+ 

in aqueous nitrate solution, the magnitude of the effect of high nitrate concentration 

on the complexation equilibrium is difficult to predict, and experimental investigation 

of the viability of lanthanum metalate extraction from nitrate media may still be 

worthwhile. 
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6.4.3 – Complexation of La3+ with sulfate 
 

The optimised geometries of the inner-sphere (A) and outer-sphere (B) sulfate 

complexes of La3+, where n = 3, are shown in Figure 6.7. 

 

Figure 6.7: Optimised solution-phase structures of hydrated La3+ cations with three sulfate ligands in 

the ‘inner-sphere’ (A) and ‘outer-sphere’ (B) configurations. Optimisations were performed using the 

M06 functional, with the MWB46 pseudopotential and basis set for lanthanum, and the 6-31+G* basis 

set for all other atoms. 

Formation energies of inner- and outer-sphere complexes were calculated as the 

changes in total internal energy during the reactions outlined in Equations 6.3 (inner-

sphere) and 6.4 (outer-sphere). The resulting formation energies (where n = 0-6) are 

shown in Figure 6.8. 
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Figure 6.8: Calculated formation energies of complexes of La3+ with varying numbers (n) of sulfate 

ligands in the inner (red circles) and outer (black squares) coordination spheres of La3+. Formation 

energies for inner- and outer-sphere complexes are defined as the changes in internal energy 

associated with the reactions shown in Equations 6.3 and 6.4 respectively. Energy values are derived 

from calculations performed using the M06 functional, with the MWB46 pseudopotential and basis 

set for lanthanum, and the 6-31+G* basis set for all other atoms. 

 

[La(H2O)9]3+ + n X2−  ⇌ [La(H2O)z(X)n](3−2n)+  + (9−z)H2O       Equation 6.3 

[La(H2O)9]3+ + n X2−  ⇌ [La(H2O)9  • (X)n](3−2n)+         Equation 6.4 

 

 

 

Even greater propensity for solution-phase inner-sphere complexation of La3+ is seen 

here than in the case of nitrate, with the calculated formation energy of the inner-sphere 

complex at n = 1 being significantly (61.4 kJ mol−1) more negative than that of the 

corresponding outer-sphere complex. The greater inner-sphere character of the sulfate 

ligand in aqueous solution compared to chloride and nitrate is reflected in the literature, 

where there appears to be a strong consensus that one sulfate ligand will spontaneously 
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associate to the inner coordination sphere of La3+ in aqueous solution,36 while this is 

not universally agreed in the cases of chloride and nitrate. Some studies have even 

yielded evidence of simultaneous association of multiple sulfate ligands to aqueous 

La3+,37–39 an occurrence which seems entirely plausible in light of the formation energy 

calculations presented here, with the formation energy of the outer-sphere complex at 

n = 2 being virtually identical to that of the corresponding inner-sphere complex (the 

difference being only 1.2 kJ mol−1) and the outer-sphere complex at n = 3 being 

favoured by a relatively modest margin of 21.6 kJ mol−1. 

Formation of inner-sphere complexes rapidly becomes increasingly disfavoured at n ≥ 

4, which is presumably a consequence of the abnormally large overall charges in such 

complexes (5− or greater). However, the apparent feasibility of formation of inner-

sphere complexes where n = 2 or 3 is potentially significant for the purposes of 

metalate extraction, as such complexes would exhibit negative, but more conventional, 

overall charges of 1− and 3− respectively. Here, the most significant impediment to 

the formation of extractable metalates is the attainment of a satisfactory coordination 

number for La3+ without the inclusion of inner-sphere water ligands - even if sulfate 

ligands adopt a bidentate coordination mode similar to that exhibited by nitrate in the 

solid state (see Figure 6.6), two sulfate ligands would only be able to grant a 

coordination number of 4 (lower than typically observed for La3+) and while three such 

ligands could confer a more conventional coordination number of 6, the O-La-O bond 

angle subtended by two oxygen donors in the same sulfate anion is likely to be too 

small to afford the octahedral coordination geometry which is typically the most stable 

for 6-coordinate complexes. Furthermore, as was the case with nitrate, solution-phase 

formation energy calculations appeared to indicate that the monodentate sulfate 

coordination mode is favoured in aqueous solution, reducing the number of co-

ordination sites satisfied by these ligands even further. 

While the formation of lanthanum metalates appears not to be thermodynamically 

precluded in sulfate solutions as it was in chloride and nitrate solutions, extraction of 

such metalates is likely to require the presence of an additional species to displace 

water from the inner coordination sphere of La3+. Hypothetically, this could be 

achieved by the inclusion of a sufficiently potent inner-sphere donor group in the 

design of the extractant itself, or through the use of a synergistic extractant mixture, in 



 

159 
 

which one species coordinates directly to the La3+ cation to displace water, while 

another brings about transfer of the assembly to the organic phase through outer-sphere 

complexation, as in the extractants discussed in Chapter 3. Based on the results of the 

calculations presented here, it is conceivable that this could prove a worthwhile area 

for future research. 

