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Lay Summary

Metals are essential to modern technology in the 21st century. The average smartphone
contains up to 30 different chemical elements and our reliance on these elements is
continually increasing with the continuous rise in consumer populations along with constant
advances in technology. This rise in demand has led to the supply of many critical metals
becoming under threat either because they are found in low concentrations in the earth or

because they are extracted in conflict zones and are sold to perpetuate fighting.
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Figure 1 — EuChemS Periodic table of element abundance. The areas of each element relate to the
number of atoms of each element on a logarithmic scale (some elements are excluded or have been
exaggerated in size). Elements in red or orange face are of increasing concern if nothing is done to

improve the supply or restrict its use. Elements in grey are sourced from mines in conflict zones.



Conventionally, metals are recovered from their natural sources (ores) by a process called
extractive metallurgy. This requires vast amounts of energy and resources to separate metals
from one another using either high temperatures (pyrometallurgy), solution chemistry
(hydrometallurgy) or a combination of the two. Unfortunately, the highly complex nature of
electronic waste means that current well-established extractive metallurgy processes are
ineffective at properly recycling metals from e-waste and so recycling rates of critical metals
are very poor. Waste electronics are becoming one of the fastest growing global waste
streams and so it has never been more important to design metal separation processes for
the recycling of metals from electronic waste in order to conserve natural resources and
provide resource security. Furthermore, some of the metals used in electronic waste can be
present in higher concentrations than in their natural ores and so this waste stream can be
viewed as a valuable “secondary resource”. This work aims to use and advance some of the
well-established methods of extractive hydrometallurgy so that resource critical metals may

be separated from electronic waste and circular economy visions may be realised.

Specifically, this work focusses on the design and use of simple reagents that can selectively
associate with a desired metal in preference to others in solution. The target metal can then
be separated by a technique called solvent extraction, where the reagent transfers the target
metal from a water-based liquid to an oil-based liquid, or by precipitation, where the target
metal and reagent form an insoluble solid (the precipitate) that can be filtered off and
separated from the other metals that remain in solution. This work also seeks to better
understand some of the underlying chemistry that underpins these metal separation

processes so that more efficient and selective reagents may be developed.



Abstract

Electronic waste (e-waste) is one of the fastest growing global waste streams with almost 54
million tonnes being generated in 2018. Only 20-30% of e-waste is currently recycled and can
be attributed to its complex composition, comprising a myriad of different metals of varying
future use and value. With many metals in e-waste present in greater quantities than their
primary ores, e-waste can be viewed as a valuable secondary source of precious and base
metals. This work aims to develop and understand new reagents that can selectively recover

valuable and resource-critical metals typically found in e-waste.

Chapter 2 evaluates simple primary (1°), secondary (2°), and tertiary (3°) amides as reagents
that selectively separate gold from other metals typically found in e-waste by a solvent
extraction process. Previous work has shown that while gold extraction efficiency from single
metal solutions is ordered 3°> 2°> 1°, the 3° and 2° amides are ineffective at gold transport
from mixed-metal solutions of concentrations representative of e-waste due to the
formation of insoluble third phases. This chapter examines the identities of the species that
reside in the organic and third phases by a combination of mass spectrometry, NMR
spectroscopy, and ICP-OES methods with a view to better understand what triggers 3™ phase

formation. Some strategies to overcome this issue are then demonstrated.

Chapter 3 builds on the findings from Chapter 2 that differences in an extractant’s structure
can result in variable solvent extraction performance with, in some cases, precipitation being
favoured. In changing from a branched aliphatic tertiary diamide to a simpler phenyl
substituted diamide, selective precipitation of gold and other chloridometalates from
complex acidic mixtures without the need for an organic diluent is found. The precipitation
of a variety of metals from a range of HCl concentrations is examined, with the diamide being
primarily selective for gold among up to 28 other elements. The X-ray crystal structure of
[HL®][AuCl,4] displays an infinite chain of HL* cations, formed through an intermolecular
proton chelate, interleaved with AuCl,~ anions. Tailoring of the selectivity of metal

precipitation is demonstrated by altering either the HCI concentration or the stoichiometry



of the precipitant with complete uptake of gold, iron, tin, and platinum by the diamide seen
at 6 M HCl when excess precipitant is used, while only gold uptake is seen when one
equivalent of diamide is used. A selective metal stripping process is developed; treatment of
iron, tin and platinum precipitates with 2 M HCI releases the metals back in to solution,
whereas gold is released quantitatively from the isolated precipitate as HAuCls by contact
with water, so recycling the diamide for further use. Factors governing the strength,
selectivity and efficiency of precipitation were then explored by synthesising and testing

derivatives of the tertiary diamide with differing structural and electronic properties.

Chapter 4 concerns the solvent extraction process for tantalum, which is typically extracted
from acidic fluoride media. However, this work has shown that its extraction by the same 1°
amide as used in Chapter 2 was more effective under chloride conditions compared to the
typical fluoride conditions. The mode of action of the system is studied using similar
techniques to Chapter 2, revealing that an anion-swing mechanism operates where tantalum
is transported to the organic phase as its halometalate, TaCls", through an outer-sphere
mechanism. In contrast to TaCls, transport of TaFsCl™ or TaFs~ was poor; this is thought to be
due to their greater charge densities, which carry higher hydration enthalpies. The process
described provides a potentially safer, fluoride-free route to recycling Ta from waste

electronics, using milder reagents than the current commercial methods.

Chapter 5 describes the use of a dual-purpose ionic liquid, methyltrioctylammonium iodide,
for the selective transport of gallium from aqueous iron solutions into a toluene organic
phase. The mode of action was probed by UV-Visible spectroscopy, *Ga NMR, electrospray
ionisation mass-spectrometry and slope analysis. These techniques show that the iodide
counter-ion is crucial in preventing the formation, and hence competitive transport, of FeCls”
by reduction of Fe(lll) to Fe(ll), while Ga(lll) is extracted as GaCl,” forming a simple ion pair

with the hydrophobic quaternary ammonium group.
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Chapter 1

1 Introduction

1.1 The urban mine(field)

Metals are finite resources which are essential to modern life, featuring heavily in consumer
technologies, infrastructure, transport, catalysis and pharmaceuticals. Of the 30 or so
chemical elements that make up a typical smartphone, natural sources of over half of these
are becoming increasingly scarce in supply, six of which are due to run out in the next 100
years at current rates of consumption.! This is due to a growth in demand that is driven by
global population growth, a larger proportion of people entering a wealthier middle class,
and increasing consumer pressures for advances in design and functionality. As consumer
technologies become more advanced, many old devices with a single purpose become
superseded by devices with multiple functionalities, rendering the former obsolete. This has
inadvertently resulted in large volumes of out-dated devices, or waste electrical and
electronic equipment (WEEE, also referred to as electronic waste or e-waste). WEEE has
become one of the fastest growing waste categories worldwide, increasing from 41.8 Mt
being generated in 2014,2 to 53.6 Mt in 2019 and is predicted to exceed 74 Mt by 2030.2 In
order to meet the future demand for these metals, resource critical elements must be
sourced sustainably through a circular economy approach requiring more advanced metal
recovery methods. Recycling of e-waste is beneficial in many ways. Recycling slows the
exhaustion of natural resources; it avoids the creation of more waste products from mining
and land scarring; recycling of e-waste will slow the rate at which landfill space is filled; and

reportedly uses up to 90% less energy than metal-from-ore production.*

E-waste can be a lucrative secondary source of gold, with concentrations reaching up to 350
g ton? of gold depending on the type of e-waste; in contrast, ‘natural’ gold is found in ores
and in the presence of other PGMs at around 1-2 g ton.>® In 2017, the value of gold in e-
waste alone was estimated to be almost €19bn (table 1.1),” offering huge potential for the
recycling industry to recover metals from secondary resources, otherwise known as the
“urban mine”. Indeed, it was found that metal recovery from secondary resources is

gradually becoming more cost-effective than virgin mining,® especially as the volume of e-



Chapter 1

waste is projected to increase substantially; over the next few decades, new technologies

become cheaper and more accessible, driving up the rate of device obsolescence.

Table 1.1 - Estimated value of selected raw materials from waste electronics.”

Material Kilotons (kt) | Value (Million €)
Iron 16,283 3,582
Plastics 12,230 15,043
Aluminium 2,472 3,585
Copper 2,164 9,524
Silver 1.6 884
Gold 0.5 18,840
Palladium 0.2 3,369

Despite increased societal pressure to shift towards a more circular economy and the
attractive financial opportunities that urban mining can present, significant challenges are
present. Firstly, e-waste contains a much wider range of elements compared with
conventional ores, where enormous effort is put into the design and composition of the
device circuitry and that composition can be extremely variable depending on the type of e-
waste. That is, the metal content from a mobile phone will be very different to that of a
television and this will be further complicated by any residual plastics, ceramics or glass
pieces that will also vary from device to device.>® This variability in metal content must be
accounted for by collecting large volumes of e-waste and then dismantling, shredding or
pulverising it prior to any leaching steps; a challenge in and of itself given that only 17% of
global electronic waste was properly recycled in 2019.3 Speciality metals present in e-waste
such as tantalum, indium and gallium are also used in small amounts, yet are less valuable
than the precious metals and so the economic incentive to develop specific recovery
methods for these metals from complex waste streams is lower despite their extreme risk to
future supply. Even though the precious metals make up most of the value in PCBs, and are
still a much more concentrated source of metal than ores, the base metals and plastics
dominate in terms of weight. Therefore, any new methods developed with the aim of
recovering these valuable metals from WEEE must be extremely selective and be able to

tolerate a wide range of metal compositions. Furthermore, any separation methods designed
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to recover the less valuable yet supply-critical metals (e.g., Ta, Ga, or In) must not only be

selective but also low cost and operationally simple to maximise economic viability.

This thesis will focus on tackling the complexity of e-waste recycling through the
development of efficient and selective separation techniques for the various metals present.
Extractive metallurgy is the primary method in which metals are refined from their ores into
a purer form, and can, in principle,®>° also be applied to the recycling of metals from

electronic waste.

1.2  Extractive Metallurgy

Extractive metallurgy relates to the recovery of metals from an ore or secondary source (such
as WEEE) by metallurgical processes such as pyrometallurgy or hydrometallurgy. This process
comprises four stages: concentration; separation; reduction; refinement.'*!2 Pyrometallurgy
is historically the most common metal purification process, separating metals from their ores
through the use of high temperatures and carbon reductants. This energy intensive process
usually requires high grade ores to produce the desired metal in addition to large volumes of

harmful emissions such SO, which are detrimental to the environment.

Hydrometallurgy processes ores or secondary sources via aqueous solutions to recover the
target metals (figure 1.1). The initial step involves dissolving the metal source with a mineral
acid or base to form a pregnant leach solution (PLS) that contains a mixture of metals. The
following stages comprise a variety of separation and concentration techniques such as
precipitation, crystallisation, distillation, ion-exchange, adsorption or solvent extraction.?
These methods may be used successively in a particular process to give each metal in a single

pure aqueous solution, which can then be reduced to its zero oxidation state for further use.

Pregnant leach solution Single metal
(mixed metal feed) aqueous solution
Metal ore or Separation & .
other source —> Leach Concentration Reduction —;> Pure metal

Figure 1.1 - Typical operations in hydrometallurgical processes.
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1.3 Solvent extraction

Originally developed during the Manhattan Project for the separation of radioisotopes of
uranium,® solvent extraction is well established for the purification of rare-earth elements,
platinum group metals, and base metals such as copper, nickel and cobalt.’!* The aqueous
mixed-metal feed is contacted with a water-immiscible organic solvent that contains a
receptor or ligand (the extractant) that transports the desired metal from the aqueous phase
to the organic phase as a lipophilic complex (figure 1.2). The organic solvent may be a high
boiling point hydrocarbon such as kerosene, in which the metal complex is soluble. The two
phases are separated manually and the metal-loaded organic phase treated with a stripping
agent to return the metal into a fresh aqueous phase. The stripped extractant is regenerated
for reuse in further cycles and the highly concentrated single-metal aqueous phase can be
reduced to its metallic state, typically by electrowinning or through the addition of a reducing
agent. Selective metal transport can be achieved by exploiting differences in the
chemical/physical properties of the target metal, such as its propensity to form coordination
complexes with a certain ligand due to, for example, atomic radii, preferred geometries or

oxidation states.

Recycle extractant

& ———

ligand solution  |ore. loaded organic phase (©'&: loaded organic phase |or¢. regenerated ligand |org
solution

: O Extract I .I Strip O O
O Remove
mix raffinate mix

~ >

v

i ttle
settle add settle
Cu Cu
Al Al strip Au
Zn Sn Zn S0 | solution Au
Fe Fe
Au
Ni Ni Au
mixed metal feed |2q raffinate aq. stripping solution |[ad. single metal solution| aq.

Figure 1.2 - Schematic diagram of the steps involved in a solvent extraction process.

Solvent extraction generally occurs at ambient temperature and can be suitable for large-
scale continuous processing, which can result in good materials balances. However, for this

to be achieved efficiently, the extractant must not degrade under the operating conditions
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of the process, i.e. the extractant must be stable to acid if the aqueous phase is strongly
acidic. The extractant, and by extension any metal complex formed, must be highly soluble
in the organic phase and have very low solubility in the aqueous phase in order to achieve
significant separation. This is why most extractants feature long, branched alkyl chains to

improve their hydrophobicity and solubility in the organic diluent.

1.4 Modes of metal recognition and separation

The underlying molecular chemistry behind many hydrometallurgical metal separation
processes such as solvent extraction or precipitation is underpinned by coordination and
supramolecular chemistry.!**> Often colloquially described as “chemistry beyond the
molecule”, supramolecular chemistry concerns the assembly of complex molecular systems
held together by non-covalent interactions such as electrostatics, hydrogen bonding and
hydrophobic interactions.® Host-guest chemistry is a particular branch of supramolecular
chemistry pertinent to metal separation processes where the receptor molecule (the
‘extractant’) selectively interacts with the guest molecule (in this case, the target metal) to
produce a ‘host-guest’ complex either by coordinate bonds, non-covalent interactions or a
combination of both. The type of receptors used to separate metals in this way generally
depends on the aqueous speciation of the target metal, and may be split into three different
classes: cation extraction, metal-salt extraction, and anion or metalate extraction.* A brief
overview of each is discussed, but more attention on metalate recognition is given as this is

the focus of this Thesis.

1.4.1 Metal cation extraction

Cation-exchange reagents involve acidic ligands that deprotonate and bind to a target metal
cation to form a charge-neutral complex that is soluble in the organic phase. As the ligand
deprotonates and subsequently binds to the metal cation, protons are transferred into the
aqueous phase resulting in an equilibrium process that can be controlled by pH (equation
1.1). Stripping is then achieved by contacting the loaded organic phase with an aqueous

phase at a lower pH, regenerating the protonated extractant.!*

M™ (ag) + NLH (org) = [MLn] (org) + NH" (aq) (1.1)
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Phenolic oximes are one example of this class of extractant and are used extensively in the
separation and purification of copper, accounting for ca. 25% of world production.*!®
Incorporating electron-donating or electron-withdrawing groups within the ligand results in
altering the acidity of the ligand and therefore the strength of these reagents, and hence the

stability of the resulting complexes can be controlled.?>%

The strength and selectivity for base-metal extraction generally follows the Irving-Williams
order of stability and can be tuned by controlling the feed pH.2? Additionally, the strong
outer-sphere hydrogen bonding between the phenolic oxime ligands forms a pseudo-
macrocyclic structure that results in a cavity appropriate for metal cations that adopt square
planar geometries, such as Cu(ll) (figure 1.3). It is for this reason that metals which
preferentially adopt tetrahedral geometries, such as Zn(ll), are less efficiently extracted by

this particular reagent.

H-O R
+ 2+ y
R OH -2H*, + Cu . R O\ /N_
2 B U
=N, =N 0 R
R’ OH R' O—H

Figure 1.3 - Pseudo-macrocycle formation of phenolic oxime with the metal cation in a square-

planar arrangement, stabilised by outer-sphere hydrogen bonding.'*

Selectivity for 1% row, transition-metal dications favouring tetrahedral geometries is instead
found by organophosphorus(V) acids, such as di-(2-ethylhexyl)phosphoric acid (D2EHPA) or
Cyanex 272.%% This is thought to be due to the characteristic of forming stable, dimeric,
hydrogen-bonded structures in non-polar solvents. When extraction occurs, one of the
strong intermolecular hydrogen bonds is retained and the formation of 8-membered
hydrogen bonded pseudo-chelate rings provides a good fit for tetrahedral first-row dications
(figure 1.4), accounting for the extensive use of D2EHPA in Zn(ll) hydrometallurgical circuits

and the selectivity for Co(ll) over Ni(ll) shown by Cyanex 272.1824
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Figure 1.4 - Complex formation of phosphinic acid with the cation in a tetrahedral geometry,

showing retention of the inter-ligand hydrogen bonding upon complex formation.

It is not difficult to imagine that these cation extractants can therefore be exploited to recycle
base metals from e-waste given the very high concentrations of copper present. Indeed,
proof-of-concept studies by several research groups have outlined potential
hydrometallurgical routes for the recycling of base metals from waste PCBs using cation

extractants.?>%’

1.4.2 Metal salt extraction

Metal salt extraction involves transporting the metal cation or anion and its associated
counterion(s) as a salt, MX,, into the water-immiscible phase using a solvating agent. Perhaps
the most commercially relevant example of metal salt extraction is the PUREX process in
which spent nuclear fuel is dissolved in nitric acid and an organophosphorus extractant, tri-
n-butylphoshate (TBP, figure 1.5, left) coordinates to U(VI) or Pu(lV) nitrates (figure 1.5,
right).282% The process is controlled by an ‘anion-swing’ mechanism, whereby increased
uranyl loadings in the organic phase can be achieved at higher nitrate concentrations
(equation 1.2). The uranyl ion may then be stripped back into the aqueous phase by contact

with a more dilute nitrate solution.*®
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Figure 1.5 — Left: Structure of tri-n-butylphosphate, TBP. Right: X-ray structure of [UO2(NOs3)2(iso-
TBP);].30

M™ (aq) + NX (aq) * YL (org) = [MLyXn] (org) (1.2)

Metal salt extracting reagents such as TBP and diglycolamides can transport significant
guantities of water into the organic phase and results in the formation of reverse-micelles in
the organic phase.?¥3* Reverse-micelle formation can be key to facilitating transport of
metals to the organic phase, where the metal salt is accommodated within a water ‘pool’
that is then solvated by polar head group of the extractant, and the lipophilic tails pointing
outwards into the bulk of the non-polar solvent. Reverse-micelle formation however often
results in poor metal selectivity as the water ‘pool’ can often incorporate multiple anions and
cations with little discrimination and may also lead to poor phase disengagement or emulsion

formation.

A more pertinent example of metal salt recognition to the work in this thesis involves the
selective recognition and precipitation of the metal salt KAuBr, by a-cyclodextrin (a-CD, a 6-
membered macrocycle of glucose) as a one-dimensional outer-sphere coordination polymer
from pH-neutral aqueous solutions.® In this case, channels of hydrogen-bonded a-CD dimers
form to incorporate AuBr,~ and K(OH;)s" in an alternating fashion through myriad C-H---Br-Au
hydrogen bonds from the interior a-CD dimer cavities and O-H---Br-Au hydrogen bonds from

the solvating water molecules of the K* ion (figure 1.6).
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Figure 1.6 —Part of the x-ray crystal structure of [K(OH2)s][AuBra]c(a-CD).3°

Interestingly, co-precipitation was not observed upon switching from AuBrs~ to AuCl,~ due to
a lack of O-H-:-Cl-Au hydrogen bonds resulting from the smaller size of AuCl,". Furthermore,
spontaneous co-precipitation was only observed between o-CD and KAuBrs the
phenomenon was not observed with the larger B- or y-cyclodextrins. Analysis of their X-ray
structures revealed that the outer-spheres of K(OH,)¢" and AuX,s~ were now coordinatively
unsaturated, resulting in an increased exposure of K*to solvation from the bulk water and
therefore impeding precipitation. A follow-up study confirmed that a-CD is highly selective
for KAuBr4.3® Varying the cation (Na*, K*, Rb*, or Cs*), anion (AuCls™ or AuBr;7) and host size
(a-, B-, or y-CD) resulted in co-precipitation occurring in only 3 out of the 24 possible
permutations (KAuBrs, RbAuBri, or CsAuBrs all with a-CD) with KAuBrs and a-CD co-
precipitating in the highest yield. All other combinations remained in solution highlighting
that subtle differences in cation, anion or host size can significantly impact the formation and
stability of supramolecular assemblies driven by outer-sphere non-covalent interactions.
Selectivity for AuBrs™ against other transition metals including square-planar PdXs?” and PtXs*
(X = Cl, Br) was also demonstrated, and the process has now been implemented in the

commercial recovery of gold from ores by Cycladex.3”:3

10
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1.4.3 Metalate extraction

Metals that form the kinetically stable MCI"~ complexes under chloride conditions can vary
in charge, shape and size (figure 1.7); therefore in some cases it is not practical to use cation
exchange reagents. Instead, positively charged ligands can form neutral assemblies, or ion

pairs, through non-covalent interactions such as electrostatics and hydrogen-bonds with

14,17

metalates via the outer coordination sphere.

N ®
¢ o

FeCl,” AuCl,”
< -
(- :
-
CoCl,> IrCl3- PdCl,?