 

6.4.4 – Complexation of Cd2+ with chloride 
 

As the extent to which thermodynamic barriers to inner-sphere complexation can be 

overcome by elevation of ligand concentration is not well-defined, prediction of the 

viability (or lack thereof) of metalate formation in aqueous solution on the basis on 

such formation energy calculations alone is difficult. For the purposes of comparison, 

similar calculations were undertaken on systems where metalate formation is known 

to occur at sufficiently high concentration of anionic ligand, expanding on preliminary 

calculations performed by Chris O’Bryen (though using different basis sets).40  

The spontaneous formation of inner-sphere chloride complexes of Cd2+ (including the 

chloridometalates [CdCl3]
− and [CdCl4]

2− ) in aqueous solutions with sufficiently high 

concentrations of chloride is widely reported,41 and has been successfully exploited 

for the purposes of solvent extraction of cadmium from chloride media.42,43 As with 

La3+ above, the geometries of inner- and outer-sphere chloride complexes of Cd2+, with 

1 to 6 chloride ligands in each case, were optimised, and their formation energies 

relative to [Cd(H2O)6]
2+ (which is generally accepted to be the predominant form of 

the hydrated Cd2+ cation)44 were calculated as the changes in total internal energy 

during the reactions outlined in Equations 6.5 (for inner-sphere complexes) and 6.6 

(for outer-sphere complexes).  

 

[M(H2O)6]2+ + n Cl−  → [M(H2O)(6−n)(Cl)n](2−n)+ + n H2O     Equation 6.5 

[M(H2O)6]2+ + n Cl−  → [M(H2O)6  • (Cl)n](2−n)+        Equation 6.6 
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It is to be noted that while the optimal numbers of inner-sphere water molecules in 

each of the inner-sphere complexes were determined case-by-case, as with La3+, the 

optimal total coordination number (i.e. that producing the most negative formation 

energy) was found to be 6 in all cases, with (6 – n) water molecules being retained in 

the inner coordination sphere of an inner-sphere complex with n chloride ligands. 

Furthermore, the optimised geometries of both inner- and outer-sphere complexes 

were found to deviate somewhat from the ideal octahedral coordination geometry 

typically observed in 6-coordinate complexes, as illustrated in Figure 6.9. This is 

reflective of the somewhat irregular geometries exhibited by Cd2+ complexes in 

general, as observed in numerous experimental studies previously.45–47  

 

 

 

Figure 6.9: Optimised solution-phase structures of Cd2+ cations with three chloride ligands in the inner-

sphere (A) and outer-sphere (B) configurations. Optimisations were performed using the M06 

functional, with the MWB28 pseudopotentials and basis set for Cd2+ and the 6-31+G* basis set for all 

other atoms. 

The calculated formation energies of inner- and outer-sphere chloride complexes of 

Cd2+, with the number of chloride ligands (n) varying from 0 to 6 in each case, are 

shown in Figure 6.10. 



 

161 
 

 

Figure 6.10: Calculated formation energies of Cd2+ complexes of with varying numbers (n) of chloride 

ligands in their inner (red circles) and outer (black squares) coordination spheres. Formation energies 

for inner- and outer-sphere complexes with are defined as the changes in internal energy associated 

with the reactions shown in Equations 6.5 and 6.6 respectively. Energy values are derived from 

calculations performed using the M06 functional, with the MWB28 pseudopotential and basis set for 

cadmium, and the 6-31+G* basis set for all other atoms. 

 

The trends in calculated formation energy are similar to those seen in chloride 

complexation of La3+, with the formation energies of inner- and outer-sphere 

complexes being virtually identical at n = 1, and outer-sphere complexation becoming 

increasingly favoured over inner-sphere complexation as n is increased. However, the 

differences between the inner-sphere and outer-sphere complex formation energies are 

generally substantially smaller for Cd2+ than for La3+ - notably, the difference at n = 4 

(the smallest common co-ordination number of Cd2+)47 is 99.1 kJ mol−1, significantly 

smaller than the corresponding value of 205.5 kJ mol−1 at n = 4, and even more so in 

comparison to the analogous case of n = 6 for La3+ (where sufficient chloride ligands 

are present to provide a stable inner coordination sphere for La3+) where the difference 

is 347.1 kJ mol−1. 

In light of this disparity in formation energies, it is unsurprising that spontaneous 

formation of chloridometalates would occur in aqueous solution for Cd2+ but not for 
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La3+. By this interpretation, the thermodynamic penalty of 99.1 kJ mol−1 associated 

with the formation of CdCl4
2− in solution (relative to the corresponding outer-sphere 

complex) must be surmountable via the effects of elevated chloride concentration 

alone – as CdCl4
2− has been observed to form in aqueous solution in the absence of 

solvent extraction reagents, the stability of a hypothetical extractable assembly cannot 

be responsible for the thermodynamic barrier being overcome. This effect must be kept 

in mind when drawing conclusions from such calculations regarding the viability of 

metalate formation in solution. It should also be noted that CdCl4
2− is typically 

observed to form in trace quantities at most, even in solutions of very high chloride 

concentration,41 suggesting that the formation energy barrier of 99.1 kJ mol−1 may be 

close to the maximum such barrier which can be overcome through the effects of 

elevated anion concentration. 

 

6.4.5 – Complexation of Hg2+ with chloride 
 

In a similar manner to Cd2+, Hg2+ has been observed to form inner-sphere chloride 

complexes (including the chloridometalates [HgCl3]
− and [HgCl4]

2− ) spontaneously 

in aqueous solutions of sufficient chloride concentration.48 The formation of such 

complexes is found to occur even more readily with Hg2+ than Cd2+, with the reported 

stability constants for the formation of [HgCl4]
2− being significantly higher than those 

for the formation of [CdCl4]
2− (1.2 × 1015 versus 1.0 × 104, according to Kotz et al.).49,50 

Thus, if the formation energy calculations discussed earlier are a reliable means of 

assessing the viability of chloridometalate formation in solution, the formation 

energies of inner-sphere complexes at n = 3 and 4 should be even less disfavoured 

(relative to the corresponding outer-sphere complexes) than in the case of Cd2+. 

To assess this, the geometries of inner- and outer-sphere complexes of Hg2+ with up 

to 6 chloride ligands were optimised in solution-phase conditions (with explicit water 

molecules included according to the same protocol as in Section 6.4.4), and their 

formation energies relative to the hydrated Hg2+ cation (taken to be the distorted 

octahedral [Hg(H2O)6]
2+, in line with literature consensus)44 were calculated, as with 
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Cd2+, as the changes in total internal energy during the reactions outlined in Equations 

6.5 (for inner-sphere complexes) and 6.6 (for outer-sphere complexes). 

As has been widely observed in experiments,51 the optimised structures of Hg2+ 

complexes exhibited highly distorted coordination geometries, including abnormally 

long Hg-O bond distances (as high as 3.46 Å) between Hg2+ and water ligands in 

complexes featuring inner-sphere chloride ligands. As significant bond elongation has 

been observed experimentally in complexes of Hg2+,52 and as these water molecules 

appeared to arrange themselves roughly into conventional coordination geometries 

rather than randomly, they were considered to be inner-sphere ligands for the purpose 

of inner-sphere complex formation energy calculations, in spite of their unusually large 

distance from the metal cation (see Figure 6.11). 

 

 

Figure 6.11: Optimised solution-phase structures of Hg2+ cations with three chloride ligands in the 

inner-sphere (A) and outer-sphere (B) configurations. Optimisations were performed using the M06 

functional, with the MWB60 pseudopotentials and basis set for Hg2+ and the 6-31+G* basis set for all 

other atoms. 

 

The calculated formation energies of inner- and outer-sphere chloride complexes of 

Hg2+, with the number of chloride ligands (n) varying from 0 to 6 in each case, are 

shown in Figure 6.12. 
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Figure 6.12: Calculated formation energies of Hg2+ complexes of with varying numbers (n) of chloride 

ligands in their inner (red circles) and outer (black squares) coordination spheres. Formation energies 

for inner- and outer-sphere complexes with are defined as the changes in internal energy associated 

with the reactions shown in Equations 6.5 and 6.6 respectively. Energy values are derived from 

calculations performed using the M06 functional, with the MWB60 pseudopotential and basis set for 

mercury, and the 6-31+G* basis set for all other atoms. 

 

Based on these results, inner-sphere complexation of Hg2+ in solution appears 

significantly more favoured than that of Cd2+ - the formation energies of the inner-

sphere complexes with n = 1-3 are all lower than those of their outer-sphere 

counterparts, and the outer-sphere complex where n = 4 is favoured by only 36.9 kJ 

mol−1, which is substantially smaller than the barrier of 99.1 kJ mol−1 in the case of 

[CdCl4]
2− which has been observed experimentally to be overcome through the use of 

elevated chloride concentration. As coordination numbers of 3 and 4 are well-known 

for Hg2+,53 and the formation of both [HgCl3]
− and [HgCl4]

2− is implied by these results 

to be viable in aqueous solution, these species would be predicted to be viable targets 

for metalate solvent extraction, and indeed they have been successfully used as such 

in previous experimental studies.54,55 
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6.5 – Summary and conclusions 

Through gas-phase geometry optimisation and vibrational frequency calculations, 

some differences were found between the properties of octahedral lanthanide metalates 

(LaCl6
3− and ErCl6

3−) and those of transition metal analogues (PtCl6
2−, PdCl6

2− and 

IrCl6
3−) – the former were found to exhibit significantly longer metal-chloride bond 

distances (as corroborated by literature crystallographic data) as well as greater 

conformational flexibility, as evidenced by the presence of significantly lower 

vibrational frequencies in lanthanide metalates, as well as noticeable distortion of these 

metalates in optimised geometries of metalate-PMA complexes. This conformation 

flexibility appears to grant outer-sphere ligands such as PMA greater freedom to adopt 

a more stable conformation while still interacting favourably with the metalate, with 

the internal energy of the PMAH+ unit in the optimised geometry of the assembly 

[(PMAH)LaCl6]
2− calculated to be significantly lower than that in the optimised 

geometry of the transition metal analogue [(PMAH)IrCl6]
2−. This being the case, there 

appears to be little reason to doubt that extractants such as PMA would interact 

favourably with lanthanide metalates were they to come into contact. 