Figure 1.7 — Example metalates of different shapes and charges that may be present in a HCI

solution.

Control of the metalate extraction equilibrium can be achieved by either varying the pH in
cases where the receptor must first be protonated prior to any complexation (equation 1.3),
or varying the anion concentration such that the target metal exists as the desired metalate
species (equation 1.4). Conversely, contacting the metal-loaded organic phase with a fresh
aqueous phase with a lower anion (or acid) concentration will back-extract the metal to the

aqueous phase.

[MXm]™ (aq) + NL (org) + NH" (aq) = [MXm][LH]n (org) (1.3)
M™ (ag) + NX (ag) = [MXn] ™" (aq) (1.4)

11
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This strategy is only possible for metals which can readily form a metalate anion, and in
significant quantities. If the metalate speciation changes across a range of chloride
concentrations or over time, such as rhodium,* it becomes challenging to design an
extractant for a given species. In addition, the high anion concentrations (e.g. chloride)
required to facilitate metalate formation can lead to selectivity issues depending on the
aqueous feed composition, or may lead to the anion out-competing the target metalate
anion for extraction. Also, if the aqueous solution comprises many different metals, a wider
assortment of metalates may be available for extraction, therefore increasing competition
and decreasing selectivity.

The anion receptors used in metalate extraction are generally basic, such as amides,***?

43,44 45-47

amines, ureas,* amidoethers,*> and amidoamines which can be protonated under
the acidic conditions typical of leach solutions. Alternatively, quaternary ammonium salts, or
ionic liquids, such as methyl trioctylammonium chloride can be used, exploiting the
permanent positive charge on the ammonium group and exchanging the ‘hard’ chloride

anion for a ‘softer’ more lipophilic metalate anion such as AuCl;".*

N,N-dialkylsubstituted monoamides have been shown to be strong and selective extractants
for gold over other PGMs and base metals.%***° Under acidic conditions, these weakly basic
reagents form protonated dimeric-like units that can interact with the outer-sphere of
charge-diffuse metalates through electrostatic and ‘soft’ C-H interactions. However, it can be
difficult to strip the gold from the organic phase into a fresh aqueous solution, requiring
additional reagents that affect the mass balance. These amide-gold assemblies can
occasionally present solubility issues resulting in undesired third phase formation or phase
disengagement issues. Third phase formation (also known as phase splitting) is an undesired
yet common phenomenon in solvent extraction processes where an additional, distinct
phase forms upon extraction that is insoluble in either the aqueous or organic phase.>! Not
only does it complicate phase separation, but it can result in loss of extraction efficiencies,

ligand recycling issues and in some cases presents serious safety problems.>?
Amidoamine receptors have been shown to have strong selectivity for the charge-diffuse

PtCle*” metalate over chloride, in contrast to the tertiary amine trioctylamine which performs

poorly in the high chloride concentrations typical of PGM refining circuits.***”>3 Protonation

12
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of the amidoamine results in a strong intramolecular proton-chelate forming between the
protonated tertiary amine and the neighbouring amido oxygen group. This results in array of
positively polarised C-H and N-H groups that are involved in hydrogen bonding to the faces
and edges of the metalate (figure 1.8). Computational modelling calculations showed that
multiple C-H---PtCl¢>” interactions were found to make a significant contribution to anion

binding despite being weaker than individual N-H---PtCls?>” interaction.*®

Figure 1.8 - Energy minimised structure of an amidoamonnium-PtCls>” complex featuring the key C-
H---Pt and N-H--Pt interactions (annotated as a — c) and the intramolecular “proton chelate”

(annotated as x).%

These outer-sphere interactions play an integral part in the selectivity of the larger, charge-
diffuse metalates over the excess of ‘hard’ chloride anions which is reflected in the
Hofmeister series.>* The Hofmeister series states that small, charge-dense anions such as
fluoride are more strongly hydrated than larger, charge-diffuse anions such as iodide which

are less strongly hydrated and more hydrophobic in nature (figure 1.9).

PO,* >S0,>>H,PO,~>F >CI">Br >NO;~ >1">SCN" > ClO,~

B -
Strongly hydrated Weakly hydrated
(hydrophilic) (hydrophobic)

Figure 1.9 - The Hofmeister series of anion hydrophobicity.>*
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This principle of anion hydrophobicity can be extended to metalates, such that the charge
diffuse species AuCl,~ will be extracted more readily than a more charge-dense metalate such
as IrCl¢>™ or a smaller, ‘harder’ anion such as CI". More highly charged anions will therefore
have a greater hydration enthalpy, and so more energy is required to displace any solvating
water molecules prior to complex formation. PGMs in hydrochloric acid readily form
chloridometalates at relatively low chloride concentrations. On the other hand, first-row
transition metals such as iron and cobalt are more labile than the PGMs,>>® and therefore
require higher chloride concentrations to form chloridometalates. Metalate extraction is
therefore an excellent strategy to separate the valuable metals such as gold that are present
in electronic waste at low concentrations from those in higher concentrations such as copper,

tin or aluminium.

1.5 Thesis aims

The aim of this thesis is to investigate the extraction and separation of resource-critical
metals present in e-waste by either solvent extraction or precipitation using simple ligands

that can selectively recognise chloridometalate anions.

Chapter 2 appraises simple primary, secondary, and tertiary monoamides as reagents that
selectively transport gold from aqueous to organic phases in a solvent extraction experiment.
While the secondary and tertiary amides more efficiently extract gold from single metal
solutions than primary amides, they are ineffective at gold transport from mixed-metal
solutions of concentrations representative of e-waste due to the formation of a dense third
phase which traps the gold thereby preventing transport into the organic phase. The
identities of the species that reside in the organic and third phases have been studied by a

range of methods, and strategies to overcome these issues are presented.

Chapter 3 builds on the insights gained from chapter 2 to develop a simple diamide reagent
for the selective precipitation of gold from e-waste solutions, entirely avoiding the use of
organic solvents. Selective and recyclable precipitation processes have become the focus of
much attention lately as they can prevent the use of organic solvents and can provide many

benefits over traditional single-use precipitants. Factors affecting metalate selectivity and

14
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precipitation efficiency are explored and insights into the mode of anion binding gained from

X-ray crystallographic analyses.

Chapter 4 presents an alternative, fluoride-free route to extracting the conflict metal
tantalum by using the simple primary amide studied in chapter 2, and comparing its solvent
extraction performance of TaCls versus the TaFs under chloride conditions. Despite little to
no reports of TaCls extraction in the literature, this chapter shows that extraction from
chloride media is also possible by the primary amide and is more efficient than when the

fluoride complex is used.

Chapter 5 concerns the separation of gallium from iron by a solvent extraction process. Under
high chloride conditions, both metals exist in solution as the tetrahedral metalates, FeCls~
and GaCly", rendering their discrimination by outer-sphere cationic receptors difficult. The
selective separation of gallium from iron in HCl solution was achieved using
methyltrioctylammonium iodide, with the reduction of Fe(lll) to Fe(ll) by iodide found central

to inhibiting Fe transport.

15
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2 Evaluation of simple amides in the selective recovery

of gold from secondary sources by solvent extraction

2.1 Overview

Historically used in jewelleries, arts and currencies due to its lustre, ductility and corrosion
resistance, gold is a valuable and important metal. Modern applications of gold include
medicines, chemical catalysis and as investments, but arguably the most important
contemporary usage of gold lies in consumer electronics. Its malleability, chemical inertness
and excellent electrical conductivity makes it a key component in printed circuit boards

(PCBs) where it is typically electroplated on to other metals in connecting wires and strips.

The “urban mine” of electronic waste offers a significantly richer source of gold than can be
found in primary ores, but due to the complex nature of e-waste, sophisticated yet simple
separation methods to recycle these valuable and often critical metal resources are

necessary.

In this chapter, current practices for gold recovery are outlined, and the use of simple
primary, secondary and tertiary amides as reagents for the selective transport of gold from
aqueous HCI solutions to organic phases is discussed. While the secondary and tertiary
amides more efficiently extract gold from single-metal solutions, they are ineffective at gold
transport from mixed-metal solutions of concentrations representative of electronic waste
due to the formation of a dense third phase, which traps the gold thereby preventing
transport into the organic phase for metal recovery. The identities of the species that reside
in the organic and third phases are investigated by a combination of mass spectrometry, NMR
spectroscopy, X-ray crystallography and ICP-OES methods with a view to better understand
what triggers 3™ phase formation. Some strategies to overcome this issue are then

demonstrated.
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2.2  Current recovery methods of gold

2.2.1 Cyanidation of gold

The main method of gold recovery from primary sources (i.e. ores) by industry is the

5758 accounting for approximately 90% of gold production worldwide.*®

cyanidation process,
Part of this process involves spraying dilute sodium cyanide over low grade ores, in the
presence of atmospheric oxygen to bring gold into solution as Au(CN);™ (also known as ‘heap
leaching’, equation 2.1). This redox process oxidises gold from Au(0) to Au(l) while reducing
0O(0) to O(2-). Cyanide binds to the gold ions to form an aqueous soluble complex that can be

separated from the remaining solid residues.

4 AU’ +8CN +03+2H0=4Au(CN); +4 OH" (2.1)

Elemental gold is then later precipitated by a sacrificial reducing agent, typically zinc powder,

via a further redox reaction (equation 2.2) in a process known as ‘cementation’.

2 AU(CN);™ +Zn® = 2 AuC + Zn(CN)s> (2.2)

The cementation technique has now been largely replaced by more selective adsorption
processes where gold as Au(CN),” from the leach solution is selectively adsorbed on to
activated carbon, a technique known as carbon-in-pulp.®® Gold loaded particles are removed
by filtration and then the gold complex can be stripped from the activated carbon by an
energy intensive elution step, typically involving high temperatures, pressures, and large
volumes of concentrated hydroxide or cyanide eluents.®*®* Milder stripping protocols are
being developed. Stoddart and co-workers recently demonstrated that a-cyclodextrin (a-CD)
could strip Au(CN),™ from activated carbon at room temperature by stirring a suspension of
Au-loaded activated carbon with aqueous solutions of a-CD.% The cavity of a-CD is a good fit
for the linear Au(CN),™ molecule, and the resulting supramolecular adduct, Au(CN), ca-CD,

is stabilised by multiple non-covalent C-H---it and C-H-:-anion interactions.
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The use of cyanide poses extreme toxicity hazards to personnel and the surrounding
environment.%>%® Even though the cyanide concentration is dilute, it must be kept above pH
10.5 to prevent the formation of hydrogen cyanide.®® This is of utmost importance to
minimise any industrial accidents and irreversible damage to the environment. Cyanide
reagents are cheap and are therefore still widely used despite the well-documented safety
and environmental concerns; however, some countries have started banning the use of

cyanide and therefore alternative leaching techniques are required.

2.2.2 Alternatives to cyanide leaching

Alternatives to cyanide leaching include acidic solutions of thiocyanate, thiourea, and
thiosulfate reagents;®”7° however, despite being relatively inexpensive and considerably less
toxic than cyanide, they are all less efficient and can require additional oxidising agents such

as hydrogen peroxide.®

Mercury amalgamation is a technique widely used by small-scale and artisanal gold miners
(often illegally) in developing nations.”* The method is operationally simple and does not
require complex machinery. Low-grade gold ores are crushed and contacted with mercury to
form an amalgam that can be readily removed from the solids. The mercury is then distilled
off to leave behind gold metal. Despite the operational simplicity and low cost of this method,
exposure to mercury vapours is a major hazard to human health and the environment

resulting in it being banned under the Minamata convention.”?

More recently, approaches based on combinations of organic solvents and reactive ligands
have been investigated as potential metal lixiviants.”>’* Gold dissolution in organic media has
been reported using synergistic mixtures of the strongly oxidising N-bromosuccinimide (NBS)
and the coordinating solvent pyridine to produce a neutral AuBrs(py) complex via AuBrs”
formation.”” Other methods mainly involve S-donor ligands such as pyridinethiol,”®
tetraethylthiuram disulfide,”” or dithiobiuret;’® each requiring the presence of an oxidant

such as hydrogen peroxide, iodine or dilute aqua-regia mixtures.
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2.2.3 Chloride leaching

It is well known that mineral acids such as hydrochloric and nitric acid cannot dissolve gold
when used alone, but a 3:1 mixture of these two acids (known as aqua regia) can.®® Mixing
concentrated HCl and HNO; together results in several reactions that result in gold metal

dissolution to form hydrogen tetrachloroaurate, HAuCl, (equations 2.3 and 2.4).
Au s) 3 HNO3 (aq) t 4 HCI (aq) = AuCly” (aq) T 3NO; &t HsO* (aq) 2 H,0 0} (2.3)
Au (s) + HNO3 (aq) + 4 HCI (aq) = AuCly” (aq) NO @t HsO* (aq) + H,O n (2.4)

While aqua regia is a reagent of choice among amateur gold refiners and hobbyists, mixtures
of HCl and chlorine gas are used commercially for PGM refining circuits where gold and other
PGMs are dissolved as their chloridometalates, MCI,.>!7° |n this process, AuCl;~ can be
readily and selectively recovered from other chloridometalates by solvent extraction due to

the Hofmeister bias, resulting in gold being recovered very early on in industrial flowsheets.®
2.2.4 Chloridometalate solvent extraction

Some of the most widely used reagents used commercially to recover AuCl,~ from HCI
matrices by solvent extraction include methyl isobutylketone (MIBK) used by Johnson-

Matthey and dibutyl carbitol (DBC) by INCO (figure 2.1).248°

O
M /\/\O/\/O\/\O/\/\

MIBK DBC

Figure 2.1 — Structures of MIBK and DBC.
DBC and MIBK are strong and selective extractants for gold over other PGMs, but which also

co-extract other metals present from primary and secondary resources such as iron, tin and

tellurium.® Large volumes of solvent are required, since the reagents must be used neat in
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order to maximise gold loading, which also brings safety concerns due to their volatilities.
These reagents also face mass-balance and recyclability problems; when contacted with
concentrated HCl solutions, the reagents are partly lost to the aqueous phase, which reduces
extraction efficiency in further cycles. In some cases, the gold loaded reagent is simply
incinerated to recover gold rather than employ basic reagents such as ammonia or urea to

strip gold in to a fresh aqueous phase and regenerate the extractant.

Gold(lll) can be extracted from HCI solution by solvent extraction with an extremely wide
variety of other reagents with varying degrees of efficiency and selectivity, including but not
limited to phosphinic acids, phosphonic and phosphoric acids,® phosphine oxides,3*%
tertiary amines,**® quaternary ammonium salts,®® and even vacuum pump oil;,®” however,

this chapter will focus solely on amides.

2.3  Solvent extraction of AuCls by simple monoamides

Previous work found that the simple primary amide, L%, (figure 2.2) can transport gold and
other chloridometalates from HCI solutions into an organic phase through an outer-sphere
mechanism similar to that which may operate for other amide systems.*>#>8 A 0.1 M toluene
solution of primary amide L* recovered more than 90% of gold from 2—6 M HCl solutions. As
the acid concentration increases, a greater proportion of L! is protonated and can therefore
interact with anions such as AuCls;™ to form hydrophobic charge-neutral assemblies of the
form described in equation 2.5. The amount of gold extracted into the organic phase
decreases as the HCl concentration increases beyond 6 M, due to increasing competition of

[HL]* between the metalate anions and the chloride ion.

M
NH»
Figure 2.2 — Structure of the primary amide, L.

2 L:l (org) + H+(aq) + Auc|4_(aq) \_—\ [AUCI4(L1H)(L1)] (org) (2.5)
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The propensity for L! to extract metals other than gold was then studied in order to assess
the potential for selective extraction (figure 2.3). It was found that at higher HCI
concentrations, other metals such as Fe(lll) and Ga(lll), which form the tetrahedral metalates
FeCl,” and GaCls™ respectively, are also efficiently extracted. Other metals such as Sn(IV) and
Pt(1V) are extracted to a lesser extent, since they form the octahedral dianionic metalates
SnCls?>~ and PtCl¢>™ which are more negatively charged. These anions have higher hydration
enthalpies compared with the monoanions and therefore are more difficult to transport into
an organic phase in accordance with the Hofmeister bias. Some metals will only form
chloridometalate anions at concentrations in which competitive chloride extraction
dominates, while other metals do not form metalates at any HCl concentration and so are
not extracted by L. Other more negatively charged metalates such as IrCls>” are much more
highly hydrated and so the energetic penalty to desolvate and transfer them into the organic
phase is too great. Selectivity for gold extraction over other metals was therefore optimal at
2 M HCI (figure 2.3). At this concentration only Au(lll) was extracted to a significant extent

(>90%), with only Sb(V) being a potential competitor.

100
90
@ Au(lll)
g & Fe(lll)
o
2 70 y —e— Ga(lll)
[1:]
[+Ts]
S 60 —e— In(IlN)
_g o PE(IV)
° Sh(V)
g
g 40 —e— Cu(ll)
2
% 30 —o— Sn(IV)
I
[+1]
E 2 —e— Al(IIl)
= —e— Sh(lll)
10 —— Te(IV)
0 —e— Pd(Il)
0 2 4 6 8 10 12

[HCI] / mol L

Figure 2.3 — Extractions from single metals (0.01 M) in aqueous HCI of varying concentrations into

toluene using 0.1 M primary amide L! at a concentration of 0.1 M.*°
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Nearly 90% Au stripping from L! was achieved using water; in contrast, stripping from
solutions derived from MIBK and DBC is more challenging, requiring ammonia or thiourea to
drive back-transfer of the metalate.’>”® Back-transfer of Au from other tertiary monoamides
was also poor with water and so thiourea-HCl solutions were necessary to facilitate complete

stripping.*®*°

The identity of the Au/L! species in the organic phase was evaluated using a variety of
experimental, spectroscopic, and computational techniques. Positive-ion electrospray
ionisation mass spectrometry (ESI-MS) revealed the dominant gold-containing species as the
ion pair [(HLY)(LY)(AuCls)], though higher order species such as [(HL!)(HL'),(AuCls);] and
[(HLY)(HLY)3(AuCls)s] were also present. This concurred with slope analysis, which found a
non-integer ligand to gold ratio of 2.5-3:1, suggesting multiple gold-containing complexes
were present in the organic phase. Density functional theory (DFT) corroborated the
speciation seen by ESI-MS; the protonated diamide (HL!)(L)* was found to be almost 90.4 kJ
mol® more favourable than the protonated mono-amide (HLY)*. The resulting assembly,
[(HLY)(LY)(AuCl4)] (figure 2.4, right), was 53.5 kJ mol® more favourable than equivalent

monomeric assembly (figure 2.4, left).*

|

b
(LYH(AuCls) (LY)2H(AuCls)

Figure 2.4 — Gaussian DFT geometry-optimised structures of [(AuCla)(HLY)] and [(AuCla)(HL)(L?)].%°

Insights into the assembly of supramolecular clusters in the organic phase were also gained

from classical molecular dynamics calculations. It was found that the AuCl,” anions were
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bridged through (HL)*, (HL)(L)*, and (HL)(Ls)* amides with no short Au--Cl or Au--Au
interactions (figure 2.5); these latter observations were consistent with EXAFS

measurements which showed that only inner-sphere Au-Cl interactions were present.*

Figure 2.5 — Example geometry of an assembly of AuCls~, L* and (HLY)(L!)* units obtained from a

molecular dynamics simulation.*°

With these results in mind, it is clear that gold is not extracted by a simple ion pair mechanism
by L . Instead, hydrogen-bonding and electrostatic interactions appear central to the

transport of gold into the organic phase by forming complex supramolecular assemblies.

When applied to a mixed-metal solution representative of WEEE,® L' showed excellent
selectivity for gold compared with the commercial gold extractants (figure 2.6). Unlike the
commercial reagents which were only optimal at extracting gold when used neat, L* could be
used as a 0.1 M solution in toluene, and was highly selective for gold despite the competitive

environment.®®
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Figure 2.6 — Concentrations of metals extracted from a 2 M HCI mixed-metal feedstock (containing
Cu 2.37,Al0.57,Zn 0.11, Ni 0.24, Fe 0.61, Sn 0.28, Au 0.0012 M) representative of WEEE into toluene
by neat commercial reagents (MIBK, DBC and 2-EH) and 0.1 M primary amide L.28

Contrary to primary amides, secondary and tertiary amides have been studied extensively in
solvent extraction processes for PGM separation;?*>490 however, third phase formation
during the solvent extraction process, compounded by challenging back-extraction
conditions has led to their lack commercial uptake. Secondary and tertiary analogues of the
primary amide LY, L2 and L3 (figure 2.7), were subsequently synthesised to explore if similar

problems arose.®

Figure 2.7 — Structures of the secondary and tertiary amides, L2 and L3,
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It was found that L2 and L® were stronger extractants than L' for the monoanions, AuCls",
FeCls~ and GaCls” from single-metal solutions, following the order L3 > L2 > L! (figures 2.8 and
2.9). This was rationalised by DFT calculations suggesting competitive chloride transport
became increasingly less favourable from L! to L3, and so the extraction efficiency could be
maintained over a wider range of HCl concentrations than for L. Despite L?> and L* more
effectively extracting Fe and Ga at lower HCl concentrations than L!, selectivity for
tetrachloroaurate over the other monoanions could still, in principle, be maintained at 2 M
HCI. Furthermore, based on these single-metal extraction experiments, L2 and L*> were
potentially even more selective for the monoanions than L, with the dianionic metalates
SnCle* or PtCle*™ being transported into the organic phase to a lesser extent, in contrast with
L. As with L and in contrast to other secondary and tertiary amides studied, back extraction

of gold could be achieved by contacting the organic phase with water.
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Figure 2.8 — Extractions from single metals (0.01 M) in aqueous HCI of varying concentrations into

toluene using 0.1 M L2.88
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Figure 2.9 — Extractions from single metals (0.01 M) in aqueous HCI of varying concentrations into

toluene using 0.1 M L3 .88

The identity of the gold containing complexes formed in the organic phase by L and L3 was
investigated by positive-ion ESI-MS. Previously for L%, the positive ESI-MS spectrum revealed
the presence of ions of the general formula [(AuCls)a(HL)(HLY)n.1]H*, up to n = 4, comprising

a basic unit of (AuClg)(HL;)H*, with each subsequent ion a stepwise addition of (AuClg)(HL?).%

Mass spectra of gold-loaded solutions of L2 and L® were similar to those of L!; gold-containing
ions of the form [(AuCls)a(HL:)(HL)n1]H* are seen for L? and L3, although clustered units
containing more than one metalate were significantly less abundant than for L1.% This
suggested that the secondary and tertiary amides are less able to form large supramolecular
aggregates with AuCl;” than L! which is consistent with the removal of potential N-H
hydrogen-bond donors, limiting the hydrogen-bonding interactions between the metalate

and the amide receptors.