The most likely alternative explanation for the difficulty of solvent extraction of 

lanthanides as metalates is the lack of prevalence of extractable lanthanide metalates 

(i.e. those without inner-sphere water ligands, which would most likely inhibit transfer 

of the metalate to a hydrophobic organic phase) in aqueous solution. The 

thermodynamic favourability of formation of such metalates was investigated through 

a series of solution-phase energy calculations in which the formation energies of inner-

sphere complexes of La3+ with three anionic ligands (chloride, nitrate and sulfate) were 

compared to those of their corresponding outer-sphere complexes, which would 

presumably be unviable as targets for solvent extraction. The formation energy of the 

inner-sphere complex [LaCl6]
3− was found to be overwhelmingly (347.1 kJ mol−1) 

higher than that of the corresponding outer-sphere complex [La(H2O)9 • Cl6]
3−, 

implying that [LaCl6]
3− is very unlikely to form spontaneously in aqueous solution, 

even in conditions of highly elevated chloride concentration. Inner-sphere chloride 

complexes of La3+ with fewer chloride ligands would be unlikely to provide a 

satisfactory coordination number for La3+ without the involvement of inner-sphere 
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water ligands, which would inhibit solvent extraction. Thus the resulting lack of 

extractable La3+ species would provide a likely explanation for the failure of La3+ by 

conventional metalate extractants. 

Equivalent calculations revealed a smaller (but still significant) thermodynamic 

penalty of 203.8 kJ mol−1 associated with the formation of [La(NO3)6]
3− compared to 

formation of the corresponding outer-sphere complex [La(H2O)9 • (NO3)6]
3−, 

suggesting that lanthanide metalate extraction would be more feasible from nitrate 

media than from chloride media, though still difficult. While inner-sphere complexes 

with satisfactory coordination numbers could be formed using fewer nitrate ligands if 

nitrate adopts a bidentate coordination mode (as seen extensively in the solid state), it 

appears from these calculations that a monodentate coordination mode is more 

favoured in the solution phase. Similarly, while the formation of inner-sphere sulfate 

complexes of La3+ was found to be more favourable still, formation of extractable 

metalates of this nature would depend on bidentate coordination of sulfate to La3+, 

which appears not to be favoured in solution. In principle, these issues may also be 

circumvented through the use of an extractant (or synergistic extractant mixture) which 

can coordinate directly to La3+ in solution (to provide a suitable coordination number) 

while also facilitating the transfer of the resulting assembly to the organic phase. 

It is to be noted that a purely thermodynamic method such as this cannot account for 

the effects of increased anion concentration on the formation equilibrium of 

extractable metalates. To provide a point of reference, similar calculations were 

undertaken to investigate chloride complexation of Cd2+ and Hg2+, which have been 

observed experimentally to form the extractable metalates CdCl4
2− and HgCl4

2− in 

aqueous solutions of high chloride concentrations. The thermodynamic penalties 

associated with the formation of these complexes CdCl4
2− and HgCl4

2− (in comparison 

to the corresponding outer-sphere complexes [Cd(H2O)6 • Cl4]
2− and [Hg(H2O)6 • 

Cl4]
2− ) were calculated to be 99.1 and 36.9 kJ mol−1 respectively. As CdCl4

2− is 

observed to form in only trace quantities in solution, even with high chloride 

concentration, the value of 99.1 kJ mol−1 can be treated as an approximate upper limit 

to the thermodynamic barrier to inner-sphere complexation which can realistically be 

overcome through increased anion concentration alone. 



 

167 
 

As discussed earlier, it also must be acknowledged that the internal energy calculations 

used here to evaluate formation energies do not account for entropic effects, which are 

likely to have at least some impact on the relative thermodynamic favourability of 

outer-sphere complex formation versus inner-sphere complexation due to the decrease 

in number of free species which inherently accompanies outer-sphere complexation 

(and which is not usually paralleled in inner-sphere complexation). Despite this 

simplification, results were still found to correspond well with literature observations 

(possibly because the loose binding interactions in outer-sphere complexes mitigate 

the loss of entropy upon their formation) though if practicable methods of performing 

frequency calculations on such large complexes (without significantly compromising 

the quality of basis sets and functional used) can be developed, it is strongly 

recommended that this be investigated further to improve the quantitative accuracy of 

the methodology and assess whether qualitative trends are affected by the 

consideration of entropy. 

In general, across all metals and ligands, the results from these formation energy 

calculations correlated remarkably closely with experimental observations in the 

literature, suggesting that this may provide a useful methodology for the prediction of 

metal speciation in aqueous solution, though further benchmarking with a wider range 

of metals and ligands will likely be required before such predictions can be made with 

confidence. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

The work described in this thesis was undertaken with the intention of identifying 

novel techniques to aid our understanding of the chemistry underpinning solvent 

extraction of metals, and in particular, towards three primary aims. 

 

Firstly, the possibility of using standard DFT computational techniques as a means of 

predicting relevant properties which otherwise require significant experimental work 

to measure, thus creating a computational ‘screening’ method which could save 

substantial amounts of time and resources in the development of new solvent 

extraction processes, was investigated. A successful example of this, as described in 

Chapter 3, was the development of a systematic method in which geometry 

optimisation calculations are used to estimate formation energies of outer-sphere 

complexes formed during the extraction of platinum chloridometalates by amidoamine 

and amidoether extractants, which was found to correlate well with the experimentally-

determined extractant strengths of these reagents.  

 

Similarly, as outlined in Chapter 6, formation energy calculations were found to show 

significant promise as a means of predicting the favourability of inner-sphere 

coordination of anionic ligands to metal cations in aqueous solution, which is essential 

to understand when assessing appropriate target species for new solvent extraction 

reagents, and for which little conclusive experimental data appears to be present in the 

literature. 

 

It should be noted that in both of these cases, the results presented in this thesis only 

support quantification of the relevant properties for a given system relative to other 

systems, and not in absolute terms. It would therefore be advisable to apply these 

techniques to a range of other well-understood test systems, in order to identify any 

sets of circumstances under which they become less applicable, and in order to 

benchmark the formation energy values obtained through these techniques and thus 

aid in interpretation of results. An obvious example would be to apply the speciation 

prediction methodology outlined in Chapter 6 to metal/anion combinations for which 
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metalates are known to form readily in aqueous solution (such as zinc and chloride) 

and thus determine the range of calculated formation energy values observed in such 

cases. 

 

Solvation modelling also proved to be a point of interest in this work – while a fairly 

rigorous combination of implicit and explicit hydration modelling proved to be 

essential in the prediction of aqueous-phase speciation (Chapter 6), calculations of the 

geometries of organic-phase species (i.e. extracted complexes, such as the outer-sphere 

platinum complexes discussed in Chapter 3) were performed without the use of any 

solvation models at all. This was necessitated by the size of the complexes being 

modelled and thus the computational expense associated with optimising their 

geometries, and was not found to prevent the collection of results which reproduce 

experimental trends (presumably due to the low dielectric constant of the toluene 

solvent which formed the organic phase in the relevant experiments, rendering 

solvation effects relatively insignificant) though it is conceivable that the accuracy of 

the computational model could be improved further through the incorporation of a 

suitably-parametrised and sufficiently computationally-inexpensive solvation model 

to ensure any solvation effects are accounted for. 

 

The second aim of the work described in this thesis was to apply computational 

techniques to the task of elucidating the various chemical mechanisms involved in 

different solvent extraction processes. A prime example of this was the use of 

molecular dynamics simulations to reveal the role of supramolecular aggregate 

formation in the extraction of gold chloridometalates using simple amide reagents (see 

Chapter 3), as subsequently corroborated by experimental measurements. Quantum 

mechanical calculations were also found to be highly applicable for this purpose, an 

example being the use of geometry optimisation calculations to assess the relative 

favourabilities of different coordination modes of phosphinate extractants to cobalt 

(Chapter 4) which allowed for likely chemical structures of extracted complexes to be 

deduced from the stoichiometric information granted by experimental results. 
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In cases where solvent extraction proceeds solely by the formation of relatively small 

and conventional coordination complexes, the latter approach appears to have 

significant power in the detailed characterisation of extracted species and evaluation 

of thermodynamic driving forces towards their formation, albeit with some reliance on 

pre-existing information (from experimental or other sources) regarding the 

fundamental nature of the extraction mechanism. However, in cases (such as that of 

the simple amide gold extractants discussed in Chapter 3) where extraction is driven 

by the formation of very large assemblies, the ability of geometry optimisation 

calculations (which by nature can only model a small portion of such a system at a 

time) to yield reliable information on the extraction mechanism as a whole is greatly 

diminished. Furthermore, while classical molecular dynamics simulations have shown 

some value in illuminating the fundamental nature of the extraction mechanism in such 

cases, the simplistic models employed in these calculations render them unable to 

satisfactorily account for mechanisms in which formal bonds are created or destroyed, 

and even limits their ability to yield accurate results in cases where non-formal 

bonding interactions are significantly influenced by quantum effects (as an example, 

hydrogen-bonding interactions, which feature ubiquitously in the work described in 

this thesis, are generally considered to exhibit significant quantum mechanical 

components). Quantum mechanical molecular dynamics techniques are well-

established, and it is highly plausible that such methods would allow the chemistry of 

supramolecular-scale extraction systems to be studied in more detail – sufficient time 

was not available to optimise these methods for such applications in the timeframe of 

this project, but doing so would seem to be a promising avenue for future research 

efforts. 

 

The final aim of the project was to investigate novel applications of established 

laboratory techniques to the task of characterising the species formed in the organic 

phase during solvent extraction processes, thus further elucidating the chemistry 

underpinning such processes and helping to identify the conditions under which they 

proceed optimally. This was explored in depth in the context of the commercial 

extractant formulation CYANEX® 272, with its use in the extraction of Co(II)/Zn(II) 

and Fe(III) discussed in Chapters 4 and 5 respectively.  
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A high degree of value was found in the use of 31P NMR techniques, exploiting the 

ordinarily-detrimental phenomenon of peak suppression due to paramagnetism in 

order to monitor the rate of complex formation with increasing metal loading. The 

results of this analysis (which reveals a stark difference between Co(II) and Fe(III) in 

terms of their extraction by CYANEX® 272) are internally consistent with results 

from other techniques, suggesting that it is reliable and has value as an analytical 

technique, though the quantitative conclusions drawn from it in this thesis rely on some 

as-yet unproven assumptions (little discussion of the nature of paramagnetic 

suppression of NMR signals could be found in the literature). It is recommended that 

further study of the effect be undertaken if this technique is to be applied in the study 

of solvent extraction of paramagnetic metals in future.  

 

While its application to systems involving paramagnetic metals still appears 

impractical, DOSY NMR proved to be a valuable asset in the elucidation of the 

mechanism of extraction of Zn(II) (and, by proxy, Co(II) ) by CYANEX® 272, as a 

means of identifying both the formation of multiple extracted species simultaneously 

and the formation of high molecular-weight species. In conjunction with viscometric 

measurements, this technique provided compelling evidence for the formation of 

polymers at high Zn(II)/Co(II) loading levels, thus providing an explanation for sharp 

increases in organic phase viscosity in such conditions. The use of DOSY NMR is 

recommended for application in other cases where high molecular-weight species are 

suspected to be involved in the process of solvent extraction, such as supramolecular 

aggregates of the type discussed in Chapter 3. 