Classical molecular dynamics simulations were also used to further probe the interactions

between L2 and L3 and AuCls™. In similar behaviour to L! (figure 2.5), all simulations with L2
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and L3 showed bridging hydrogen-bonding interactions seen between amides and multiple
AuCls~ anions, leading to the formation of supramolecular assemblies in which multiple
metalates are close each other. Further analysis of the total count of amide N atoms found
within a 4 A distance from at least one chlorine atom over the course of the final 5 ns of MD
production runs, expressed as a percentage of the maximum number of possible N---Cl
interactions, were calculated (Table 2.1). These data showed that L! tends to reside closer to
the metalate for longer than L2 which in turn resides close to the metalate for longer than L.
This can be explained by N-H:--Cl interactions, of which there are fewer total interactions
possible for L2 than L}, and are not possible with L3. Overall the simulations suggested that
the clusters formed by L2and L3 are smaller and more dynamic than the clusters formed by
L! and may help to rationalise the reduction in intensity of the ions formed from higher order

assemblies in the mass spectra for gold transport by L? and L® compared with L.

Table 2.1 — The percentage of amide nitrogen atoms located within a distance of 4 A from at least
one chloride atom, expressed with respect to the theoretical maximum number, over the course of

three molecular dynamics simulations.*!

Reagent Simulation 1 Simulation 2 Simulation 3
L 66.0 66.2 62.5
L2 47.9 433 43.0
L3 9.6 13.2 131

When L% and L were used in tests to evaluate their ability to selectively recover gold from

model e-waste solutions comprising a mixture of metals, both were surprisingly ineffective

(figure 2.10), in stark contrast to the single metal experiments.
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Figure 2.10 — Concentration of metals transported into a toluene solution of L, L? or L® from a
mixed-metal aqueous solution. Conditions: Solution of L (0.1 M) in toluene (2 mL) stirred (500 rpm)

with mixed-metal solution (2 M HCI, 2 mL) for 1 h at RT.

The marked decline in the concentration of gold in the organic phases of L? and L® after
contact with the mixed metal feed solution was unexpected, given the expected enhanced
recovery of gold by the 2° and 3° amides over the 1° amide based on the single-metal
experiments discussed above (figures 2.8 and 2.9). However, inspection of the gold
concentration in the model WEEE raffinate showed that 76% and 81% of gold had been
successfully removed from the mixed-metal feed by L? and L3, respectively. Given this mass-
balance discrepancy, ‘third phases’ were suspected to be forming, preventing transport of
gold to the organic phase, but such a phase was not seen in the small-scale solvent extraction

experiments (2 mL) carried out previously.
The third phase will usually form at the aqueous-organic interface, but in some (usually rare)

cases its location can vary. One such example is the extraction of Ce(IV) from nitric acid

solutions in 20% (v/v) TBP in n-dodecane,®® in which the density of third phase was
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dependent on the initial Ce(lV) concentration in the aqueous phase. Initially, no third phase
formation occurred until [Ce(IV)] was 0.20 M, at which a third phase at the aqueous-organic
interface formed. Raising the Ce(IV) concentration to 0.25 M resulted in a much denser 3™
phase that sunk to the bottom of the vial as spherical drops comprising multinuclear species
of Ce(lV), TBP, H,0 and HNOs, as identified by ICP-OES, IR, potentiometric titrations and Karl
Fischer titrations. This dense 3" phase remained until the Ce(lV) concentration reached 0.65

M at which point the third phase reappeared at the aqueous-organic interface.

The precise mechanism of 3™ phase formation varies from system to system and can depend

on factors such as temperature,®>®® diluent concentration,*? diluent polarity,®*°® acid

31,97 92,95,98

concentration, metal concentration, or the type of aliphatic branching on the
extractant.*9%1% These wide range of factors makes understanding this phenomenon at the
molecular level extremely complicated, particularly if third phase formation occurs as a result

of more than one variable.

The work in this chapter aims to understand why the performance of L? and L% in a mixed-
metal stream was so poor in comparison with L! and to the single-metal conditions. The
results presented herein do not attempt to explain the precise mechanism for 3™ phase
formation in this system; instead, this chapter explores which factors do cause 3™ phase
formation and the composition of the 3" phases, with a view to address these issues and

better understand the modes of action of these extractants.

2.4 Results and discussion

2.4.1 Third phase formation by L? and L3

In order to quantify and characterise any 3™ phases, the mixed-metal extractions with L, L2
and L3 were scaled up (20 mL:20 mL aqueous:organic). In contrast to L*, where no 3™ phase
is observed, approximately 1 mL of a well-defined, viscous 3™ phase forms at the
aqueous/organic interface (figure 2.11) from extractions with L2and L3. The lighter organic
phases of L and L3 are also a slightly paler in colour, consistent with gold being present in the

organic phase at lower concentrations than in L.
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Figure 2.11 — Photographs of the disengagement of organic (upper), 3™ phase (middle) and aqueous
(lower) phases after contact of a 2 M HCl mixed-metal solution with 0.1 M toluene solutions of (a) L,

(b) L2and (c) L3.
2.4.2 Third phase composition and analysis

2.4.2.1 ICP-OES analysis

Each 3™ phase was isolated and a portion diluted in 1-methoxy-2-propanol for ICP-OES
analysis. The 3" phase for L2 comprises Au (2.8 %), Fe (87.6 %), and Sn (9.6 %), representing
almost 60% of the total Au available, but only 3% and 1% of total Fe and Sn, respectively. In
contrast, the 3™ phase formed when using L*> comprises Au (1.4 %) and Fe (98.6 %) only, with

all Sn remaining in the aqueous phase (figures 2.12 and 2.13).
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Figure 2.12 — Percentage breakdown of metals transported by L%, L2 or L® into the 3™ phase, organic

phase, or remaining in the aqueous phase.

Third phase metal composition

|_3

" Au

W Fe

M Sn

87.6% 98.6%

Figure 2.13 — Breakdown of metal composition in the 3™ phases formed by L? and L.

2.4.2.2 Removing ‘problematic’ metals from the mixed-metal solution.

As Fe comprised the major constituent of these 3™ phases, an iron-absent mixed-metal
aqueous solution was prepared to investigate if it was the sole contributor to 3™ phase
formation. Indeed, it is found that this Fe-free feed solution no longer forms a liquid 3™ phase

with L3 and 99% of the gold is transported to the organic phase with minimal co-extraction
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of tin (figure 2.14). However, it was found that a 3™ phase remained in experiments with L?,
and comprised tin and gold, now with 92% of the gold being transported into the 3" phase,

in addition to 15% of tin being co-extracted.
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Figure 2.14 — Concentration of metals transported into a toluene solution of L? or L® from a mixed-
metal aqueous solution that does not contain Fe(lll). Conditions: Solution of L (0.1 M) in toluene (2

mL) stirred (500 rpm) with mixed-metal solution (2 M HCI, 2 mL) for 1 h at RT.

Removal of both tin and iron from the mixed-metal feed still results in 3" phase formation
by L2. This new 3" phase comprises Zn, Cu, and Au, which is surprising given that zinc and
copper metalates were not found to be extracted to any significant extent from single-metal
aqueous solutions with any of the amides. Solvent extraction experiments between L% or L3
and a gold-absent mixed-metal aqueous solution also result in 3" phase formation with each

amide.
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2.4.2.3 The effect of ligand concentration on third phase formation

Given that there are significant differences in metal concentration going from single-metal
experiments to the model e-waste experiments, the overall ligand:metal ratio is now much
lower. To rule out that the 3™ phase was forming as a result of a limiting concentration of L,
extractions using 0.5 M L? and L® were undertaken, resulting in approximately five times more

volume of third phase formed at the aqueous-organic interface than 0.1 M experiments

(figure 2.15).

. Larger 3" phases

Figure 2.15 — Photographs of the phase disengagement after contact of toluene solutions of 0.5 M L?

(left) and L3 (right) with a 2 M HCI mixed-metal solution.

Concurring with 0.1 M ligand extraction experiments, only gold, iron and tin were
transported from the aqueous phase into these larger 3™ phases of L? and L3. Interestingly,
at these higher concentrations of amide, more than 90% of the gold is extracted to the third
phases, whilst 0.1 M L2 and L3 extractions resulted in 44% and 59% of gold in the 3™ phases
respectively, with 32% and 23% of gold in the L?> and L3 organic phases. In addition,
significantly more iron is transported with the majority present in the lighter organic phases
(23% and 58% transported by L% and L3 respectively), and only small quantities in the 3™

phases (figure 2.16). The secondary amide L? also extracted more tin into the 3™ phase when
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the amide concentration was increased to 0.5 M. While 0.5 M L?3 is still a limiting
concentration of L relative to the total metal concentration, it is clear that simply adding
more L¥3 to the organic phase only exacerbates 3™ phase formation rather than abating it.
Further investigations into the propensity of a metal to be transported into the denser or

lighter organic phases was considered to be beyond the scope of this work.
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Figure 2.16 — Comparison of the performance of the extractants L? and L3 at different
concentrations. Conditions: 0.1 M or 0.5 M L in toluene (20 mL) stirred (500 rpm) with a mixed-

metal feed in 2 M HCI (20 mL) for 1 h at RT.

Contacting L? or L3 with each metal separately at the concentrations used in the model e-
waste solutions in 2 M HCl does not result in the formation of a 3™ phase; nor does a
combination of 0.5 M Fe, 0.15 M Sn and 0.001 M Au in 2 M HCI. It is therefore likely that, in
this instance, 3™ phase formation is partly due to the nature of the model e-waste solution;
this highly concentrated solution of very high ionic strength and the total chloride
concentration exceeding 8 M will probably result in Fe and Sn existing in aqueous solution as
their metalates and thus be co-extracted with gold at 2 M HCI. Single-metal experiments at
HCI concentrations where Fe is extracted by L? or L3 (see figures 2.8 and 2.9) did not form 3™

phases, although it may be that there is a limiting organic phase concentration (LOC) for iron
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(and/or tin) that, when exceeded, results in organic-phase splitting. This is a well-
documented factor in extraction systems such as TBP and N,N,N,N Tetraoctyl Diglycolamide
(TODGA),%%101-103 where the high metal concentrations in the organic phase are unstable and
split into two phases. However, this fails to account for why L* does not form any 3™ phases
with the model e-waste solution. One reason may be that the reduced clustering of L? and L3
around AuCl,” compared with L! is a key factor in 3™ phase formation when subjected to
complex aqueous matrices (as identified by MD simulations discussed in section 2.4, table

2.1).

2.4.2.4 X-Ray crystallography

During the mixed metal experiments involving L2 in the absence of Fe, although there was no
liquid third phase formation, colourless crystals formed at the aqueous/organic interface and
were isolated and studied by X-ray diffraction. The crystal data solve and refine as the
octahedral dianionic metalate, SnCls*", charge-balanced by two protonated diamides
[(HL3)(L3)]* (figure 2.17, top). In contrast to previous studies where five-, six-, and seven-

17,104-106 thjs system instead

membered “proton chelate” rings form during metal extraction,
chelates a proton intermolecularly, via the amide O-donor atoms (01-H1 1.24(4) A; 01-H1
1.21(4) A), thus enabling six polarised C-H groups to interact with the charge diffuse SnClg*

octahedron (figure 2.17, bottom).
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Figure 2.17 — Solid-state structure of [H(L3)2]2[SnCle]. Top: SnCls?>~ charge-balanced by two [(HL3)(L3)]*
units. For clarity, all hydrogen atoms are omitted except H1 (displacement ellipsoids are drawn at
50% probability). Bottom: Space-filling model of SnCls>~ encapsulated by six protonated diamides

through C(H)---Cl interactions (colours show equivalent symmetries). Close contact distances (A): Cl1-
C2 3.670(4); CI1-C15 3.791(2); CI2-C11 3.774(3); CI3-C1 3.404(2); CI3-C1’ 3.628(2); CI3-C4 3.863(2).

Total of 6 C(H)---Cl interactions below 4.0 A.

2.4.2.5 HNMR spectroscopy

Interactions between the metalate and the diamide cation [(HL®)(L3)]* can also be observed
by NMR spectroscopy when the Sn-containing precipitate is dissolved in CDCl; (figure 2.18,
bottom) and compared with a solution of L® in CDCls (figure 2.18, top). All signals are shifted
downfield upon interaction with the metalate, with the a-CH; and NCH; protons being shifted

most strongly, indicating they are more stongly deshielded due to non-covalent interactions
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with the metalate. Indeed, upon inspection of the X-ray structure of [(HL3)(L?)]2[SnClg], 5 out
of 6 close contact distances below 4.0 A are from a-CH, or NCHs protons, with the 6™ contact
coming from a CHs of the terminal '‘Bu group. Additionally, the NCHs signal has now fully
coalesced into a broad singlet, consistent with the C-N bond now having less double bond
character and therefore rotating more easily. The proton chelated by two L3> molecules in the
tin complex (H1 in figure 2.17, top) is seen at 10.5 ppm as a very broad singlet with an

integration of approximately 0.5, consistent with the formula [(HL3)(L3)]*.
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Figure 2.18 — *H NMR spectrum of L3 (top) and [(HL3)(L3)]2[SnCls] (bottom) dissolved in CDCls.

38



Chapter 2

2.4.2.6 Electrospray lonisation Mass Spectrometry

Attempts to characterize the liquid 3™ phases proved more difficult; endeavors to obtain
additional crystal structures were unsuccessful, and ESI-MS studies show ions of complex
clusters comprising “FeCl” units with varying proportions of L% (figures 2.19 and 2.20).
Rather than these species existing in solution they are more likely derived from clusters of
varying proportions of [HL¥3]*, L¥3,and FeCl,", but are more unstable compared with the gold

clusters for L3 that could be observed by ESI-MS.*°
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Figure 2.19 — Positive ion ESI-MS of a mixed-metal loaded L2 toluene solution diluted in CH3CN. Each of the assigned peaks is focused on, with the real (upper)

and predicted (lower) isotopic distribution pattern shown.
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Figure 2.20 — Positive ion ESI-MS of a mixed-metal loaded L3 toluene solution diluted in CH3CN. Each of the assigned peaks is focused on, with the real (upper)

and predicted (lower) isotopic distribution pattern shown.
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2.4.2.7 'HDOSY NMR analysis of the third phase formed by L2

Since the 3™ phases contain iron (which is paramagnetic), simple NMR experiments proved
inconclusive. However, diffusion-ordered spectroscopy (DOSY) *H NMR analysis of the third
phase formed between 0.1 M L? (in ds-benzene) and the Fe absent mixed-metal feed (all
other transported metals were diamagnetic) was undertaken to gain an insight into the
relative size of the species present within the third phase compared to those in the lighter

organic phase.

A broad peak correlating to the L? alkyl chain with a diffusion rate much slower than benzene
solvent is observed in the 3™ phase (figure 2.21a); this is consistent with the presence of a
viscous, potentially polymeric aggregate. On the other hand, all loaded organic phases
display similar DOSY spectra to their analogous uncontacted organic phases, diffusing faster
than the third phase, so likely being more molecular in their identity. Sampling the 3™ phase
into more polar solvents such as deuterated methanol results in a DOSY spectrum (figure
2.21c) akin to the uncontacted ligand (figure 2.21d) and the organic phase (figure 2.21b),

suggesting the more polar solvents are disrupting an extensive aggregation.
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Figure 2.21 — 'H DOSY NMR spectra of a) Mixed-metal loaded L? 3™ phase in CsDs; b) Mixed-metal
loaded L? lighter organic phase in CsDs; c) Mixed-metal loaded L? 3™ phase diluted in MeOD; d)

uncontacted L2 in CeDs.

2.4.2.8 Karl Fischer water concentration determination

The concentrations of water in the 3™ phases were determined by Karl-Fischer analyses and
compared with those of the organic phases (table 2.2). The water content in an organic phase
of L loaded from the mixed-metal feed was ca. 300 ppm higher than that seen for an organic

phase loaded solely from a single Au solution.*

43

Diffusion coefficient (cm’/sec)

Diffusion coefficient (cm?fsec)



Chapter 2

Table 2.2 — Concentrations of amide and water determined for organic and third phases following
contact with the model e-waste solution. ? Samples taken from amide solutions in deuterated
benzene. ® Determined by *H NMR concentration using 1,4-dioxane as an internal standard; for
amide concentrations the metal-loaded organic phase was back-extracted with H20 prior to NMR
analysis to avoid interference by paramagnetic Fe(lll). € Determined in triplicate by volumetric Karl-

Fischer titration.

Sample® Amide (mol L?)° Water (ppm)° Water (mol L*)*
Uncontacted c:rganlc 0.10 209 0.012
phase L
L -
oaded orglamc 0.07 746 0.041
phase L
Uncontacted c:rganlc 0.10 273 0.015
phase L
3 -
oaded orgfnlc 0.03 456 0.025
phase L
3% phase L2 1.67 1064 0.059
Uncontacted c;rgamc 011 202 0.011
phase L
Loaded org:mlc 0.04 453 0.025
phase L
3" phase L3 1.15 993 0.055

The metal-loaded 3™ phases contain around five times more water than the metal-loaded
organic phases, which may also explain the lack of solubility of the third phase. The
concentrations of amide reagents in the 3" phases were also determined by quantitative *H
NMR spectroscopy using 1,4-dioxane as an internal standard. In these cases, it is found that
the approximate concentration of the amide L* in a water-stripped 3™ phase is 1.15 mol L*
whereas the loaded organic phase is just 0.04 mol L? (table 2.2), i.e. the 3 phase
incorporates a significant quantity of the amide reagent. Loss of the amides into the 3 phase
points to potential aggregation between L%3, Fe(lll) and Au(lll) and water. As described
earlier, diminished clustering by L? and L® compared with L (which does not form a 3" phase)
may result in hydrogen-bonded clusters which are more porous, and hence are more able to

aggregate into more extended, denser structures.%%7
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2.4.3 Overcoming the third phase problem

With the exception of removing Fe from the solvent extraction experiment using L3, omission
of any other metal failed to negate 3™ phase formation using either L2 or L3 due to the
complex composition of the mixed-metal solution. As aggregation is not observed by DOSY
NMR spectroscopy when sampling the 3™ phase in more polar solvents, solvent extraction
experiments with 0.1 M L? or L3 solutions in chloroform or 10% (v/v) 1-octanol in toluene
were carried out. In these cases, no 3™ phase formation is seen with almost quantitative
transport of Au into the organic phase occurring for both L2 and L3, albeit with a loss of
selectivity compared with L* with increased amounts of Sn (6-8%) and Fe (11-16%) extracted
(figures 2.22 and 2.23). It is likely that the enhanced polarity and hydrogen-bonding ability of
these solvents compared with toluene are deconstructing the aggregates formed in the 3™

phase.

M Stock ™ Toluene ® Chloroform ' 10% octanol in toluene

1.6
0.0008

1.4 0.2 0.0006
o
- 0.16 0.0004
g 1.2
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< 0.12
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g ! 0.08 0
= ’ Au
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| -
= 03 0.04
8 I
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g 06 Sn Au
T
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. N I

Cu Al Zn Ni Fe Sn Au
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Figure 2.22 — Concentration of metals loaded into 0.1 M solutions of L? in toluene, chloroform, or
toluene/octanol (10%) organic phases from a mixed-metal aqueous solution (blue bars). Conditions:
0.1 M Lin 10%(v/v) octanol in toluene (2 mL) or chloroform (2 mL) stirred (500 rpm) with a mixed-
metal feed in 2 M HCI (2 mL) for 1 h at RT.
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Figure 2.23 — Concentration of metals loaded into 0.1 M solutions of L® in toluene, chloroform, or
toluene/octanol (10%) organic phases from a mixed-metal aqueous solution (blue bars). Conditions:
0.1 M Lin 10%(v/v) octanol in toluene (2 mL) or chloroform (2 mL) stirred (500 rpm) with a mixed-
metal feed in 2 M HCI (2 mL) for 1 h at RT.