 

Mass spectrometric techniques proved highly useful in the chemical characterisation 

of the complexes formed in the organic phase during extraction of Co(II) and Zn(II) 

by CYANEX® 272, including both the monomeric and oligomeric species formed at 

low metal loading levels (which were characterised using ESI-MS) and the polymeric 

species generated at high metal loading (which were analysed by MALDI-TOF MS). 

These techniques appear to be valuable as means of detecting the presence of particular 

structural motifs within the extracted species, though by their nature, they are generally 
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insufficient on their own to provide a complete and unambiguous understanding of the 

structure of these species – some uncertainty remains as to the precise structure of the 

oligomeric species formed at medium Co(II) and Zn(II) loading, and while plausible 

candidates could be proposed, the chemical identity of the species formed during 

extraction of Fe(III) remains largely undetermined. In order to resolve these 

ambiguities in future, it is recommended that more direct characterisation techniques 

be investigated for application to these systems in future – obtaining crystallographic 

data proved to be challenging, though as crystal structures have been successfully 

obtained for extracted metal complexes in other solvent extraction systems, it remains 

a promising avenue for future research. 

 

In general, the results of this work serve to highlight the necessity of applying multiple 

techniques simultaneously when studying a complex and relatively poorly-understood 

chemical system (the species formed in solvent extraction processes being a prime 

example) and the wide range of insights that can be gained through doing so. In 

particular, the mutualistic relationship between theoretical and experimental 

techniques was evidenced throughout, with computational results providing insight 

that experimental techniques alone cannot, and vice versa. Great potential and great 

reason exists for future research into the diverse and curious chemistry of solvent 

extraction, and it is clear that a holistic approach (involving both theory and 

experiment) is essential for this to proceed effectively. 
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2016  

“Computational Modelling Techniques for the Design of Solvent Extractants for 

Metals” – Universities of Scotland Inorganic Conference 2016, University of 
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APPENDIX 2: SCRIPT FOR QUANTIFICATION OF 

INTERATOMIC DISTANCES 

The following is a Fortran 95 code, used to generate results presented in Section 
3.4.3.2, which reads the output of a molecular dynamics simulation (in LAMMPS) to 
quantify the frequency of interatomic distances between two given classes of atoms 
being within a specified threshold distances. Commented lines (which are preceded 
by exclamation marks, and were not used in the determination of the results 
presented in this thesis) are retained for interest. 

program goldfinger 

 

implicit none 

 

      real(8) :: r,rt,hit,total,rate,xx,yy,zz,nhx,nhy,nhz,clx,cly,clz,rate0,num0 

      real(8) :: dx,dy,dz,dis,num,num1,num2,num3,num4,rate1,rate2,rate3,rate4 

      integer :: i,j,noatoms,noframes,nnh,ncl,nnhmax,nclmax,oho 

      character(LEN=30):: fileinp,junk 

      dimension :: xx(100000), yy(100000), zz(100000), symbol(100000) 

      dimension :: nhx(100000), nhy(100000), nhz(100000) 

      dimension :: clx(100000), cly(100000), clz(100000) 

      character(LEN=2):: symbol 

 

      print *, 'xyz file name? (with .xyz extension)' 

      read *, fileinp 

 

      print *, 'How many frames are there?' 

      read *, noframes 

 

      print *, 'Threshold distance (in Angstroms)?' 

      read *, rt 
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      open(30, file = fileinp) 

 

      total = 0 

      hit = 0 

      num1 = 0 

      num2 = 0 

      num3 = 0 

      num4 = 0 

 

!START frame loop 

 

   DO i=1,noframes 

 

    nnh = 0 

    ncl = 0 

 

    READ(30,*) noatoms 

    READ(30,*) junk 

 

     DO j=1,noatoms 

     READ(30,*) symbol(j), xx(j), yy(j), zz(j) 

       

       IF (symbol(j) .EQ. 'n') then 

          nnh = nnh + 1 

          nhx(nnh) = xx(j) 

          nhy(nnh) = yy(j) 

          nhz(nnh) = zz(j) 

       END IF 

 

       IF (symbol(j) .EQ. 'Cl') then 
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          ncl = ncl + 1 

          clx(ncl) = xx(j) 

          cly(ncl) = yy(j) 

          clz(ncl) = zz(j) 

       END IF 

 

     END DO 

 

     nnhmax = nnh 

     nclmax = ncl 

 

!  print *,'nnhmax : ',nnhmax 

!  print *,'nclmax : ',nclmax 

!  print *,' ' 

  

 

     DO nnh=1,nnhmax 

 

     num = 0 

     oho = 0 

 

 DO ncl=1,nclmax 

 

!          print *,'nhx : ',nhx(nnh) 

!  print *,'clx : ',clx(ncl) 

!  print *,' ' 

 

  dx = nhx(nnh) - clx(ncl) 

                dy = nhy(nnh) - cly(ncl) 

                dz = nhz(nnh) - clz(ncl) 
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                dis = sqrt(dx*dx+dy*dy+dz*dz) 

 