2.5 Conclusions

The identification of a 3™ phase has accounted for the ‘poor’ extraction performance of L2
and L3 when using a mixed-metal feed, despite their enhanced performance over L! when
extracting metals from single-metal solutions. It has been shown that L? and L® do indeed
transport gold from the aqueous phase to a good extent, although the formation of a gold-
concentrated 3™ phase makes these extractants undesirable for a potential commercial

process when iron (for L3), and iron and tin (for L?) are present in high concentrations.

Various analytical techniques have demonstrated that the 3™ phase is potentially a polymer-
like aggregated species that is insoluble in either the aqueous or the organic phase. The 3™
phases were found to contain significantly more water than the loaded organic phases,
suggesting that water could be playing a role towards 3" phase formation. The ability of the

primary amide to promote the formation of molecular hydrophobic assemblies through the
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better availability of hydrogen-bond donors and acceptors appears crucial to its success in
metalate separation by solvent extraction. These groups are diminished in the secondary and

tertiary amides and could be a contributing factor towards third-phase formation.

Ideally an extractant should not show any third phase formation during solvent extraction,
although it is common in some industrial processes to add modifiers to reduce third phase
formation and aid phase disengagement.%®102108105 |n the case of L? and L3, addition of 1-
octanol as a modifying agent obviates 3™ phase formation but at the expense of extraction
selectivity. Otherwise, using secondary and tertiary amides to effectively recover gold from
e-waste feed solutions will be highly dependent on the composition and complexity of the

feed solutions.
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3 Simple diamides for selective metalate precipitation

3.1 Overview

Selective precipitation techniques are becoming more common in metal separations
strategies as they can circumvent the use of environmentally harmful organic solvents
associated with solvent extraction processes. This chapter examines a simple tertiary
diamide that precipitates gold efficiently and selectively from aqueous acidic solutions. The
tuneable selectivity of the diamide towards various metalates under different aqueous
matrices is demonstrated, with straightforward recycling of the diamide being achieved using
just water. Factors governing the strength, selectivity and efficiency of precipitation were
then explored by synthesising and testing derivatives of the tertiary diamide with differing

structural and electronic properties.
3.2 Introduction

Precipitation and adsorption methods that are selective and recyclable are becoming
increasingly popular in gold and other metal separations, providing significant advantages
over traditional, single-use precipitants.!1®* pre-formed porous network materials such as
metal-organic frameworks (MOFs),'*>1%6 covalent-organic frameworks (COFs),'*” porous

118 and electroactive materials!'®'?! have been shown to selectively

porphyrin polymers,
adsorb gold over other metals. These materials typically exploit the accessible reduction
potential of gold to deposit metallic gold within the porous cavities and are particularly
effective towards complex mixtures in which gold is present in low concentrations. Molecular
recognition processes involving cyclodextrins, 3¢ and cucurbit[n]urils (n = 5-8)122714 exploit
the curvature and donor-group decoration of these capsular guest molecules to host
selectively both alkali-metal cations and tetrachloridoaurate anions within superstructures
that ultimately precipitate gold from aqueous acidic solutions. This feature has also been
applied in the separation of platinum from palladium and rhodium by precipitation in which
the cucurbitural displays a preference for the hexachloroplatinate(lV) dianion.'?® Cationic
cyclophanes have also been reported to capture and precipitate the square planar metalates

AuCly, PdCl,% and PtCls2 from solution through C-H---Cl host/guest interactions.?128 More

simple acyclic durene-based diamides act as receptors for tetrachloroaurate upon
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protonation through interactions between square planar AuCl,™ and the electron-rich arene
present within the supramolecular extended network;'?® in these cases, no selectivity for
gold over other metals was explored. The simple biomolecule niacin, a pyridine carboxylic
acid, has been shown to form extended supramolecular networks upon protonation and
selectively precipitates HAuCl, from acidic solutions consisting of Au, Ni, Cu, Zn, alkali- and

0

alkaline-earth metals;®3° in this case, protonated niacin molecules assemble through

hydrogen-bonding to form an extended supramolecular structure.
3.3 Simple diamides for solvent extraction

Chapter 2 investigated the performance of three simple monoamides, L3, and found that
despite L2 and L3 being stronger gold extractants than L' under single-metal conditions,
undesired third phases were formed that comprised most of the gold, along with iron and tin
in solvent extraction experiments with model e-waste solutions. The observation that L3
could precipitate tin as the diamide complex [(L3);H]2[SnClg], suggested that changes in the
amide structure resulted in variability in solvent extraction performance with, in some cases,
precipitation being favoured. As such, the simple diamides L*® (figure 3.1) were prepared
with the assumption that L* and L> may extract gold in a similar manner to L3, whereas
selective precipitation may occur by L® by the formation of insoluble, infinitely extended

structures.

w | i | I |
N/\/N\[m/\’< *J\N/\/N\”)< N/\/N
| | I | i
L4 L5 L®

Figure 3.1 — Structures of diamides L*® used in initial solvent extraction studies.

The diamides are prepared in a single step by reacting commercially available N,N’-
dimethylethylenediamine with the appropriate acid chloride and are isolated as a colourless
oil (L*) or solids (L®> and L®). Initially, 0.1 M solutions of the diamides in toluene or chloroform
were screened as reagents for the transport of HAuCl, from 0-6 M HCl solutions by solvent

extraction (Figure 3.2).
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Figure 3.2 — Percentage of Au extracted by 0.1 M toluene solutions of L%, L> or 0.1 M chloroform
solution of L®. Conditions: solution of L*® (0.1 M, 2 mL) stirred (500 rpm) with 0.01 M HAuCls (2 M
HCI, 2 mL) for 24 h at RT.

Diamide L* behaves similarly to monoamide L' at 2 M and 6 M HCl showing almost
quantitative gold extraction, whereas truncating the alkyl substituents to tert-butyl groups in
L° reduces extraction efficiency and results in poor phase disengagement. Solvent extraction
experiments using L® dissolved in chloroform (as L® is insoluble in toluene) result initially in
fast gold transport at 2 M and 6 M HCl to form a yellow organic phase, but in contrast to the
other amides a yellow precipitate forms. Analysis of both aqueous and organic solvent phases
by ICP-OES shows that near quantitative gold precipitation occurs. It is evident that modifying
the identities of the diamide substituents from CH,CH(Me)CH,Bu' in L* to Ph in L® promotes

gold precipitation over gold extraction.
3.4 L®as a precipitant in the absence of organic solvents

The diamide L® was therefore evaluated as a precipitant in the absence of the organic solvent.
Adding 0.2 mmol of solid L8, the equivalent in moles used in the SX experiments (i.e., a 10-
fold excess), to a 0.01 M HAuCl, solution in 2 M or 6 M HCl results in colourless supernatants
and yellow solids which incorporate >99 % of the gold. Furthermore, complete gold
precipitation using L® is also seen from solutions of HAuCls in 20 or 100 % aqua regia or 2 M

H,SO. in the presence of chloride or bromide (table 3.1), indicating that the separation
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process should be suited for a range of acidic leaching conditions. On the other hand, a-CD

only precipitates AuBrs~ between pH 2 — 5 when K* is present,® and the efficiency of AuCls”

precipitation by cucurbit[6]uril was found to decrease from 96.4% at 2 M HCl to 3.3% at 10

M HC.*24

Table 3.1 — Precipitation experiments with Au dissolved in various aqueous matrices. Conditions: 2

mL Au solution contacted with 0.059 g L® for 24 hours, room temperature. Solution filtered and

diluted 1000 x in 2% HNOs prior to ICP-MS analysis * Au® added to sulfuric acid and NaCl or NaBr

solution with a few drops of 30% hydrogen peroxide added to aid dissolution of Au. All experiments

performed in triplicate.

- Au concentration
] Initial Au . %
Aqueous matrix . .1, | after contact with L ..
concentration (mg L?) 1 Precipitated
(mg L)
0.01 M HAuClzin 2M 5536 5 88 99.8
HCI
0.01 M HAuClzin6 M 2998 532 99.9
HCI
H 0,
0.01 M HAuCl, l.n 100 % 1920 6.00 997
Aqua regia
1 0,
0.01 M HAuC|4.In 20% 1920 4.00 99 8
Aqua regia
2MH;SOand 2 M
Nacl * 1940 12.2 99.4
2MH

2504 and 2 M 1930 9.00 99.5

NaBr *

3.4.1 Recovery of Au and reuse of L®

Importantly, the release of gold from the isolated solids is achieved by multiple washes with

deionised water, resulting in dissolution of HAuCl, into solution and the recycling of L® (table

3.2) as a solid. This contrasts with other precipitants such as a-CD or cucurbit[6]uril, which

must be recovered by recrystallisation following a direct reduction of Au(lll) to Au(0) with

sodium metabisulfite or hydrazine.

35,124
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Table 3.2. Precipitation of HAuCls by L% from 2 M HClI followed by its release from L® as HAuCls using

deionised water. All solutions were diluted 100x prior to ICP-OES analysis.

with [HL®][AuCls] solids (2 mL) 5t
wash

Sample Au concentration | % Precipitation | % Stripping
(mgL?) (cumulative)
0.01 M HAuCl; in 2 M HCI (feed 1940 -
solution)
2 M HCI solution after contact 8.00 99.6 %
with L®
Deionised water after contact 103 - 5.3
with [HL®][AuCl,] solids (2 mL) 1%
wash
Deionised water after contact 605 - 36.6
with [HL®][AuCl,] solids (2 mL) 2™
wash
Deionised water after contact 826 - 79.3
with [HL®][AuCl,] solids (2 mL) 3
wash
Deionised water after contact 147 - 86.9
with [HL®][AuCl,] solids (2 mL) 4t
wash
Deionised water after contact 139 - 94.1

The recycled diamide can be used in further gold load/strip cycles showing 87 % loading

efficacy after three cycles (table 3.3); this decrease from the initial 99% gold precipitation

after three cycles is likely due sampling errors while handling milligram quantities of the

diamide.
Table 3.3 — Cycling of L® through three load/strip phases.
Cycle 1 2 3
% Au Precipitated 97.7% 90.7 % 87.3%
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3.4.2 Metal precipitation dependence on acid concentration

The precipitation of gold and other metals from varying [HCI] solutions by L® was evaluated

(figure 3.3).
100
90
80
70
2
£ 60 Au(lll)
=
o
_g 50 Fe(ll)
& 40 sn(Iv)
X
30 Pt(IV)
20 —o—Ga(lll)
10
0 [
0 2 4 6 8 10 12

[HCI] / mol L

Figure 3.3 — Precipitation of Au(lll), Fe(lll), Ga(lll), Sn(IV) and Pt(IV) by L®. Conditions: 0.2 mmol L®
contacted with 2 mL 0.01 M metal in 0 — 12 M HCl for 1 hour at RT, 500 rpm.

Gold is most readily precipitated by L® from HCI concentrations as low as 0.1 M and, in
contrast to solvent extraction conditions with L3, continues to be precipitated as the HCl
concentration reaches 12 M. In a similar trend as in solvent extraction experiments with L3,
iron and gallium are precipitated when the HCI concentration increases sufficiently (4 M)
such that they exist in solution as the metalates FeCl,"and GaCl,~; these metals also continue
to be precipitated up to 12 M HCI. With Sn(IV) and Pt(IV), in contrast to L where extraction
was poor (or resulted in 3™ phase formation), L° effectively precipitates tin and platinum at
concentrations above 5 M HCl. Interestingly, tin continues to be precipitated up to 12 M HCI
whereas platinum precipitation peaks at 6 M HCl before decreasing with increasing [HCI],
potentially due to chloride competition, or an increased solubility of [HL],[PtCle¢] as the HCI
concentration is increased. Spot tests between L® and other metals such as aluminium,

copper, nickel and zinc at 6 M HCI did not show any significant precipitation (<5%) and so
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were not investigated further. Single crystals for X-ray diffraction of each metal precipitate
were obtained and the bulk composition confirmed by elemental analysis and PXRD (PXRD

for [HL®][AuCls] only, see section 3.4.7.2).

3.4.3 Tuning the selectivity of metal precipitation

The selectivity of L® under mixed-metal conditions was evaluated by initially adding an 0.2
mmol of solid L® to a 2 mL mixed-metal solution comprising 0.01 mol L' each of Al(lIl), Au(lll),
Cu(Il), Fe(ll), Ni(I), Pd(l1), Pt(IV) and Sn(IV) in either 2 M or 6 M HCI. In this case, L®is in a
tenfold excess with respect to any one metal. This experiment was then repeated using a

stoichiometric amount of L® with respect to any one metal (i.e. 0.02 mmol) (figure 3.4).

100
90
80
70
60
50
40

3 O - r_d v - - 4 - 4
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% precipitation

Au(ll) AI(I) Cu(ll) Fe(lll) Ni(ll) Zn(ll) Sn(IV) Pd(ll) Pt(IV)

[ 0.20 mmol L5, 2 M HCI [ 0.20 mmol L5 6 M HCl

¥ 0.02 mmol L% 2 M HCI 0.02 mmol L5, 6 M HCI

Figure 3.4 — Percentage metal(s) removed by precipitation from a 0.01 M mixed-metal solution in
2 M (orange and green bars) or 6 M (blue and yellow bars) HCl following the addition of either
0.2 mmol L® (10-fold excess L® relative to metal, orange and blue bars) or 0.02 mmol L® (equimolar,

green and yellow bars).

The addition of excess L® to the 2 M HCl mixed-metal solution results in near quantitative
precipitation of Au, with minimal co-precipitation of other metals (<5%, figure 3.4, orange

bars). Interestingly, using one equivalent of L® (i.e., 0.02 mmol) results in gold uptake only
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(figure 3.4, green bars) which contrasts with SX conditions where an excess of extractant is
required, thus highlighting the enhanced atom economy of this precipitation method. At6 M
HCI using excess L%, complete uptake of Fe, Sn, and Pt is also seen, alongside Au, from the
above mixture of metals (figure 3.4, blue bars). Using stoichiometric L%, however, a return to
selective gold uptake is seen (figure 3.4, yellow bars), which shows that a process could be
designed to sequentially precipitate Au then, depending on the feed stream, Fe, Sn, or Pt.
This is significant as leach solutions from gold ores (typically pyrite or arsenopyrite) are rich
in iron, while those derived from e-waste have high concentrations of tin.!*! Furthermore,
the selectivity shown between Pt(IV) and Pd(Il) at 6 M HCl is notable as this separation is
integral to precious metal refining processes currently based on SX.132 The selectivity seen
under stoichiometric conditions also suggests that the preference for gold precipitation is
not wholly dependent on the ease of formation of HAuCl, compared with other
chloridometalates, but that the chemical structures of the precipitates also define the

sequence of separation.

3.4.4 Selective stripping of metals

The selective uptake of Au at 2 M HCl compared with the requirement for 6 M HCl to load Fe,
Sn, and Pt permits a selective stripping process to be undertaken. As such, loading L® with Au,
Fe, Pt, and Sn at 6 M HClI (figure 3.5, blue bars), followed by a wash with 2 M HCl results in
re-dissolution of Fe, Sn, and Pt only, with Au retained on the solids (figure 3.5, green bars).
Washing the isolated solids with DI water releases the Au into solution and recycles L® (figure

3.5, yellow bars).
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Figure 3.5 — Selective metal precipitation and stripping sequence.

3.4.5 Selectivity for other metals

The selectivity of L® for Au uptake was evaluated further by adding an excess to mixed-metal
ICP-OES standard solutions (diluted in 2 M or 6 M HCI), comprising 29 metals at 100 or 10
ppm concentrations. Analysis of the concentrations of metals that remain in solution reveals
that even in this competitive environment, L® is highly selective for gold, with 70% uptake
after 24 h (figure 3.6, blue bars). Raising the concentration of HCl to 6 M increases the uptake
of Au to >99% after 1 hour but decreases selectivity, with Tl (95%), Ga (>99%), and Fe (70%)
also precipitated (figure 3.6, orange bars); however, these metals could in principle be
removed from the precipitate by a 2 M HCl wash (see figure 3.5). Interestingly, no Pt uptake
is seen in these experiments which is due to it being present as Pt(ll) (i.e., square planar
PtCl4%") and not Pt(IV) (i.e., octahedral PtCle¢?"). To confirm this, spot tests contacting excess
L® with solutions of 0.01 M K,PtCl, (i.e., Pt(Il)) at 2, 6, or 10 M HCI did not result in any Pt(ll)
precipitation, showing that the charge and structure of the chloridometalate is important to
the precipitation process. The precipitation of thallium was assumed to be as the species
TICls~; however further investigation into thallium separation and recovery was considered

to be beyond the scope of this thesis.
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Figure 3.6 — Selectivity for gold in the presence of 28 other elements from ICP-MS standard
solutions. * The negative precipitation efficiencies of some of the metals above are considered to be
due to contamination of the samples from elements commonly present in water and on the

experimental tools. Error bars are the standard deviation of three replicate experiments
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3.4.6 Recovery of gold from real e-waste

Finally, gold was selectively separated from end-of-life printed circuit boards dissolved in
aqua regia (diluted to 40%), with 98% Au precipitation after 1 h and no co-precipitation of

any of the other elements present (table 3.4 and figure 3.7).

Table 3.4 — Selective precipitation of HAuCls from a 40% aqua regia mixed-metal solution derived

directly from waste printed circuit boards. See also figure 3.7.

sample Au Cu Ni Pb Sn
(mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L)
Feed solution 180 15400 105 818 1650
Fe::ni‘a’::‘:t‘:;'t‘hager 3.45 15400 108 829 1660
% metal precipitated 98.1 0 0 0 0

Figure 3.7 — (a) Photograph of e-waste pieces (b) photograph of aqua-regia solution after dissolution
of e-waste and dilution to 40 % in deionised water (c) Photograph of [HL®][AuCls] precipitate from e-

waste solution.
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3.4.7 Characterisation of precipitates

3.4.7.1 Single-crystal X-ray structures of metal precipitates

Layering a solution of 0.01 M HAuCl; in 2 M HCl on a 0.1 M chloroform solution of L results
in controlled crystallisation. The X-ray crystal structure (figure 3.8) shows a chemical formula
of [HL8][AuCls] in which the unique proton H1 is bound between adjacent amide O-atoms O1
and Ola (01---01a = 2.420(3) A), forming an intermolecular proton chelate between amide
units that assemble into an infinite supramolecular chain motif; a similar structure is seen for

[HL®][AuBr4] (figure 3.9).
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CI2

Figure 3.8 — X-ray crystal structure of [HL®][AuCls]. Top: Asymmetric unit. Bottom: A view of the

intermolecular proton-chelate structure and the arrangement of AuCls~ within the cavity derived
from the infinite chain of protonated diamides. C(H)---CI(Au) 3.43-3.76 A; N1-C3-C3’-N1’ 54.9(3)°. For
clarity, all hydrogens except those involved in hydrogen bonding are omitted (displacement

ellipsoids are drawn at 50% probability).
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Figure 3.9 — X-ray crystal structure of [HL®][AuBra4]. Top: Asymmetric unit. Bottom: A view of the

intermolecular proton-chelate structure and the arrangement of AuBr4~ within the cavity derived
from the infinite chain of protonated diamides. C(H)---Br(Au) 3.79-3.92 A; N1-C3-C3’-N1’ 55.4(2)°. For
clarity, all hydrogens except those involved in hydrogen bonding are omitted (displacement

ellipsoids are drawn at 50% probability).
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While the linking of the diamides in [HL®][AuCl4] is similar to that seen for HAuCls complexes
of the diamidodurene R’C(O)N(R)CH(CsMe4)CH,N(R)C(O)R’,*?° the positioning of the AuCls”
anions is different. In the latter example, the mt-rich aryl group interacts strongly through face-
to-face m-bonding with the planar AuCl,~ anion, whereas for [HL®][AuCls] the phenyl and
methyl substituents within the ribbon-like structure of the protonated diamides provide
rhombohedral clefts that host the AuCl,” guest and interact through non-covalent

electrostatic interactions (figure 3.12).

Crystallisations of [HL®][FeCls], [HL®][GaCla], [HL®]2[SnCle], and [HL®],[PtCls] were also achieved
(figures 3.10, 3.11, 3.15 and 3.16, respectively). All four complexes are structurally similar,
adopting a ribbon motif of [HL®]* with an intermolecular proton chelate analogous to that
seen for [HL®][AuCls]. The N—C—C—N torsion angle of the diamide bridge varies according to
the metalate and is significantly smaller for Au (54.0°) than the other metals (Fe: 81.0/88.2;
Ga: 83.9°% Sn: 80.0; Pt: 80.6°); this feature may have consequences on the crystal packing and

interactions between the metalate and cation host.

The X-ray structures of [HL®][FeCls] and [HL®][GaCls] are very similar, with each metalate

being accommodated in a similar cavity to that of [HL®][AuCla].
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Figure 3.10 — X-ray crystal structure of [HL®][FeCls]. Top: Asymmetric unit. For clarity, all hydrogens
except those involved in hydrogen bonding are omitted (displacement ellipsoids are drawn at 50%
probability). Bottom: A view of the intermolecular proton-chelate structure and the arrangement of
FeCls™ within the cavity derived from the infinite chain of protonated diamides. C(H)---CI(Fe) 3.45-
3.89 A; N1-C9-C10-N2 88.2(8)°; N3-C27-C28-N4 81.0(8)°.
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Figure 3.11 — X-ray crystal structure of [HL®][GaCls]. Top: Asymmetric unit. For clarity, all hydrogens
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except those involved in hydrogen bonding are omitted (displacement ellipsoids are drawn at 50%
probability). Bottom: A view of the intermolecular proton-chelate structure and the arrangement of
GaCls~ within the cavity derived from the infinite chain of protonated diamides. C(H)---Cl(Ga) 3.49-
3.75 A; N1-C9-C10-N2 83.9(4)°.
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To visualise the location of the interactions between the metalates and [HL®]*, non-covalent
interaction (NCI) analysis was undertaken by Professor Carole Morrison and Ms Susanna
Vance (see section 7.5.1). Low-gradient isosurfaces (s = 1 a.u) of each complex are displayed
to highlight the non-covalent interactions. The isosurfaces are coloured on a blue-green-red
scale where blue indicates strong attractive interactions (such as hydrogen bonding) and red
indicates strong non-bonding interactions (such as steric repulsion). Green colours are

indicative of weaker interactions such as Van der Waals interactions.

A non-covalent interaction (NCI) plot of [HL®][AuCls], [HL®][FeCls] and [HL®][GaCls] (figures
3.12 — 3.14) shows the ligand clefts provide stabilising van der Waals interactions
predominantly through multiple C-H---Cl contacts from aryl CH groups and NCHs groups,

alongside.

Figure 3.12 — Non-covalent interaction (NCI) analysis of [HL®][AuCa] undertaken by Professor Carole
Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface plots (s = 0.5 au,
0.05) (dark blue scale) < p < 0 (green scale) au). Atom colours: dark grey = C, red = O, dark blue = N;

purple = Cl; white = H; Orange = Au.
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Figure 3.13 — Non-covalent interaction (NCI) analysis of [HL®][FeCls] undertaken by Professor Carole
Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface plots (s = 0.5 au,
0.05) (dark blue scale) < p< 0 (green scale) au). Atom colours: dark grey = C, red = O, dark blue = N;

purple = Cl; white = H; yellow = Fe.
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Figure 3.14 — Non-covalent interaction (NCI) analysis of [HL®][GaCa] undertaken by Professor Carole

Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface plots (s = 0.5 au,
0.05) (dark blue scale) < p < 0 (green scale) au). Atom colours: dark grey = C, red = O, dark blue = N;

purple = Cl; white = H; pink = Ga.

The X-ray structures of [HL®],[SnCls], and [HL®],[PtCle] are isostructural, comprising the same
ribbon motif but with the octahedral metalates residing in slightly offset cavity that also
includes one molecule of water. The NCI plots (figures 3.17 and 3.18) reveal that similar C-
H---Cl host—guest interactions, with the water molecule in the [HL®],[SnCle] and [HL®],[PtCle]
structures providing additional non-classical hydrogen-bonding to both the ligand and

metalate ions.
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Figure 3.15 — X-ray crystal structure of [HL®]2[PtCls](H20). Top: Asymmetric unit. For clarity, only one
of the two [HL?] cations is shown and all hydrogens except those involved in hydrogen bonding are
omitted (displacement ellipsoids are drawn at 50% probability). Bottom: A view of the
intermolecular proton-chelate structure and the arrangement of PtCle?~ within the cavity derived

from the infinite chain of protonated diamides. C(H)---CI(Pt) 3.44-3.62 A; N1-C9-C10-N2 80.6(1)°.
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Figure 3.16 — X-ray crystal structure of [HL®]2[SnCls](H20). Top: Asymmetric unit. For clarity, only one
of the two [HL®] cations is shown and all hydrogens except those involved in hydrogen bonding are
omitted (displacement ellipsoids are drawn at 50% probability). Bottom: A view of the
intermolecular proton-chelate structure and the arrangement of SnCls?~ within the cavity derived

from the infinite chain of protonated diamides. C(H)---CI(Sn) 3.45-3.63 A; N1-C9-C10-N2 80.0(3)°.
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Figure 3.17 — Non-covalent interaction (NCI) analysis of [HL®],[PtCs] undertaken by Professor Carole

Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface plots (s = 0.5 au,

0.05) (dark blue scale) < p< 0 (green scale) au). Atom colours: dark grey = C, red = O, dark blue = N;
purple = Cl; white = H; light grey = Pt.

Figure 3.18 — Non-covalent interaction (NCI) analysis of [HL®]2[SnCs] undertaken by Professor Carole
Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface plots (s = 0.5 au,
0.05) (dark blue scale) < p < 0 (green scale) au). Atom colours: dark grey = C, red = O, dark blue = N;

purple = Cl; white = H; tan = Sn.
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Metals such as cobalt and zinc are not precipitated by L°®. However, at 10 M HCl, a
concentration at which L% is completely soluble, some crystallisation occurs and the X-ray
crystal structures show the formation of [HL®][HsO(H.0),][CoCls] (figure 3.19) and
[HL®][H30(H.0),][ZnCl4] (figure 3.20). In both cases, [HL®]* forms an infinite intermolecular
proton-chelated motif similar to all other structures with N—-C—C—N torsional angles of 72.5
and 72.6° for Co and Zn, respectively. In contrast to the metal complexes that are readily
precipitated by L® protonated water clusters [H3O(H,0),]* are found instead of a second
[HL®]*, resulting in well-defined layers of [H30(H20),]*/[MCls]* interleaved with [HL®]*. The
NCI plots (figure 3.21 and 3.22) again support C-H--Cl host/guest interactions, bridged with
non-classical hydrogen-bonding from the protonated hydrogen bonded water clusters. This
provides a distinct structural difference between the complexes that readily precipitate,
which have one or no waters of crystallisation, compared with those that do not that have

more than one water of crystallisation.
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05
CI3

Figure 3.19 — X-ray crystal structure of [HL][HsO(H20)2][CoCl4]. Top: Asymmetric unit. For clarity, all

hydrogens except those involved in hydrogen bonding are omitted (displacement ellipsoids are
drawn at 50% probability). Bottom: A view of the intermolecular proton-chelate structure and the
arrangement of CoCls>~ within the cavity derived from the infinite chain of protonated diamides.

C(H)-Cl(Co) 3.57-3.87 A; N1-C9-C10-N2 72.5(2)°.
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Figure 3.20 — X-ray crystal structure of [HL][H3O(H20)2][ZnCl4]. Top: Asymmetric unit. For clarity, all
hydrogens except those involved in hydrogen bonding are omitted (displacement ellipsoids are
drawn at 50% probability). Bottom: A view of the intermolecular proton-chelate structure and the
arrangement of ZnCl4?~ within the cavity derived from the infinite chain of protonated diamides.

C(H)--Cl(zn) 3.57-3.81 A; N1-C9-C10-N2 72.6(3)°.
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Figure 3.21 — Non-covalent interaction (NCI) analysis of [HL][HsO(H20)2][CoClas]. undertaken by
Professor Carole Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface
plots (s = 0.5 au, 0.05) (dark blue scale) < p< 0 (green scale) au). Atom colours: dark grey = C, red =

O, dark blue = N; purple = Cl; white = H; cyan = Co.

Figure 3.22 — Non-covalent interaction (NCI) analysis of [HL][H3O(H20)2][ZnClz]. undertaken by

Professor Carole Morrison and Ms Susanna Vance. Non-covalent bonding interactions 3D isosurface
plots (s = 0.5 au, 0.05) (dark blue scale) < p< 0 (green scale) au). Atom colours: dark grey =C, red =

O, dark blue = N; light purple = Cl; white = H; dark purple = Zn.
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3.4.7.2 Powder X-ray diffraction

To confirm that the [HL®][AuCls] precipitate had the same structure as those determined by
single crystal X-ray diffraction, the precipitate from the addition of 0.02 mmol of L® to a
solution of 0.01 M HAuCl,sin 6 M HCIl was analysed by powder X-ray diffraction (figure 3.23,
data collection, refinement, and analysis undertaken by Dr. Caroline Kirk) and showed the
presence of two phases commensurate with a mixture of microcrystalline [HL®][AuCl;] and
L®. Refinement of the unit cell parameters in space group 12/a (a =12.216(1) A, b =17.099(5)
A, c=16.721 (3) A, B=142.79 (1) °) showed a close match with those of the single-crystal X-
ray data for [HL®][AuCls] (a = 12.0848(7) A, b = 16.9574(2) A, c = 16.5644(10) A, B = 142.07(1)
°).
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Figure 3.23 — Powder X-ray diffraction of the [HL®][AuCl.] precipitate from a mixture of L® (0.02 mmol) and HAuCls (0.01 M) in 6 M HCl showing the observed data

(green), the profile calculated from unit cell parameters of a combination of [HL][AuCls] and L® (red), and the difference profile (grey). Blue tick marks are

associated with [HL®][AuCls] whereas green tick marks are associated with L®.
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3.4.7.3 Single Crystal X-Ray Structures of halide salts of L®

L® does not precipitate HCl from aqueous solution but instead HCI facilitates the dissolution
of L%, with increasing [HCI] resulting in increased L® being dissolved. While attempts to isolate
the simple salt [HL®][CI] from aqueous solution were unsuccessful, immersing a vial of L®
dissolved in chloroform within a vial of concentrated HCI solution resulted in the formation
of colourless crystals within the chloroform vial of [HL®][H30][H,O][CI][CIHCI] (figure 3.24).
This structure still comprises the [HL®]* ribbon motif as before, with a N-C-C-N torsional
angle of 76.8°. Between these ribbons are hydrogen-bonded networks of CIHCI", water,
hydronium and chloride molecules. Crystals of protonated L® were also obtained by vapour
diffusion of 2 M HCI/Et;0 in to a CHCIs solution of L® (figure 3.25). In this case, the same
formulation is seen but the structure is different with a discrete ‘channel’ of CIHCI" anions
above one ribbon of [HL®]* and a ‘channel’ of chloride and hydronium clusters beneath. The
N—C—C—N torsional angles are also similar at 72.8 and 75.4°. Addition of these crystals to fresh
HCI solutions results in dissolution and attempts to re-grow these crystals by the solvent
layering technique instead of vapour diffusion were unsuccessful, suggesting that these

chloride salts of L® are aqueous soluble and may take this form (among others) in solution.
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Figure 3.24 — X-ray crystal structure of [HL®][H30][H20][CI][CIHCI]. Top: Asymmetric unit. For clarity,
all hydrogens except those involved in hydrogen bonding are omitted (displacement ellipsoids are
drawn at 50% probability). Bottom: A view of the intermolecular proton-chelate structure and the

arrangement of hydrogen bonded networks of CIHCI-, water, hydronium and chloride molecules
within the cavity derived from the infinite chain of protonated diamides. C(H)--Cl 3.51-3.84 A; N1-C9-
C10-N2 76.8(2)°.
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Figure 3.25 — X-ray crystal structure of [HL®]2[H30][CI]2[CIHCI]. Top: Asymmetric unit. For clarity, all
hydrogens except those involved in hydrogen bonding are omitted (displacement ellipsoids are
drawn at 50% probability). Bottom: A view of the intermolecular proton-chelate structure and the
arrangement of hydrogen bonded networks of CIHCI-, water, hydronium and chloride molecules
within the cavity derived from the infinite chain of protonated diamides. C(H)---Cl 3.54-3.89 A; N1-C9-
C10-N2 -72.8(1)°; N3-C27-C28-N4 75.4(1)°.
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During the growth of [HL®][AuBr,] crystals (figure 3.9) which were dark red, smaller yellow
crystals were also found and their X-ray crystal structure was determined, being solved and
refined as [HL®][Br.][Brs]o[CHCI5] (figure 3.26). However, it was noticed by the
crystallographer upon initially collecting X-ray diffraction data on [HL®][AuBr,] data, that the
yellow crystals were no longer present after another day and instead more dark red crystals
of [HL®][AuBr;] had formed, suggesting that the bromine/tribromide crystals may be a kinetic

product of crystallisation.

These observations suggest that the mode of action of precipitation proceeds by initial
dissolution of L® to form aqueous soluble [HL®][CI] (or [HL®][Br]) species, which then undergo
ion-exchange with AuCls™ (or other metalates), which are insoluble and so precipitate out of

solution. This process is investigated further in section 3.4.8.
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Figure 3.26 — X-ray crystal structure of [HL®]2[Br2][Brs]2[CHCl3]. Top: Asymmetric unit. For clarity, all
hydrogens except those involved in hydrogen bonding and the on the chloroform molecule are
omitted (displacement ellipsoids are drawn at 50% probability). Bottom: A view of the
intermolecular proton-chelate structure and the arrangement of Brz/Brs~ molecules within the cavity
derived from the infinite chain of protonated diamides. C(H)---Br 3.51-3.96 A; N1-C10-C11-N2 -72(2)°;
N3-C28-C29-N4 80(2)°.
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3.4.8 Precipitation mode of action

That full uptake of gold from solution occurs using a stoichiometric amount of L® suggests
that a dissolution-precipitation, not a surface-deposition mechanism, is occurring. After
stirring a 2 M HCl solution with solid L®, it is apparent (from visual inspection of the vial) that
the majority of L remains undissolved. To try and determine how much L® is dissolved by 2
M HCI, quantitative *H NMR spectroscopy was undertaken using tert-butanol as an internal
standard. A suspension of L in 2 M HCI/D,0 was prepared such that the concentration of L®
would be 0.1 M if it dissolved completely; analysis of the *H NMR data showed dissolution to
be minimal at 0.6 mM. Increasing the concentration of HCl to 6 M resulted in a 15-fold
increase to 8.7mM at 300K after briefly shaking the NMR tube. Due to the high
concentrations of acid and H,0 present in the samples, there were difficulties with sample
tuning and locking and so further quantitative NMR experiments at higher concentrations of

HCl were not undertaken.

In contrast to the 2 M HCl tests, continuous stirring of L® with 6 M HCI results in an almost
colourless solution after 15 — 20 minutes, with few undissolved solids remaining.
Interestingly, unprotonated L® and not the expected [HL®][CI] was found to re-crystallise from
6 M HCl when the vial was left undisturbed over 2-3 days. When the HCl concentration is
increased to 12 M HCI, L® rapidly and completely dissolves; dilution of this solution with water

also causes unprotonated L® to crystallise from solution.

Solutions of HAuCl, in various concentrations of HCl were then contacted with solid L8, and
the concentration of gold remaining in solution measured by ICP-OES after various time
points (figure 3.27). The time taken for gold uptake by L® decreases with increasing [HCI],
reflecting the increasing solubility of L® in higher concentrations of HCI. At 2 M HCI, gold is
completely precipitated after 30 minutes, compared with almost 95% of Au precipitated after
1 minute when the experiment was repeated at 6 M HCI. Addition of HAuCl, to a solution of

L®in 12 M HCl results in the immediate precipitation of [HL®][AuCla].
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Precipitation of gold over time
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Figure 3.27 — Percentage of gold precipitated from 2, 4 or 6 M HCl solutions of 0.01 M HAuCls over
time. Conditions: 0.02 mmol L® stirred at 500 rpm with 2 mL HAuClz in 2, 4 or 6 M HCl at 20 °C.

Despite the longer time taken to precipitate Au at lower HCl concentrations, L® could still
efficiently precipitate Au from HCl concentrations as low as 0.01 mol L after 1 hour (figure

3.28).

Varying [HCI] on Au precipitation by L°
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Figure 3.28 — Percentage of gold precipitated from 0-2 M HCl solutions of 0.01 M HAuCls. Conditions:
0.02 mmol L® stirred at 500 rpm with 2 mL HAuCls in 0-2 M HCl solutions for 1 h at 20 °C.
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To further confirm that L® must first be dissolved by HCI, a 2 M HCI solution of HAuCl; was
pre-heated to 40 or 80 °C and then contacted with L® for 5 minutes at that temperature. It is
found that the quantity of [HL®][AuCls] precipitate almost doubles as the temperature is

increased from 20 to 40 °C and from 40 to 80 °C (figure 3.29).

Au precipitation after 5 minute contact time
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Figure 3.29 - Percentage of gold precipitated after 5 minutes from 2 M HCl solutions of 0.005 M
HAuCls at varying temperatures. Conditions: 0.02 mmol L® stirred at 500 rpm with 2 mL HAuCls in 2
M HCl solutions for 5 minutes at 20, 40, and 80 °C.

3.4.9 Direct competition selectivity experiments

From the selectivity experiments in section 3.4.3 above, it is clear that L® is primarily selective
for gold over any of the other metals that may also be precipitated. Given that Au, Fe, Ga, Pt
and Sn are all precipitated at 6 M HCl under single metal conditions, it was of interest to
determine if there was any further selectivity of L® towards some of the other target metals.
This was done by contacting one molar equivalent of L® with 6 M HCl solutions comprising
equimolar mixtures of either: FeCl; and GaCls; FeCl; and SnCls; or SnCl, and NaxPtCls (i.e.,

L&:M1:M; = 1:1:1).
3.4.9.1 Iron vs Gallium

At 6 M HCI, iron and gallium are both present in solution as monoanionic tetrahedral

metalates, FeCl;” and GaCls™. It was therefore surprising that from 2 °C to 40 °C that L® was 4-
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5x more selective for gallium over iron (figure 3.30). Little insight into this selectivity can be
taken from the X-ray crystal structures of both precipitates (figures 3.10 and 3.11) as both
structures are nearly identical. Repeating the experiment at 80 °C for 1 hour or 24 hours led
to a decrease in selectivity suggesting any thermodynamic preference for Ga over Fe would

be very subtle and so instead the selectivity for gallium may be under kinetic control.

Fe(lll) vs Ga(lll)
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30
T 70
=l
£ 60
=3 m Fe(lll)
9 50
& = Ga(lll)
e 40
30
20
10
0
°C 20°C  40°C 80°C 80°Cfor
24 hours

Figure 3.30 — Percentage of Fe(Ill) and Ga(lll) precipitated by L® under competitive conditions.
Conditions: 0.02 mmol L® contacted with 2 mL of FeCls and GaCls (0.01 M each) in 6 M HCl for 1 hour.

In duplicate.
3.4.9.2 IronvsTin

At 20 °C, approximately 25% of Fe and Sn is precipitated by L° In contrast, heating the
solution to 40 °C and 80 °C, L® almost exclusively precipitates iron over tin (figure 3.31),
suggesting that precipitation of FeCls,™ is more thermodynamically favourable than SnClg>
and that SnCl¢?” precipitation may be more kinetically favourable, possibly because SnClg> is
a larger, more charge-diffuse anion than FeCls". Indeed, repeating the experiment at 2 °C
results in the selectivity being reversed, with SnCls>” now being selectively precipitated over
FeCl,” indicating that the precipitation of tin proceeds under kinetic control. Sampling the
solution heated to 80 °C that has been allowed to cool for 24 hours shows that a small

amount of tin precipitates; this may be due an increased solubility of [HL®],[SnCls] upon
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heating or increased thermodynamic competition with chloride, given that complete

precipitation does not occur.
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Figure 3.31 — Percentage of Fe(lll) and Sn(IV) precipitated by L® under competitive conditions.
Conditions: 0.02 mmol L® contacted with 2 mL of FeCls and SnCls (0.01 M each) in 6 M HCI for 1 hour.

In duplicate.
3.4.9.3 Tinvs Platinum

With Sn(IV) and Pt(IV), both are present in solution as the dianionic octahedral metalates
SnCle¢*™ and PtCls?", and the crystal structures of each complex with L® are almost identical,
with the only major difference being the size of SnCls?>™ being slightly larger than PtCls?™ (the
spherical diameter of SnCls?" is 4.85-4.89 A whereas PtCls® is 4.65-4.66 A). The size of the
metalate may be the reason behind the observed selectivity for tin from 2 °C to 40 °C,
whereas at 80 °C no precipitates are observed, perhaps because both complexes are now
soluble (figure 3.32) or because of increased thermodynamic competition with chloride.
Indeed, sampling the solutions that were heated to 80 °C and allowed to cool for 24 h results

in some tin precipitating from solution with the majority of platinum remaining in solution.
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Figure 3.32 — Percentage of Sn(IV) and Pt(IV) precipitated by L® under competitive conditions.

Conditions: 0.04 mmol L® contacted with 2 mL of SnClsand NazPtCls (0.01 M each) in 6 M HCl for 1

hour. In duplicate.
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3.5 Precipitation performance of related simple diamides

As changing the diamide substituents from a branched aliphatic group in L* to a phenyl group
in L® resulted in a switching from solvent extraction to precipitation, it was of interest to
understand the effects (if any) that modifying the L® motif may have on the selectivity and
efficiency of gold precipitation. To investigate this, a variety of derivatives of L® were
prepared; this included altering the electronic effects by changing the substitution on the
phenyl ring, varying the diamide axle length and shape, and inverting the amide C-N
orientation. Precipitation experiments with various aqueous acidic metal solutions were then

conducted to assess their suitability for precipitation.

3.5.1 Electronic effects

3.5.1.1 Spot tests with FeCl;

Diamides L™ (figure 3.33) were prepared to investigate how the efficiency of metal
precipitation may change with different electron-donating or electron-withdrawing groups
on the aromatic ring of the diamide. Initially, an excess of each diamide was contacted with
a 6 M HCl solution of FeCls for 24 hours to assess if any precipitation of [HL"][FeCls] occurred
at all. From this spot test it was assumed that if Fe(lll) was precipitated, then it was likely

Au(lll) would also precipitate, based on the selectivity shown for L® above.