!                print *, dis 

 

                if (dis .LE. rt) then 

                   hit = hit + 1 

                   num = num + 1 

                   oho = oho + 1 

 

                EXIT 

 

                end if 

 

!                if (oho .GE. 2) then 

!                EXIT  

!                end if 

       END DO 

 

        if (num .EQ. 1) then 

                num1 = num1 + 1 

        else if (num .EQ. 2) then 

                num2 = num2 + 1 

        else if (num .EQ. 3) then 

                num3 = num3 + 1 

        else if (num .EQ. 4) then 

                num4 = num4 + 1 

        else if (num .EQ. 0) then  

                num0 = num0 + 1 

        end if 
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                total = total + 1 

 

     END DO 

 END DO 

 

 rate = hit / total 

 rate0 = num0 / total 

 rate1 = num1 / total 

 rate2 = num2 / total 

 rate3 = num3 / total 

 rate4 = num4 / total 

 

  print *,'Contacts : ',hit 

  print *,'Total : ',total 

  print *,'Contacts per N : ',rate 

!  print *,'rate0 : ',rate0 

!  print *,'rate1 : ',rate1 

!  print *,'rate2 : ',rate2 

!  print *,'rate3 : ',rate3 

!  print *,'rate4 : ',rate4 

      print *,'Goodbye.' 

 

      end program goldfinger 
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APPENDIX 3: SAMPLE LAMMPS INPUT FILE 

The following is an example of a LAMMPS input file used to initiate one of the 

molecular dynamics simulations presented in this thesis. This particular file was the 

input for one of the three simulations involving tertiary amide L9 as discussed in 

Section 3.4.3.2. 

 

#tamide10au4tol60 

 

units           real 

dimension       3 

atom_style      full 

neighbor        1.5 bin 

neigh_modify    delay 0 every 1 check yes one 3000 

pair_style      lj/cut/coul/long 12.0 

kspace_style    pppm 0.0001 

bond_style      harmonic 

angle_style     harmonic 

dihedral_style  opls 

echo            screen 

 

read_data       data.tamide10au4tol60 

 

minimize        0.0 1.0e-8 1000 100000 

fix  1 all nvt temp 293.0 293.0 5.0  

dump  1 all xyz 15000 tamide10au4tol60_nvt.xyz 

dump_modify 1 element Au C_3 C_R Cl H_m H_a c cm co h hm hoc n oc 

log   log.tamide10au4tol60_nvt 

thermo_style custom step cpu temp press pe ke etotal enthalpy evdwl ecoul 
epair ebond eangle edihed eimp emol elong vol lx ly lz 
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thermo   10000 

 

timestep 0.5 

run   500000 

 

unfix  1 

undump  1 

fix   2 all npt temp 293.0 293.0 5.0 iso 1.0 1.0 50.0 

dump  2 all xyz 15000 tamide10au4tol60_npt.xyz 

dump_modify  2 element Au C_3 C_R Cl H_m H_a c cm co h hm hoc n oc 

log  log.tamide10au4tol60_npt 

thermo_style custom step cpu temp press pe ke etotal enthalpy evdwl ecoul 
epair ebond eangle edihed eimp emol elong vol lx ly lz 

thermo   10000 

 

timestep  1.0 

run   9700000 
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APPENDIX 4: METAL LOADING PERCENTAGES 

In Chapter 4, cobalt and zinc loading percentages are defined relative to the 

theoretical maximum metal concentration that could realistically arise in the organic 

phase assuming that only charge-neutral species exist in the organic phase, and that 

no anions besides phosphinates (L1) are involved in the creation of charge-balanced 

metal-containing species. As L1 carries a single negative charge, two L1 anions are 

required to charge-balance each Co(II) or Zn(II) cation, and thus the theoretical 

maximum concentration of M(II) in the organic phase is equal to half the 

concentration of L1 in the organic phase. In all experiments reported in Chapter 4, 

the concentration of L1 in the organic phase was 0.27 M, and thus the theoretical 

maximum M(II) concentration was taken to be 0.135 M.   

 

Loading percentages were calculated according to the following equation:  

 

𝑀(𝐼𝐼) 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 % =  
[𝑀(𝐼𝐼)] 𝑖𝑛 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 [𝑀(𝐼𝐼)] 𝑖𝑛 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒
 × 100 %  

  

 

For consistency, in Chapter 5, iron loading percentages are defined analogously, on 

the assumption that the ‘theoretical maximum’ iron loading is achieved when each 

Fe3+ cation is charge-balanced by three phosphinate anions, even though this 

assumption is ultimately determined not to be reflective of reality. As the 

concentration of L1 in the organic phase in the experiments reported in Chapter 5 is 

0.135 M, the theoretical maximum Fe(III) concentration was taken to be one third of 

this, i.e. 0.045 M. 
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APPENDIX 5: STOICHIOMETRY DETERMINATION 

FROM 31P{1H} NMR SPECTROSCOPIC ANALYSIS 

In Chapter 4, Figure 4.7 shows the ratio of the integrals of the peaks corresponding to 

L1H and L2 in 31P{1H} NMR spectra of organic phases loaded to various levels with 

Co. The gradient of the graph at different loading level ranges was used to estimate 

the average L1:Co stoichiometric ratio in the extracted species at those loading 

levels. 