F
NO, F F
(0] | F O |
N/\/N F. N/\/N E
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Figure 3.33 — Chemical structures of L7,
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The diamides L” and L8 did not precipitate any Fe(lll) at 6 M HCl after 24 h, whereas L° and L°
did efficiently precipitate Fe(lll); these precipitates were subsequently confirmed by X-ray
crystallography to be [HL®][FeCls] and [HL][FeCls], respectively (section 3.5.1.3). As the
substituent groups on the aromatic ring from L” to L varies from electron-withdrawing to
electron-donating, the amide oxygen atoms become increasingly more basic and therefore
the diamide is more easily protonated and hence formation of [HL][FeCl4] is more favourable.
Spot tests with L7 and L8 with a solution of HAuCls in concentrated HCl solutions also showed

minimal to no Au precipitation after 24 h, and so these were not investigated further.
3.5.1.2 Metal precipitation dependence on acid concentration

Diamides L® and L' were then tested in metal precipitation experiments in the same way as
L® in section 3.4.2. Data for L is shown in figure 3.34 and data for L'° is shown in figure 3.35.

An alternative view of these data is provided in figure 3.36 for comparison with L®.
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Figure 3.34 — Precipitation of Au(Ill), Fe(lll), Ga(Ill), Sn(IV) and Pt(IV) by L°. Conditions: 0.2 mmol L°
contacted with 2 mL 0.01 M metal in 0 — 12 M HCl for 1 hour at RT, 500 rpm.

90



100
90
80
70
60
50
40

% Precipitated

30
20
10

Chapter 3

—e—Au(lll)
—e—Fe(lll)
sn(Iv)
PH(IV)

—e—Ga(lll)

[HCI] / mol L2

Figure 3.35 — Precipitation of Au(lll), Fe(lll), Ga(Ill), Sn(IV) and Pt(IV) by L. Conditions: 0.2 mmol of

solid L'° contacted with 2 mL 0.01 M metal in 0 — 12 M HCl for 1 hour at RT, 500 rpm.
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Figure 3.36 — Precipitation of Au(Ill), Fe(Ill), Ga(lll), Sn(IV) and Pt(1V) by L, L° or L'°. Conditions: 0.2 mmol of solid L®, L° or L'° contacted with 2 mL 0.01 M metal salt solution in 0 — 12

M HCl for 1 hour at RT, 500 rpm.
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L° does not efficiently precipitate Au(lll) at low HCl concentrations, in contrast with L® and
L% and only begins to quantitatively precipitate the other metals tested from 6-7 M HCl,
reflecting the weaker basicity of L° compared to L® and L'°. On the other hand, the diamide
bearing electron-donating substituents, L°, readily precipitates Au(lll) at low HCI
concentrations, and other metals are also precipitated at lower HCl concentrations than L.
This trend is consistent for each metal tested; Fe(lll) and Ga(lll) are precipitated by one fewer
mol L of HCI for L than for L° with each metal continuing to be precipitated as [HCI]
increases further. The difference in HCl concentration required for precipitation is more
pronounced for the octahedral dianionic metalates; Sn(lV) is quantitatively precipitated by
L at 4 M HCI, whereas L° did not precipitate any tin until 7 M HCI. A similar trend is also
found for Pt(IV) with ~90 % precipitation at 4 M and 7 M HCl for L'° and L°, respectively.
However, in contrast to the other metals, as the HCl concentration increases beyond 7 M,
the precipitation of Pt(IV) declines, whereas L° continues to effectively precipitate Pt(IV) at
12 M HCI. This may be a result of increasing competition between PtCls?” and CI~ with L® and
L% whereas L° remains selective for PtClg?>~ over CI". A similar effect with Sn(IV) is also
observed at 12 M HCl, although it is less pronounced than for Pt(IV) which is commensurate

with the findings in section 3.4.9.3 that L® was more selective for Sn(IV) than Pt(IV).
3.5.1.3 Structural characterisation of precipitates

Crystallisations of [HL°][AuCls] (figure 3.37), [HL®][FeCl4] (figure 3.38), [HL][AuCls] (figure
3.39) and [HL¥][FeCl,] (figure 3.40) were achieved by layering HCl solutions of either metal

on solutions of L° or L*° in CHCls.
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Figure 3.37 — X-ray crystal structure of [HL°][AuCls]. Top: Asymmetric unit. For clarity, all CHCl3
solvent molecules and hydrogens except those involved in hydrogen bonding are omitted
(displacement ellipsoids are drawn at 50% probability). Bottom left: A view of the Cl---1t interaction
between of pairs of [HL®]* molecules (for clarity, solvent and AuCls~ molecules are omitted). Bottom
right: A view along the crystallographic a-axis to illustrate where the AuCls~ metalate is positioned
between sheets of [HL®]* (for clarity, solvent is omitted). C(H)---Cl(Au) 3.44-3.78 A; N1-C9-C10-N2
177.4(2)°; N3-C27-C28-N4 177.6(2)5;
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Figure 3.38 — X-ray crystal structure of [HL®][FeCla]. Top: Asymmetric unit. For clarity, only two of the
four [HL®] cations and two of the four FeCls~ metalates are shown, CHCls solvent is omitted and all
hydrogens except those involved in hydrogen bonding are also omitted (displacement ellipsoids are
drawn at 50% probability). Bottom Left: A view of the Cl---H3C-N interaction between of pairs of
[HL®]* molecules (for clarity, solvent and FeCls~ molecules are omitted). Bottom right: A view along
the crystallographic a-axis to illustrate where the FeCls™ metalates are positioned between sheets of
[HL®]* (for clarity, solvent and all hydrogens are omitted). C(H)-+-Cl(Fe) 3.34-3.87 A; N1-C9-C10-N2
179.9(7)°; N3-C27-C28-N4 -172.9(2)°; N5-C45-C46-N6 -178.8(8)°; N7-C83-C64-N8 176.3(8)°.
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Figure 3.39 — X-ray crystal structure of [HL*°][AuCls]. Top: Asymmetric unit. For clarity, all CHCl3
solvent molecules and hydrogens except those involved in hydrogen bonding are omitted
(displacement ellipsoids are drawn at 50% probability). Bottom: A view of the intermolecular proton-
chelate structure and the arrangement of AuCls™ within the cavity derived from the infinite chain of
protonated diamides (for clarity, solvent is omitted). C(H)---Cl(Au) 3.40-3.67 A; N1-C10-C11-N2
75.4(2)°; N3-C30-C31-N4 79.4(2)°.
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Figure 3.40 — X-ray crystal structure of [HL!?][FeCls]. Left: Asymmetric unit (displacement ellipsoids
are drawn at 50% probability). Right: A view of the intermolecular proton-chelate structure and the
arrangement of FeCls~ within the cavity derived from the infinite chain of protonated diamides (for

clarity, solvent is omitted). C(H)---Cl(Fe) 3.51-3.81 A; N1-C10-C11-N2 76.2(3)°.

The X-Ray structures of [HL°][FeCl,] and [HL][AuCl,] adopt a similar motif to those with LS,
with a helical-like infinite chain of [HLX]* cations and AuCl;” or FeCl,” metalates residing
within the resulting cavity. In either case, the metalate sits between the methoxy groups of
a diamide, with close contacts from the aryl groups from one diamide and then additional

close contacts from the methyl group of another diamide. The N—C—C—N torsion angle of the
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diamide bridges are slightly different to the L% congeners, with [HL°][AuCls4] having torsion
angles of 75° and 79°, whereas [HL°][FeCl4] is 65.2°.

In contrast, and while L° still forms an infinite chain of [HL®] cations, the N—C—C—N torsion
angles are close to 180° and so the metalates reside within [HL®]* ‘sheets’ featuring additional
non-covalent interactions between the chlorine atoms of L° and the ni-system of another L°

in the case of [HL®][AuCls], or NCHs groups in the case of [HL°][FeCls].

In each of these structures, a molecule of chloroform from the solvent is also present and so
it is unlikely that these structures are completely representative of how Au and Fe are
precipitated from aqueous solution by L° or L'°. Attempts to grow crystals of [HL¥°][FeCl4]
or [HL”*°][AuCls] suitable for X-ray diffraction directly from an aqueous solution were

unsuccessful.

3.5.2 Diamide hinge

3.5.2.1 Alkyl spacer length

The type and length of spacer between each amide functionality within the diamide was
investigated. Initially, a 2° diamide analogue of L® (L, figure 3.41) was synthesised and
tested. In contrast to L%, L' was surprisingly ineffective at precipitating gold or iron after

contacting L** with 6 M HCl solutions for 24 hours.

Figure 3.41 — Chemical structures of L1124,

As the length of the alkyl spacer is varied from 2 carbons to 6 (L%, figure 3.41), Fe(lll)

precipitation occurs more readily than L, although still not as readily as L® (figure 3.42).
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Figure 3.42 — Precipitation of Fe(lll) by L'*'*4. Conditions: 0.2 mmol L**** contacted with 2 mL 0.01 M
FeCls in 6 — 12 M HCl for 24 hours at RT, 500 rpm.

Additional spot tests with L!** and solutions of HAuCl; in 2 M HCl show little to no Au
precipitation after 24 hours, again in contrast to L. Some Au precipitation was observed by
L'% and L** when the HCl concentration was increased to 6 M HCl after 3 — 4 hours, which also

contrasts with L% which quantitatively precipitated Au at 6 M HCl in minutes.
3.5.2.2 Aryl spacers

Aryl spacers with different substitution patterns were also investigated. Each of the
secondary diamides (L%, figure 3.43) fail to precipitate any Fe(lll) from solution from 6 — 12
M HCI after 24 hours (figure 3.44). From these data it was assumed that it would be unlikely
that Au, Sn, Pt or Ga would precipitate either. Tertiary diamide derivatives of L'> and L' were
synthesised by methylation of the secondary amides with iodomethane, (L%, figure 3.43)
and are found to precipitate Fe(lll) from 7 M HCl onwards; however, the precipitates formed
rapidly discolour and degrade into brown, intractable solids, rendering further
characterisation difficult. Methylation of L' to form L%° was unsuccessful and so this tertiary

diamide was not tested.
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Figure 3.43 — Chemical structures of L*>%°, The synthesis of L?° was unsuccessful.
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Figure 3.44 — Precipitation of Fe(lll) by L*>*°. Conditions: 0.2 mmol L¥** contacted with 2 mL 0.01 M
FeClsin 6 — 12 M HCI for 24 hours at RT, 500 rpm.

From these data, it is clear that the presence of NCHs groups on the diamide are a key factor
in efficient metal precipitation. It is unclear whether these groups are necessary to help with
solubility, provide additional non-covalent interactions, or a combination of both. The
insolubility of the secondary diamides in acid is likely to be a result of strong intermolecular
hydrogen bonding between NH and CO groups of adjacent amides, which is not present in
tertiary amides. Because of the poor performance of metal precipitation by these amides
with iron, a more in-depth exploration into the precipitation of other metals was not

undertaken.
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3.5.2.3 Inverted amide

This section includes results obtained by Ms Susanna Vance at the University of Edinburgh
that were not undertaken by the author, although the concept was originally conceived by
the author and his supervisors. The results described are included with Ms Vance’s permission

which is gratefully acknowledged.

The final variation of the hinge of L® that was tested was one in which the orientation of the
amide functional group is inverted, L2* (figure 3.41). This diamide was previously studied for
Pt(IV) solvent extraction, although investigations into Au(lll) solvent extraction (or its use as

a precipitant) were not reported.!3

L21

Figure 3.45 — Chemical structure of L2,

Initial tests with Fe(lll) in 6 M HCl found that 97% of the iron was precipitated after one hour
but if the solution and precipitate were left to stir for 24 hours, only 62% of the total iron was
precipitated, suggesting either re-dissolution of the precipitate or degradation of L? and

therefore subsequent re-dissolution of FeCl,".

When undertaking precipitation experiments with HAuCl, and L?!, the amount of Au
precipitated remained the same over a 24 hour period and re-dissolution of Au was not

observed (figure 3.46).
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Figure 3.46 — Precipitation of Au(lll) by L?. Conditions: 0.2 mmol L?! contacted with 2 mL 0.01 M
HAuCls in 1 —8 M HClI for 1 or 24 hours at RT, 500 rpm.

Interestingly, when the Au-containing precipitate from solutions above 6 M HCl were allowed
to sit in the supernatant for several days, the formation of gold nanoparticles is observed
(figure 3.47). When left over the course of a week, solid gold flakes form. The 3C NMR
spectrum of the supernatant from which gold nanoparticles had formed shows resonances
consistent with succinic acid, these were confirmed by spiking the sample with additional
succinic acid. Contacting a solution of L2* in CHCl3 with a solution of HAuCls in 6 M HCl results
in the solvent extraction of AuCls™ into the chloroform phase after a few minutes, but when
left stirring for several days, the organic phase turned from a yellow colour characteristic of
AuCl,~ to a purple colour, consistent with gold nanoparticles, which were subsequently
characterised by UV-Vis spectroscopy. Furthermore, colourless single crystals grew from the

CHCls solution and the unit cell parameters match succinic acid (CCDC refcode SUCACB03).134

Figure 3.47 — Photograph of the supernatants resulting from L% contacted with 0.01 M HAuCls in 1 —

8 M HCl.
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Unlike L?!, metalate precipitates from L® such as [HL®][AuCls] or [HL®][FeCls] do not re-dissolve
in HCl and no gold nanoparticle formation or degradation of L® is observed. Consequently,
the degradation of L?! in the presence of acid raises recyclability concerns and so would be

unsuitable in a metal separation process.

The precise mechanism into the degradation of L% in the presence of HAuCls and HCl, and
the subsequent formation (and additional characterisation) of gold nanoparticles is currently

the subject of further investigation by Ms Vance.

3.5.3 Alkyl substituted diamides as precipitants

As discussed in section 3.3, solutions of the tert-butyl substituted diamide L® in toluene
extract AuCls~ by solvent extraction, and the resulting organic phase remains stable. As L® is
a solid, it was briefly tested as a precipitant, in the same manner as L% The cyclohexyl-
substituted diamide L?? (figure 3.48) was also prepared and tested in the same manner. At 2
M HCl after 1 hour, L® precipitates only 20% Au from solution, whereas L?? precipitates 92 %
Au. Increasing the HCl concentration to 6 M HCl results in 82 % Au precipitation by L°, and
99% by L%, Despite the good precipitation efficiency, the precipitates formed by L° and L*
have an almost gel-like consistency which stuck to the stirrer bar; these contrast to most
other diamides tested which precipitate the metals as ‘free-flowing’, microcrystalline solids.
A similar consistency of material is observed in spot tests with FeCl; at 6 M HCl, where most

of the iron is removed from solution.

(@) | O l\ll
| I | 0
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Figure 3.48 — Chemical structures of L> and L?2,

Crystals of the Au precipitate formed by L> were grown by addition of solid L® to a solution of
HAuUCl4 in 6 M HCl without stirring and leaving the vial in the fridge. After three weeks, single
crystals suitable for X-ray diffraction were obtained alongside amorphous solids. In contrast

to most other X-ray structures in this chapter, L> does not form the same highly ordered,

103



Chapter 3

polymeric infinite chain of [HL]* cations, but instead a HsO,* cation is hydrogen bonded to
four diamide molecules forming a cluster-like species (figure 3.49). The AuCl;” interacts with

L® through non-covalent interactions of the NCHs and tert-butyl groups.

Solvent extraction experiments of L> or L?? in toluene or chloroform contacted with gold
solutions result in stable organic phases (i.e. no precipitation is observed) unlike the
previously mentioned diamides bearing aryl groups which do precipitate from chloroform.
As a result, these alkyl-substituted diamides are more suitable as solvent extractants rather

than precipitants.

“‘-'/Au1
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Figure 3.49 — X-ray crystal structure of [L5]2[H30][H20][AuCla]. For clarity, all hydrogens except those
involved in hydrogen bonding are omitted (displacement ellipsoids are drawn at 50% probability).
The asymmetric unit contains two amide molecules rather than the four depicted in the image.

C(H)--CI(Au) 3.46-3.79 A; N1-C7-C8-N2 -60.9(6); N3-C22-C23-N4 168.0(4)°.
3.6 Conclusions

The simple diamide L® quantitatively and selectively precipitates gold from a wide range of

acidic mixed-metal solutions through a dissolution — co-precipitation mechanism. The need
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for organic solvents is therefore prevented and only stoichiometric amounts of L® are
necessary, resulting in reduced waste generation when compared with traditional solvent
extraction processes for which large volumes of organic solvent and excess extractant are

required.

Upon dissolution in acid, the diamide assembles into an infinite chain of [HL®]* cations,
formed by the chelation of the proton by two amide oxygens from adjacent diamide
molecules. The resulting rhombohedral cavity created by the phenyl and methyl groups in

[HL®]* enables AuCls™ to be hosted through electrostatic and non-covalent interactions.

At higher concentrations of HCI, co-precipitation of other metals such as Fe and Sn with Au
can occur when excess L® is used. Even so, Au separation can be achieved by washing the
precipitates with dilute HCI prior to releasing HAuCl; with deionised water and recycling L®

for further use.

There is a clear preference for one metal over the other when a limiting number of moles of
L8 is used, and (in the case of iron vs tin) when temperature is varied. It can be tentatively
concluded that the order of selectivity may follow Au(lll) > Ga(lll) > Fe(lll) = Sn(IV) > Pt(IV),
which follows the rationale behind the Hofmeister bias in which more charge-diffuse anions
more readily salt-out of solution. It is interesting that out of all of the metals tested, L®
requires higher concentrations of HCl to precipitate Pt(IV). Both Au(lll) and Pt(IV) exist in HCI
solution as their respective metalates at lower HCl concentrations than Fe(lll), Ga(lll) and
Sn(1V), which do not exist in aqueous solution as their metalates to an appreciable extent
until around 4-5 M. It may be expected that L® should be capable of precipitating PtCls*" at 2
M HClI, given that it exists in solution at that HCI concentration, but as demonstrated in figure
3.5 in section 3.4.4, contacting [HL],[PtCls] with 2 M HCl results in stripping of PtCl¢?™ back
into solution. Other solvent extraction and precipitation methods have reported previously
that Pt(1V) solvent extraction or precipitation occurs at 2 M HCI.12>13% Evidently, the selectivity
of L® for a given metal does not lie solely on the speciation of the metal, but perhaps also on
the resulting stability and solubility of the particular [HL®],[MCl,] complex. Further
experiments measuring the thermodynamics of precipitation by isothermal calorimetry may

help to understand the observed selectivity.
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As discussed in chapter 1, the success of Au precipitation by a-CD is almost entirely
dependent on the aqueous matrix; a ‘Goldilocks combination’ of K*and AuBr4~ appear to be

crucial to its success as a gold precipitatant.3® Other Au precipitants such as

122-124 126-128

cucurbit[n]urils, cyclophanes and other acyclic amides!!*'? have also shown
promise but further studies into their selectivity under different aqueous matrices or with
non-precious metals are lacking. In contrast, this work has shown that L® displays highly
tuneable selectivity towards various metalates by careful modulation of the stoichiometry,
HCl concentration or even temperature. This makes this simple diamide a very versatile
precipitant and could be used in several different hydrometallurgical separation processes

relevant to electronic waste or primary metal sources.

By synthesising structurally similar analogues of L® it was found that the structure of the
diamide can influence the efficiency of metalate precipitation. Modifying substituents on the
phenyl groups has shown that the relative ease of metalate precipitation can be regulated
by changing the substituent from an electron-withdrawing group to an electron-donating
group. On the other hand, switching from aryl to alkyl substituents results in the molecular
structure of precipitates changing from highly ordered chains of [HL]* to more cluster-like
species that are stable in hydrophobic solvents and are therefore more suited as solvent

extractants rather than precipitants.

Using secondary diamides instead of tertiary diamides severely hinders metalate
precipitation due to their lower solubility and so very high concentrations of HCl are required
to permit FeCl,™ precipitation; however, extending the carbon chain length of the amide N-C-

C-N ‘hinge’ can lower the HCI concentration threshold for FeCls™ precipitation.

Switching the orientation of the amide moiety in L® to L?! also affects the efficiency of
metalate precipitation and the observation that precipitates resulting from L2 and AuCls”
decompose to form gold nanoparticles and succinic acid has implications for the recyclability

of L*! in a potential metal separation process.
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4 Solvent extraction of tantalum with a primary amide

4.1 Overview

The recycling of tantalum is becoming increasingly important due to its criticality of supply
from a conflict mineral. It is used extensively in modern electronics, such as in capacitors,
and so electronic waste is a potential secondary source. However, the recycling of Ta is
difficult, particularly through issues of leaching and subsequent separation from other
components. This chapter demonstrates that Ta halides such as TaCls and TaFs, in principle
derived from Ta metal, can be recovered by solvent extraction from chloride solutions using
a simple primary amide reagent. The need for fluoride-free tantalum recycling processes is
briefly discussed. The extraction of TaCls and TaFs from chloride media by the primary amide

is compared and the probable mode of action is explored.
4.2 Introduction

The third-row transition metal element tantalum is critical to modern consumer
technologies, with approximately 40 % of the world tantalum production being used as a
component in capacitors for the microelectronics industry.3® Tantalum capacitors consist of
porous tantalum metal as an anode, coated with a thin sheet of Ta,0s as an insulating layer,
which is then surrounded by an electrolyte as a cathode such as manganese dioxide. The high
surface area of the tantalum metal enables these capacitors to store large amounts of
electrical charge (capacitance) per volume and weight. This, along with tantalum’s resistance
to high temperatures and inertness has resulted in it being widely used in portable electronic
devices. Despite its pervasive use in this application, the end-of-life recycling rate of tantalum

capacitors is limited to only 1 %.13¢

The primary source of tantalum is from Coltan ore, a combination of the chemically similar
minerals columbite (dominant in niobium) and tantalite (dominant in tantalum) that also
contain other elements such as iron and manganese. It is extensively mined in the Democratic
Republic of Congo resulting in it being classed as a conflict resource.®” The status of tantalum

as a metal derived from a conflict mineral, combined with its low abundance in the earth’s
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upper crust (0.7 ppm) means there is a need to design an ethical and sustainable closed-loop

process to recycle tantalum from waste capacitors.

Tantalum and niobium metals (and their oxides) have very low solubilities in typical mineral
acids like HCI, H,SO4, and HNO3 (and combinations thereof) compared with other d-block
elements, and current hydrometallurgical processes involve the use of concentrated HF,
combined with H,SO4 or HCl in order to generate soluble anionic metalates such as TaFs™ and
TaF;* that are stable in acidic aqueous solutions.'®® 142 Ta is then separated from the acidic
leach solutions using an organic solvent, most commonly methylisobutylketone (MIBK).24°
The main disadvantages of this process are the hazards associated with the reagents used,
particularly on large scales; HF is extremely corrosive and toxic, and MIBK is a highly
flammable and volatile solvent which has some aqueous solubility raising recyclability issues
and generating toxic waste. As such, it is evident that there is a need to develop more
sustainable processes which can not only efficiently recycle tantalum from secondary sources
but do so using milder reagents.'*® Niobium is processed in a similar manner to tantalum with

subtle differences in aqueous phase speciation.

Efforts towards fluoride-free tantalum and niobium recovery processes have focused on
highly alkaline matrices to generate the aqueous soluble polyoxometalate (e.g. TasO197) by
melting Ta,0s or Nb,Os with NaOH or KOH at temperatures of greater than 300 °C.24% The
resulting polyoxometalate readily dissolves in water and is subsequently separated from
impurities (such as Ti, Fe and Na) by solvent extraction using the quaternary ammonium salt
Aliquat® 336. The mode of action of extraction was determined to be based on an anion
exchange mechanism between the chloride anions of the quaternary ammonium and the
hexatantalate or hexaniobate ions.'#1% |n this system, the quaternary ammonium salt does
not discriminate between Ta or Nb species and so both are co-extracted. Niobium was
selectively stripped by a mixture of 0.5 M oxalic acid, 0.3 M HNOsz and 0.15 M NH4NO;,
followed by Ta stripping with 0.5 M HNOs; and 0.5 M NHiNOs. Further discussion of the
separation of niobium from tantalum is considered beyond the scope of this chapter, and as

such is not explored further.

lonic liquids (ILs) have also been investigated as potential extractants for tantalum. MIBK-

derived ILs were shown to efficiently extract [TaF;]> from concentrated sulfuric acid
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solutions with excellent selectivity for tantalum over other, potentially interfering metals.*>°

In this case, it was hypothesised that this enhanced extraction compared with MIBK alone
could be due to greater solubility of water in the IL phase, overcoming the prerequisite to

displace the hydration sphere prior to transport of the metalate into nonpolar solvents.

There are very few reports that describe the solvent extraction of tantalum from chloride-
based media. Acids such as HCl were tested in the extraction of TaFs by several well-known
commercial extractants such as D2EHPA, Aliquat® 336 and Alamine® 336, although in all
cases optimal extraction of TaFs was found in H,SO4 solutions. When attempting the same
tests with TaCls, solubility issues were seen.'® Despite the limited speciation data available
for tantalum in halide acids, previous theoretical studies have postulated that TaCls could
behave in a similar manner to TaFs in aqueous solution, so forming chloridometalates such

as TaCls™ in the presence of excess chloride ion.1>%1%3

Previous work showed that the primary amide, L! (see chapter 2), forms hydrophobic
supramolecular assemblies with metalates, including AuCl,, which allows for e-waste
separations using anion-swing solvent extraction processes.**% This chapter describes the
transport of tantalum as its chloridometalate TaCls™ into a toluene organic phase using the
simple primary amide reagent L from acidic solutions in the presence of chloride. Subsequent
back extraction (stripping) of the metalate into a fresh aqueous phase is possible with water

or dilute HCI.

4.3 Results and discussion

4.3.1 Solvent Extraction of Tantalum Pentachloride

The dissolution of TaCls in HCl only occurs at high concentrations of HCI (12 M). Initial solvent
extraction procedures were therefore studied by contacting a 0.1 M solution of L in toluene
with a 0.01 M solution of TaCls in 12 M HCl. However, at this high HCI concentration no
appreciable tantalum extraction is seen and it is likely that L! is instead transported into the
aqueous phase (figure 4.1). Upon addition of LiCl to the TaCls solution at 12 M HCI, the
concentration of CI” is increased further, although this results in the outgassing of HCI from

the solution. Under these conditions, low to moderate quantities (30 — 50%) of Ta are

110



Chapter 4

transferred to the organic phase, although L is likely still lost to the aqueous phase as a result

of the high acidity.
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Figure 4.1 — Transport of tantalum from aqueous solutions of TaCls in 12 M HCI with varying
concentrations of LiCl into a toluene solution of L. Conditions: TaCls (0.01 M) in 12 M HCl with0 -3
M LiCl (2 mL) stirred with L (0.1 M) in toluene (2 mL); phases contacted for 1 h at RT with magnetic

stirring. Experiments performed in duplicate and reported as an average.

To minimise the loss of L' to the aqueous phase while maximising Ta transfer, the acid
concentration was diluted to 1 M HCl in conjunction with varying total chloride concentration
through the addition of LiCl. In extraction experiments, no loss of L! from the organic phase
is seen (by quantitative *H NMR spectroscopy) and Ta is completely extracted between 7 and

11 M LiCl (figure 5.2).
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Figure 4.2 — Transport of tantalum from aqueous solutions of TaCls in 1 M HCl with varying
concentrations of LiCl into a toluene solution of L. Conditions: 0.01 M TaCls diluted in 1 M HCl, 1-11
M [LiCl] (2 mL), stirred with L (0.1 M) in toluene (2 mL); phases contacted for 1 h at RT with magnetic

stirring. Experiments performed in duplicate and reported as an average.

As tantalum begins to be extracted at 3-6 M LiCl, small quantities of a precipitate (figure 4.3)
formed which was not present in experiments at higher LiCl concentrations. Control
experiments showed that the formation of these solid third phases was dependent on the
presence of TaCls, LiCl and L'; any attempts to reproduce this phenomenon in the absence of
any one of these variables were unsuccessful. tH NMR analysis of this precipitate dissolved
in deuterated DMSO shows that no L! from the organic phase was present, despite L! being
required to induce precipitation. Additional quantitative 'H NMR analysis showed that the
concentration of L* in CsDs solutions remains constant as the LiCl concentration was varied,
confirming no transfer of L! to the aqueous phase or inclusion into the precipitate. ICP-OES
analysis shows the solids comprise tantalum and lithium, so is potentially LiTaCls or a similar
complex. Furthermore, L! does not transfer significant quantities (< 10 ppm) of Li into the

organic phase as the concentrations of L or LiCl are varied.
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“Third phase’

Figure 4.3 — Photograph showing the formation of a cloudy third phase (white precipitate) after

contact of 0.01 M TaCls in 1 M HCl with 6 M LiCl with solutions of 0.1 M L in toluene.

Initial attempts to obtain single crystals of this precipitate suitable for X-ray diffraction were
unsuccessful and since it was inferred by *H NMR spectroscopy that L' was not present,
further investigations into the nature of the precipitate were considered beyond the scope

of this work.

The need for high levels of LiCl to promote Ta extraction suggests that either the formation
of the anion TaCls is a prerequisite for transport into the organic phase or that a salting-out
effect is operating. To understand this, experiments were undertaken which varied the
concentration of BF4~ (using NaBF,) as a non-coordinating anion instead of CI~ and show that
negligible Ta transfer to the organic phase occurred. This confirms that TaCls is not simply
“salting-out” to the organic phase and that a source of chloride is necessary to drive TaCls”
formation; even so, the high salt content may aid extraction by reducing the concentration
of free water in the aqueous phase.’* Importantly, Ta is readily back-extracted (~80%) from
the organic phase to a fresh aqueous phase with either water or 1 M HCl; a white precipitate
forms with water, indicative of hydrolysed Ta species, while no precipitate is immediately

observed in the strip solution with 1 M HCI.
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4.3.2 Structure Elucidation and extraction mode of action

4.3.2.1 Karl Fischer water content determination

Karl Fischer titrations were undertaken to determine the role of water in the extracted
species. As the concentration of L is increased, more tantalum transfers to the organic phase
whereas the concentration of water remains relatively constant (figure 4.4). The trends in
these data are in agreement with previous solvent extraction experiments between AuCls~
and L! in toluene.*® This suggests that L! is not extracting tantalum species by a reverse
micelle mechanism where L! would act as a surfactant around a pool of water which may
encapsulate the metal. However, at even higher concentrations of L' where the
concentration of tantalum in the organic phase does not change, more water is transported
across, suggesting that water transport into the organic phase is associated with the

concentration of L.
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Figure 4.4 — The change in water and tantalum concentrations (determined by ICP-OES and Karl-
Fischer titrations, respectively) in the organic phase with increasing concentration of L! dissolved in
toluene. Conditions: 0.01 M TaCls in 1 M HCl with 9 M LiCl contacted with solutions of 0 - 0.1 M L! in

toluene.

4.3.2.2 Slope analysis

The extent of tantalum extraction into the organic phase increases as the concentration of L!
is increased. It is therefore apparent that Ta is transported into the organic phase as a
function of [L'], likely as an ion pair [HL!][L'].[TaCle]. To further probe the organic-phase
speciation, slope analysis (see section 6.4.2) of Log D (D = distribution coefficient, the ratio
of metal detected in the organic and aqueous phases after extraction) against Log [L!] was

carried out.

A L1:Ta ratio of approximately 2 (derived from the slope of 1.71, figure 4.5) suggests the
formation of an ion pair such as [HL;][TaCl¢] in the organic phase. However, this analysis
assumes the presence of a single species present in the organic phase. The non-integer value
obtained suggests the presence of additional species in solution, such as the ion pair
[HLY)[TaClg], clusters such [HLY][LY][TaCls], or even a neutral inner-sphere complex such as
TaCls(L). In addition, excess ligand that is not directly involved in Ta extraction is not
considered in this analysis, despite there being the potential for surplus L! to associate with

the outer-sphere of the extracted species.
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Figure 4.5 - Slope analysis for the transport of Ta with L. Conditions: 2 mL 0.01 M TaCls in 1 M HCl,
11 M LiCl, contacted with 2 mL of 0.01 to 0.1 M LY in toluene for 1 h at RT with magnetic stirring.

This type of outer-sphere coordination behaviour is similar to that seen previously for Au
extraction using L! in which experimental and computational analysis showed that two
amides chelate a proton through the oxygen atoms to form a charge-diffuse cation that can

interact with diffusely charged metalate anions through non-classical hydrogen bonds.*%%!

4.3.2.3 Mass spectrometry

Structural characterisation of the extracted species by electrospray ionisation mass
spectrometry proved inconclusive, with only HL," and LiL," ions present in the positive-ion
spectrum. This contrasts with experiments between L* and AuCl;” where not only the HL,*
species is present, but also gold containing clusters of the general formula [(HL)n+1(AuCla)n]*.
The lack of species such as [(HL):][TaClg]* may be attributed to the presence of low
concentrations of LiCl salt being present in the organic phase. It has been demonstrated
previously that the analysis of proteins by electrospray ionisation mass spectrometry can be
hindered by the presence of inorganic salt impurities as low as 0.5 mM NacCl (10 ppm Na),
resulting in suppressed ionisation of protonated proteins.>>'*® Ta solvent extraction was
therefore attempted with at high concentrations of HCI (6 — 12 M HCI) that are necessary to
form TaCls™ instead of LiCl, but observation of any extracted Ta species remained elusive,

presumably due to the loss of L! to the aqueous phase.

116



Chapter 4

4.3.2.4 H NMR spectroscopy

'H NMR studies can provide an indication as to how the receptor HL," is interacting with the
metalate (figure 4.6). As the concentration of tantalum in the organic phase increases, the
two signals at 4.61 and 6.46 ppm in the 'H NMR spectrum associated with the NH, protons
of L coalesce and shift downfield to 9.63 ppm. Variable temperature NMR spectra (figure
4.7) reveal an additional signal that can be attributed to associated water or hydronium,

which coalesces with the amide protons upon Ta loading.

T T T T T T T T T T
12.0 115 11.0 10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 25 2.0 15 1.0
!H chemical shift (ppm)

Figure 4.6 — 'H NMR spectra: a) 0.1 M L' in CsDs, then 0.1 M L in CsDs after contact with 0.01 M
TaClsin 1 M HCI; b)5 M LiCl; ¢) 6 M LiCl; d) 7 M LiCl; e) 8 M LiCl; f) 9 M Licl.

There is also a large downfield shift of the signals at 1.59 and 1.87 ppm, associated with the
diastereotopic CH; protons adjacent to the amide group, to 2.49 and 2.56 ppm respectively.
These changes in the *H NMR spectra for Ta-loaded L! are like those seen for Au-loaded L?

(figure 4.8).
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Figure 4.7 - Variable temperature *H NMR spectra of 0.1 M L' in Toluene-ds after contact with 0.01
M TaCls in 1 M HCl and 9 M LiCl. Temperature varied from -40 °C to 60 °C.
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Figure 4.8 — 'H NMR spectra: a) 0.1 M L in CsDs then 0.1 M L in CeDs after contact with b) 0.01 M
AuCls in 6 M HCland c) 0.01 M TaCls in 1 M HCl and 9 M LiCl..

The downfield shifts are strong evidence that the charge-diffuse cation is participating in non-
classical hydrogen bonding to a tantalum metalate such as TaCle™ in a similar manner to that
previously reported for AuCls™.*° This can be reinforced further by drawing comparisons to
the solid third phase formed between SnClg?” and the tertiary amide version of L* (L3, chapter
2, figure 2.18). In this latter case, the solid-state structure showed that the two amide ligands
chelate the single proton through the amide oxygen atoms, with this large cation
subsequently interacting with the outer-sphere of the SnCl¢>~ octahedron through non-

classical C-H hydrogen bonds."”#>°

4.3.2.5 3C NMR spectroscopy

The similarity in the *H NMR spectra for Ta/Au loaded L' prompted an investigation into
differences in 1*C NMR spectra. As expected, there is also a relatively large downfield shift of

the carbonyl carbon from 174 ppm to 180 ppm in the 3C NMR spectrum (figure 4.9) upon Ta
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loading, strongly suggesting that a similar structure to Au-loaded L! forms in the organic

phase.

)\
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Figure 4.9 - 3C NMR spectra: a) 0.1 M LY in CsDs then 0.1 M L in CsDs after contact with b) 0.01 M
AuCls in 6 M HCland c) 0.01 M TaCls in 1 M HCl and 9 M LiCl.

In a separate study on the solvent extraction of rhodium by synergistic mixtures of L! and 2-
ethylhexylamine, 'H and ¥C NMR spectroscopy identified the presence of additional
resonances attributed to the inner-sphere complex, [RhCls(L)]?7,in which L had tautomerised
to its enol form and coordinated to the rhodium centre through the nitrogen atom.™’ In this
case, distinct resonances attributable to [RhCls(L)]>” were observed in addition to the peaks
attributed to excess L. In the case of Ta loaded L?, there are no additional resonances in the
'H or 13C spectra, suggesting that an inner-sphere amide complex such as TaCls(L!) is not

formed.
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4.3.3 Solvent Extraction of Tantalum Pentafluoride

As current commercial processes for tantalum recovery involve the use of hydrogen fluoride
to leach the metal as its fluoride salts, it is important to compare how the chloride process
described above would compare with its fluoride equivalent. The extraction of TaFs by L was
therefore probed to compare its behaviour to that of TaCls. The TaFs salt is more soluble in
water and dilute acids and so initial attempts focussed on extraction from H,SO4 solutions.
However, all attempts to extract TaFs instead of TaCls were unsuccessful, with negligible
extraction seen at 0-18 M H,SO4with LY; at high acid concentrations L! is lost to the aqueous
phase, and there is no halide source available to generate anionic metalates. Experiments
using hydrofluoric acid solutions were not undertaken due to the serious hazards associated
with HF. Instead, attempts to extract tantalum as TaFs~ from potassium fluoride solutions in
dilute H,SO4 were undertaken to minimise formation of HF. Contacting L' with aqueous
solutions of TaFs dissolved in 0.1 M H,SO4 and 12 M KF also failed to result in any appreciable
Ta extraction. It is likely that the acid concentration was too low to protonate L and therefore
form ion pairs with the anionic metalates, TaFs~ or TaF;>"; the acid concentration was kept

low to minimise HF formation and so higher concentrations of H,SO, were not explored.

Extraction experiments with TaFs in 0-12 M HCl were unsuccessful; at high HCl
concentrations, L' is lost to the aqueous phase as [LH][CI], whereas at low HCl concentrations
it is likely that there is insufficient chloride to generate anionic metalates such as TaFsCl™ or
TaFsCl,*". To mitigate these issues, TaFs was instead dissolved in 1 M HCl solutions with

varying concentrations of LiCl in the same manner as the experiments using TaCls above.

Initially, Ta is extracted by L' more effectively at 5 M LiCl for TaFs (~45%, figure 4.10) than for
TaCls (18 %, (figure 4.2). This may be due to metalates such as TaFsCl~ forming more readily
in aqueous solution than TaCls". However, as the LiCl concentration is increased further,
transport of TaFs trends downwards whereas TaCls transport increased and plateaued
beyond 8 M HCI. In contrast to TaCls, experiments with TaFs and L did not form third phases
or precipitates at any stage, and quantitative 'H NMR experiments confirmed that no amide
was lost to the aqueous phase as the LiCl concentration was varied. Instead, it is likely that

competitive transport of chloride is occurring, with the formation of [HL][CI] in the organic
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phase. This phenomenon is well documented in the chloridometalate extraction
literature,’”# particularly at such high chloride concentrations. Alternatively, mixed
halometalate species of the form [TaF.Clm]>™™ may predominate as chloride concentration

increases; Ta adsorption on ion exchange resins from mixtures of chloride and fluoride media

were previously found to decrease with increasing HCl concentrations. 5815
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Figure 4.10 - Transport of tantalum from aqueous solutions of TaFsin 1 M HCl with varying
concentrations of LiCl into a toluene solution of L%. Conditions: 0.01 M TaFs diluted in 1 M HCl, 0-11
M [LiCI] (2 mL), stirred with L (0.1 M) in toluene (2 mL); phases contacted for 1 h at RT with

magnetic stirring. Experiments performed in duplicate and reported as an average.

4.3.4 Why is chloride better than fluoride?

Charge-dense, ‘harder’, anions are predicted to be more difficult to transfer from aqueous
matrices into non-polar, water-immiscible solvents, due to the phenomenon known as the
Hofmeister bias.>*'®® These charge-dense anions are more difficult to extract as more
dehydration energy is required to displace the solvating water molecules, which must be
removed upon transfer.!® The fluorine atom is smaller and more electronegative than
chlorine and therefore TaClg is a larger, more charge-diffuse metalate than TaFs . In X-ray
crystal data of these metalates, the spherical diameter of TaCls™ is about 1 A larger than that

of TaFg™ (figure 4.11).
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[TaClg) [TaFsCl]- [TaFg]

Figure 4.11 - Size comparison of different tantalum metalates found from a search of the Cambridge
Structural Database. CSD ref codes KIKLOF, RUXQEI and ECANAY. %162 For clarity, counter ions are

omitted.

Given that the size of TaFsCl™ is larger than TaFs~ but smaller than TaClg", it would therefore
be expected that TaFsCl™ is extracted more efficiently than TaFs™. This is supported by
experiments using a 100 ppm standard solution of NHsTaFs diluted in H,SO4; very limited
extraction of Ta only occurred at 5 M H,S04 (20 %), while at 6 M H,SO4 almost no L! remains
in the organic phase, instead becoming increasingly soluble in H,SO,4, and therefore no

improvement on Ta transport is observed (figure 4.12).
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Figure 4.12 - Extraction of tantalum from aqueous solutions of 100 ppm NH4TaFsin 0 — 8 M H2S04
into solutions of 0.1 M L in CeDs (blue) and concentration of L in the organic phase (CsDs) after

contact with solutions of 100 ppm NHaTaFsin 0 —8 M H2S0a (red).
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These results contrast with a recent study using the ionic liquid N-octyl-N-ethyl-piperidinium
bis(trifluoromethylsulfonyl)imide (EOPiP-NTf,) which efficiently recovered Ta from mixtures
of sulfuric acid and hydrofluoric acid.'®® Less than 1 % of the ionic liquid is lost to @ 6 M H,SO4
aqueous phase containing 7 g/L tantalum and 1 M HF. While the extraction mode of action
was not established, discrete cation or anion exchange mechanisms were ruled out. The ionic
liguid was shown to be reusable in multiple extraction/back-extraction cycles with minimal

loss in performance.