The total concentration of L1H in the organic phase in all cases is 0.27 M. As the 

L1H:L2 integral ratio at 0% loading (where all L1H is unassociated) was measured to 

be 11.31, assuming L2 is not significantly incorporated into the extracted species, it 

can be stated that a decrease of 1 in integral ratio corresponds to the depletion of 

(0.27 M / 11.31) = 0.0239 M in the concentration of unassociated L1H. 

Similarly, the number of moles of Co2+ present in the organic phase at 100% loading 

can be calculated to be 0.135 M. Thus, an increase of 1% in Co loading level 

corresponds to an increase of (0.135 M / 100) = 0.00135 M in the concentration of 

Co in the organic phase. 

These values can be used to calculate the ratio, between two data points in Figure 

4.7, of the number of moles of L1H consumed to the number of moles of Co) 

uptaken, which was taken to be equal to the average L1:Co stoichiometric ratio in the 

extracted species between the two loading levels chosen. This can be calculated 

using the following equation: 

 

𝑳𝟏: 𝐶𝑜 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 =  
(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑟𝑎𝑡𝑖𝑜)  × 𝟎.𝟎𝟐𝟑𝟗 𝐌

(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝐶𝑜(𝐼𝐼) 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒) × 𝟎.𝟎𝟎𝟏𝟑𝟓 𝐌
   

 

which simplifies to: 

 

𝑳𝟏: 𝐶𝑜 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 =  
(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑟𝑎𝑡𝑖𝑜)  

(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝐶𝑜(𝐼𝐼) 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒) 
 × 17.7 
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The L1:Co stoichiometric ratios in the Co loading ranges of 0-20% and 20-60% were 

calculated by this method, using the average gradients of the graph shown in Figure 

4.7 over these loading ranges, calculated using linear fitting. The stoichiometric 

ratios over the loading ranges 0-20% and 20-60% were calculated to be 3.92 and 

2.42 respectively. For illustration, these gradients are shown (in red and blue 

respectively) in Figure A1, which shows the same data as Figure 4.7, but with 

31P{1H} NMR integral ratios converted to unassociated L1H concentrations (and Co 

loading percentages to organic phase Co concentrations) in the manner described 

above. 

 

Figure A1: Variation of concentration of unassociated L1H in the organic phase with increasing 

organic phase Co(II) concentration, calculated from 31P{1H} integral ratios as described in Section S2. 

Calculated lines of best fit are shown in red and blue, with gradients of -3.92 ± 0.14 (red) and -2.42 ± 

0.16 (blue). 
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In Chapter 5, an analogous calculation method was used to estimate the L1:Fe 

stoichiometric ratio in the extracted species, based on the data shown in the 

corresponding graph (Figure 5.5), though as both the concentration of L1 in the 

organic phase and the amount of metal uptaken at “100% loading” were different in 

the extraction experiments from which the relevant data were obtained (compared to 

the experiments in Chapter 4), L1:Fe stoichiometric ratios were given instead by the 

following equation: 

 

𝑳𝟏: 𝐹𝑒 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 =  
(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑟𝑎𝑡𝑖𝑜)  × 𝟎.𝟎𝟏𝟏𝟗 𝐌

(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝐹𝑒(𝐼𝐼𝐼) 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒) × 𝟎.𝟎𝟎𝟎𝟒𝟓 𝐌
   

 

which simplifies to: 

 

𝑳𝟏: 𝐹𝑒 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 =  
(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑟𝑎𝑡𝑖𝑜)  

(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝐹𝑒(𝐼𝐼𝐼) 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒) 
 × 26.4   
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APPENDIX 6: MASS SPECTRA OF ORGANIC 

PHASES FOLLOWING Zn(II) EXTRACTION BY 

CYANEX® 272 

ESI mass spectra of organic phases containing CYANEX® 272 loaded to levels of 27% 

and 55% are shown in Figures A2 and A3 respectively. Where available, assignments 

are labelled with chemical formulae above peaks – in all cases, proposed species are 

direct analogues of species proposed in equivalent analysis of samples containing 

Co(II) (see Chapter 4). 

 

 

Figure A2: ESI mass spectrum obtained from an organic phase containing CYANEX® 272 with Zn(II) 

loaded to a level of 27%. 
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Figure A3: ESI mass spectrum obtained from an organic phase containing CYANEX® 272 with Zn(II) 

loaded to a level of 55%. 
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A MALDI-TOF mass spectra of a viscous organic phase containing CYANEX® 272 

loaded to a level of 91% is shown in Figure A4. As indicated on the spectra, peaks 

could be assigned to fragments of polymers of the form [Zn(L1)2]n , analogous to the 

polymers proposed to form at high Co(II) loading (see Chapter 4). 

 

 
Figure A4: MALDI-TOF mass spectrum obtained from a highly viscous organic phase containing 

CYANEX®272 with Zn(II) loaded to a level of 91%. 
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APPENDIX 7: 31P{1H} NMR SPECTRUM OF 

CYANEX® 272Y 

 

A 31P{1H} NMR spectrum of CYANEX® 272 (a high-purity formulation of 

CYANEX® 272 with negligible phosphine oxide content), diluted in ISOPAR M, in 

shown in Figure A5. The peak observed at around 46 ppm in spectra of CYANEX® 

272, corresponding to the phosphine oxide impurity (see Chapters 4 and 5) is not seen 

here. 

 

 

Figure A5: 31P{1H} NMR spectrum taken from a sample of CYANEX® diluted in ISOPAR M. 
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