Raman spectroscopy of solutions containing mixtures of tantalum, ammonium fluoride and
hydrofluoric acid have identified that at high HF concentrations TaFs is the major Ta species
in solution whereas TaF;*>~ predominates at relatively low HF concentrations.®* Therefore, it
is likely that at the lower acid concentrations where L! is not lost to the aqueous phase, Ta is

present as the TaF;*>~ whereas TaFs™ predominates at high acidity.

4.4 Conclusions

The simple primary amide, L%, shows excellent performance for tantalum recovery by solvent
extraction under high chloride conditions. While direct characterisation of the extracted
species was inconclusive, the extraction mechanism was identified as similar to that seen for
the recovery of gold by L! in which charge-diffuse protonated receptors are formed that
preferentially interact with the charge diffuse monoanionic metalate AuCl,~.*>°* *H and 3C
NMR data are consistent with an outer-sphere interaction between [HL;]* and TaCls™. Further
work is needed to fully elucidate the solution-phase structure of the extracted species,

potentially using EXAFS and/or computational modelling.

In contrast, amide L is a poor reagent of choice when attempting to transport TaFs under
high chloride conditions, likely due to a combination of competitive chloride extraction and
significantly weaker interactions between [HL;]* and more charge-dense species in the
aqueous phase such as TaFsCl™. This latter aspect is evident from a comparison of X-ray crystal
data for TaCls~ and TaFs~ which shows a 1 A decrease in the diameter of the Ta complex
moving from the chloride to the fluoride. It is therefore anticipated that L* would be a poor
extractant for Ta when used under solely fluoride conditions in which species such as TaFs"

and even the dianion TaF,?” are dominant. Even so, the process described here represents an
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alternative, fluoride-free route to recycling Ta from waste electronics, using milder reagents

than the current commercial methods.
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5 A dual-purpose ionic liquid for the extraction of

gallium from iron chloride solutions.

5.1 Overview

Discrimination between iron and gallium in chloride media is challenging because their
anionic chloridometalates, FeCl,” and GaCls~, display similar chemical properties. This chapter
describes the separation of gallium from iron by solvent extraction from chloride media using

the quaternary ammonium salt, methyltrioctylammonium iodide.

The importance of gallium and the potential requirement for its recovery from alternative
sources is discussed. The aqueous chemistries of iron and gallium in chloride media is briefly

discussed and the performance and mode of action of this ionic liquid is then investigated.

5.2 Gallium

Gallium is an important component in materials found in modern electronic devices such as

136 and is also used in biomedical,

light-emitting diodes (LEDs) and solar panels,
pharmaceutical and radiopharmaceutical applications, owing to the similar chemical
properties of Ga** and Fe* cations.'®>1%® There are no abundant natural sources of gallium
and instead it is primarily recovered as a by-product from alumina refining in which Ga is
present in bauxite ore in trace amounts.’*”1% Alumina is refined from bauxite ore by the
Bayer process from which 70% of the Ga present in the ore leaches into highly caustic
solutions known as Bayer liquor, reaching concentrations of 100-300 ppm; the remaining
30% of Ga is left behind in red mud residues rich in iron.*®® Solvent extraction of Ga from
these alkaline solutions exploits the cation extractant Kelex 100, a hydrocarbon-soluble 8-
hydroxyquinoline (figure 5.1) as outlined in equation 5.1.1%170 Washing the organic phase

with 6 M HCl removes co-extracted Al and Na impurities, with the Ga remaining in the organic

phase as an ion pair of GaCl,™ and protonated Kelex 100; this is finally stripped using 2 M HCL.
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Figure 5.1 — Chemical structure of Kelex 100.

Ga(OH)4' (ag) t 3 HLkelex (org) = Ga(l-kelex)3 (org) T OH-(aq) +3 H0 (aq) (51)

Gallium is considered to be a critical raw material by the European Commission due to a
combination of the limited supply of Ga in nature and the increasing demand for it in
semiconductors. This has led to efforts to recover Ga from alternative sources such as red
mud, coal fly ash, or electronic waste.'®”'’! |n these cases however, the presence of iron
poses challenging selectivity issues in its separation, for example by solvent extraction from
chloride media. Under high chloride concentrations, both of these metals exist as tetrahedral
metalates, FeCl,” and GaCl,~, for which current outer-sphere cationic receptors (such as the

monoamides discussed in Chapter 2) cannot efficiently discriminate. 16>166:170

The selective recovery of Ga from iron mine tailings was recently reported.'’? Leaching of the
metals using 8 M HCl generated a mixture of Ga and Fe chlorides, which were separated by
reducing Fe®* to Fe?* using SnCl,. At this oxidation state the iron was not extracted easily
whereas the monoanion GaCl,~ was extracted with tributylphosphate (TBP, 10% in benzene),
albeit with 20-30% co-extraction of iron. In addition, while not explored by the authors it is
likely that at these high chloride concentrations, the newly oxidised Sn(IV) cation would form
SnCle¢?™ which has been reported elsewhere to be extracted by TPB or quaternary ammonium

reagents,'’® therefore this approach is not wholly selective for Ga.

Solvent extraction processes that feature metalate transport largely exploit chloride media
to generate chloridometalates, although processes using other aqueous halides or as
counterions for ionic liquids (ILs) have been reported.’ ILs are a class of solvent that are

liquid at low temperatures (<100 °C),”®

and are an increasingly established class of extractant
used either neat or diluted in a hydrophobic solvent to extract various metal ions from
aqueous solutions.'*176 |[Ls have been reported to enhance the solvent extraction efficiency

of alkali and alkaline-earth metals by crown ethers compared to traditional solvents such as
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toluene or chloroform,”7178 yet without the crown ether the ionic liquids fail to transport the
metal from the aqueous phase. ILs have also been used in the direct recovery of metals from
secondary sources by selective metal dissolution.’> |n this latter case, a trihalide IL
provided both an oxidizing agent to dissolve the metal and a cation or additional complexing
agent. However, current approaches using ILs do not address the challenges in selectivity for
FeCl, and GaCls. ILs such as trioctylammonium chloride ([TOAH][CI]) and
methytrioctylammonium chloride ([MTOA][CI]) have been widely reported as reagents for
the recovery of gallium and iron by solvent extraction.'®718 Phase transport is achieved
through the formation of charge-neutral supramolecular assemblies such as [MTOA][GaCl4],

with GaCls,™ formed under high chloride conditions in the aqueous phase.

This chapter reports a combination of the selective reduction of Fe** and recovery of Ga** by
solvent extraction using the dual-purpose IL methyltrioctylammonium iodide ([MTOA][I]).
Mass spectrometry, NMR spectroscopy, and UV-Vis spectrophotometry confirm that the
iodide functions as a reducing agent for Fe3* and that the hydrophobic quaternary
ammonium group forms a stable ion pair with GaCl,™ in the organic phase, facilitating phase

transport and separation in one-step.

53 Results and discussion

5.3.1 Halide dependence on Ga(lll) and Fe(lll) solvent extraction: iodide vs

chloride

The transport of gallium into a toluene solution of [MTOAI][I] from an equimolar mixture of
0.01 M FeCl; and GaCls in varying concentrations of hydrochloric acid solutions was tested
and shows excellent selectivity for gallium between 1 and 4 M HCI (figure 5.2). The amount
of iron extracted increases markedly as the concentration of HCl increases above 3 M, likely
due to a greater proportion of Fe existing as FeCls™ in solution. Similar experiments under the
same conditions with [MTOA][CI] on the other hand show that both iron and gallium are

efficiently extracted at concentrations greater than 1 M HCI.
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Figure 5.2 — Percentage of gallium and iron extracted by [MTOA][CI] or [MTOA][I] at varying [HCI]
from an equimolar mixture of 0.01 M FeCls and GaCls. Experiments performed in duplicate and

reported as an average.

Gallium is readily stripped from the organic phase by a fresh aqueous phase of water whereas
<5 % is stripped using 2 M HCI, suggesting that hydrolysis of the chlorogallate species is
occurring in water, resulting in the formation of [MTOA][CI] in the organic phase (equation
5.2). Analysis of this contacted water solution by *Ga NMR spectroscopy shows one peak at

0.0 ppm assigned to the hexahydrate [Ga(H20)¢][Cl3].2*

[MTOA][GaCla] (org) + 6 H20 (aq) = [MTOA][CI] (org) + [Ga(H20)6]** (a) + 3 Cl" a) (5.2)

5.3.2 Mode of action of gallium separation by [MTOA][I]
5.3.2.1 7'Ga NMR spectroscopy of a Ga loaded organic phase

The nature of the extracted gallium species was probed by *Ga NMR spectroscopy (figure
5.3). After contact of a GaCls solution in 2 M HCI with either 0.1 M [MTOA][CI] or [MTOA][I]
in toluene, only one signal at 250 ppm is observed for both organic phases, consistent with

the formation of the GaCls;™ anion.'®* In contrast, aqueous solutions of GaClz3 in0 M to 7 M
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HCl show a peak at 0.0 ppm assigned to the hydrated Ga cation. The metalate, GaCls", is only
observed by NMR in aqueous solutions above 8 M HCl upon which the 7*Ga signal shifts to
250 ppm. As the metalate is not initially present at 2 M HCl in significant concentrations, it is
likely that formation of chlorogallates such as GaCl,™ are occurring at the interface between
the two phases, which readily forms a stable ion pair with the quaternary ammonium cation
in the organic phase, shifting the equilibrium of GaCl,™ further to the right in the aqueous

phase (equation 5.3).

Ga3+ (aq) + 4C|_(aq) : Gac|4_(aq) : GaC|4_ (org) (5.3)

Organic phase post [MTOA][CI]
I\ or [MTOA][I] contact

f GaCl; in 8 M HCI

GaCl, in 2 M HCl

T T T T T T

100 0 -100
’1Ga chemical shift (ppm)

T T T

300 200 -200 -300
Figure 5.3 — Top: 7*Ga NMR spectrum of 0.1 M [MTOA][I] in toluene after contact with 0.01 M GaCls

dissolved in 2 M HCI. Middle: 72Ga NMR spectrum of 0.01 M GaCls dissolved in 8 M HCI Bottom: 7*Ga
NMR spectrum of 0.01 M GaCls dissolved in 2 M HCI.
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5.3.2.2 Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) was also used to probe the organic phase
speciation of extracted Ga and Fe solutions. A 0.1 M solution of [MTOA][I] in toluene after
contact with an equimolar solution of FeCl; and GaCls (0.01 M each) in 2 M HCl was diluted
into CH3sCN and analysed by ESI-MS in negative and positive mode (figures 5.4 and 5.5

respectively)
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Figure 5.4 — Negative ion ESI-MS of [MTOA][l] in toluene after contact with FeClz and GaCls in 2 M HCI. Solution diluted in CH3CN. Real peaks coloured in red and

predicted peaks coloured black.
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The negative ion ESI-MS spectra show no evidence of mixed halometalates such as GaClsl™ or
FeClsI7; instead only the tetrachloridometalates FeCl,” and GaCl,™ are observed (figure 5.4),
suggesting the extracted species in solution are the simple ion pairs [MTOA][MCl.]. This is
also in agreement with 7?Ga NMR spectra where only one Ga species GaCls™ is observed in
the organic phase. The absence of anions such as GaClsl™ again suggests that GaCl,™ is initially
formed in the aqueous phase (or at the interface) prior to transport across to the organic
phase, as opposed to the transport of the neutral complex GaCls with subsequent metalate

formation in the organic phase due to the presence of I” ions.
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Figure 5.5 — Positive ion ESI-MS of [MTOA][l] in toluene after contact with FeClz and GaCls in 2 M HCI. Solution diluted in CH3CN. Real peaks coloured in red and

predicted peaks coloured black.
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In the positive ion ESI-MS, the two dominant molecular ions are ([MTOA].CI)* and
(IMTOAI.I)*, suggesting some iodide has exchanged for chloride from the aqueous phase.
Also present are ions consistent with the formula ([MTOA],[GaCls])*. There is a less intense
peak commensurate with ([MTOA];[FeCls])* but no mixed-halometalate ions such as

(IMTOA],[GaClsl])* could be assigned.

5.3.2.3 Slope Analysis

Slope analysis was carried out to confirm if H* was being co-extracted with GaCl,” by varying
the acid concentration with HNOs from 0.01 M to 1 M at 2 M NaCl and plotting log D against
log [H*] (figure 5.6). The slope of almost zero indicates there is no correlation between Ga
transport and [H*], ruling out transport of neutral species such as HGaCls, therefore

confirming an ion-exchange extraction mechanism between I~ and GaCl,” (equation 5.4).

1.2

0.8

0.6

Log D

y=-0.16x+0.6744

2 _
0.4 R*=0.916

0.2

-2.5 -2 -1.5 -1 -0.5 0 0.5
Log [H]

Figure 5.6 — Slope analysis for the transport of Ga by [MTOA][I] with varying [H*]. Conditions: GaCls
(0.01 M) inin 2 M NaCl varying HNO3(0.01 M — 1 M, 2 mL), contacted with [MTOA][I] (0.1 M) in

toluene (2 mL) for 1 h at RT with magnetic stirring.

[MTOAI[N (org) + HCl (aq) + GaCls (aq) = [MTOA][GaCl4] (org) + HI (aq) (5.4)

In addition, slope analysis was also used to confirm the ratio of ligand:metal in the organic

phase upon extraction by plotting the log D versus log [L] (figure 5.7) by varying the

136



Chapter 5

concentration of [MTOA][l] from 0.001 M to 0.25 M at 2 M HCl. An L:Ga ratio of
approximately 1 is obtained which suggests that the simple ion pair [MTOA][GaCl,] is present

in the organic phase, in good agreement with the ESI-MS data above (figures 5.4 and 5.5).

y=1.29x + 2.63
0 R?=0.991

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
Log [L]

Figure 5.7 — Slope analysis for the transport of Ga with [MTOA][I]. Conditions: 2 mL 0.01 M GaCls in 2

M HCI, contacted with 2 mL of 0.001 M to 0.25 M [MTOA][I] in toluene for 1 h at RT with magnetic

stirring.

5.3.24 UV-Vis spectroscopy

The reduction of Fe** by I~ during extractions is apparent as the colour of the organic phase
changes from bright yellow to deep red, and the initially yellow aqueous phase turns
colourless. The deep red colour of the organic phase is consistent with the presence of the
triiodide anion, |57, which is supported by the appearance of an absorption at 375 nm in the

UV-Vis spectrum of the metal-loaded organic phase (figure 5.8).1%
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Figure 5.8 — UV-Vis spectra. (a): Toluene solutions of [MTOA][I] before (red) and after (black) contact

with solutions of FeCls in 2 M HCI. Each solution diluted 500x in toluene.

The reduction of Fe3* by I” in aqueous solution is known in the literature, and is the basis of

a ‘clock’ reaction (equation 5.5).

FeC|3 (aq) + |_(aq) \_—\ FeC|2 (aq) + CI_ (aq) + % |2 (aq) (5.5)

In the presence of excess iodide, any iodine produced will react to form triodide (equation

5.6).

[MTOA][I] (org) + 12 (ae) = [MTOA][l3] (org) (5.6)

At HCl concentrations above 4 M, the selectivity of Ga extraction is reduced and as discussed
above is likely due to the increased concentration of FeCl,™ in the aqueous phase that can
exchange with I (or I57). The ion pair [MTOA][FeCls] was detected by ESI-MS analysis as
([IMTOA],[FeCls])*, suggesting that any excess I” in the organic phase does not reduce Fe* (o)

and that reduction of Fe** is only occurring in aqueous solution. Transport of I to the aqueous
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phase can occur by two possible options; either by ion exchange between I~ and GaCl,”

(equation 5.3) or by ion exchange between I~ and CI~ (equation 5.7).

[MTOA]“] (org) HCI (aq)\_—‘ [MTOA][C|] (org) T HI (aq) (5.7)

The UV-Vis spectrum of the Fe3* aqueous phase at 2 M HCl prior to contact with [MTOA][I]
shows two absorption maxima at 220 nm and 336 nm which are consistent with the presence
of FeCI** (figure 5.9, black).'®%18” After contact with [MTOA][l], the UV-Vis spectrum of the
aqueous phase shows only one absorption maximum at 225 nm due to the presence of
aqueous Fe? (figure 5.9, red); Fe(ll) chlorometalates, such as FeCl,2", are unlikely to be
present as high chloride concentrations are needed for their formation and therefore no

anionic extraction of Fe(ll) complexes is seen. 18189
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Figure 5.9 - 2 M HCl solutions of FeCls before (black) and after (red) contact with 0.1 M [MTOA][I] in
toluene. Each solution diluted 100x in 2 M HCI.

139



Chapter 5

5.4 Conclusions

It is clear from this work that the quaternary ammonium salt, [MTOA][l], functions as a dual-
purpose extractant, efficiently and selectively separating Ga®* from Fe' in a single step
between 1 — 4 M HCI by reduction of Fe® to Fe?* and transport of Ga as its metalate GaCls”
by anion exchange. This process is operationally simple, eliminating the need for external
reducing agents such as Fe powder or SnCl,. Under the high chloride concentrations reported
previously,’? there would be the potential for the newly oxidised Sn(IV) species to form
SnCle¢?”, which would be readily co-extracted by quaternary ammonium reagents. Back
extraction of gallium from the organic phase occurs readily with water and the extractant
could, in principle, be regenerated by contact with aqueous potassium iodide and a mild

reducing agent, such as sodium thiosulfate.
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6 Conclusions

The primary aim of this work, to develop, investigate and apply simple chemical
separation methods for the separation of resource-critical metals present in e-waste, has
been achieved. This work has focussed on the recovery of metals under chloride
conditions, exploiting the formation of anionic chloridometalates that can be separated

from metals that do not form such species as readily or have higher hydration enthalpies.

Chapter 2 evaluated simple primary, secondary, and tertiary monoamides as reagents
that selectively extract gold from model e-waste solutions by solvent extraction.
Ultimately, this chapter has demonstrated that if the problem of metal recycling from e-
waste is to be addressed effectively, then it is not enough to simply evaluate a reagent’s
extraction performance based on single metal studies alone. When highly concentrated
mixed-metal solutions are used, the secondary and tertiary amides form 3 phases which
trap the gold and prevent the efficient extraction of gold, while the primary amide does
not and will transport gold effectively. This contrasts with single metal experiments which
demonstrated that the secondary and tertiary amides extracted gold more efficiently than
the primary amide. DOSY NMR demonstrated that the 3™ phase was a highly aggregated
assembly that could be broken up by the addition of more polar solvents but at the

expense of selectivity.

Two ‘problematic’ metals that were contributing to 3™ phase formation were tin and iron,
yet simply eliminating them from the solution did not necessarily prevent 3™ phase
formation. Given the importance that the e-waste composition may have on extraction
performance, it is therefore also not enough to simply apply a ‘one-size-fits-all’ approach
to the leaching of metals from e-waste in to solution (i.e., leach everything from the e-
waste into solution and proceed immediately to the separation step). More consideration
should be given to the leaching step(s) so that issues of metal composition and

concentration are minimised.

Chapter 3 reported the development of a simple diamide reagent, L, for the selective and

guantitative precipitation of gold from e-waste solutions, entirely avoiding the use of
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organic solvents and by extension evading 3™ phase formation and reducing waste
generation. Throughout this chapter, X-ray crystallography proved invaluable in
identifying the structures of the outer-sphere complexes that precipitate out of solution.
Upon dissolution in acid, an infinite chain of [HL®]* cations is formed by the chelation of a
proton by two amide oxygens from adjacent diamide molecules. The resulting
rhombohedral cavity created by the phenyl and methyl groups in [HL®]* enables metalates

to be hosted through electrostatic and non-covalent interactions.

The selectivity of the diamide towards various metalates is highly tuneable. At higher
concentrations of HCl, co-precipitation of other metals such as Pt, Fe or Sn with Au can
occur when excess L® is used, yet Au separation can be achieved by washing the
precipitates with dilute HCI prior to releasing HAuCl, with deionised water and recycling
L® for further use. Alternatively, control of the diamide stoichiometry or temperature can
lead to control of precipitation selectivity. Direct competition experiments demonstrated
a clear preference for one metal over the other when a limiting number of moles of L% is
used, and (in the case of iron vs tin) when temperature is varied. This flexibility makes this
simple diamide a very versatile precipitant and could be used in several different
hydrometallurgical separation processes relevant to electronic waste or primary metal
sources. Further experiments measuring the thermodynamics of precipitation by

isothermal calorimetry may help to understand the observed selectivity.

Investigating structurally similar analogues of L° demonstrated that the structure of the
diamide can impact on the efficiency of metalate precipitation. Changing the substituent
on the phenyl groups from an electron-withdrawing group to an electron-donating group
regulates the relative ease of metalate precipitation, in large part due to the relative ease
of protonation of the relevant diamide. When the phenyl substituent is switched to an
alkyl substituent, the molecular structure of precipitates changes from the highly ordered
chains of [HL]* to more cluster-like species that are stable in hydrophobic solvents and are
therefore more suited as solvent extractants rather than as precipitants. On the other
hand, secondary diamide analogues of L® are found to have much lower aqueous solubility
than tertiary diamides and so higher concentrations of HCl are required to facilitate FeCls~

precipitation. Extending the carbon chain length of the secondary amide N-C-C-N ‘hinge’
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can lower the HCI concentration threshold for precipitation, but this threshold is still

higher than that for tertiary diamides.

Chapter 4 compares the extraction efficiency of the conflict metal tantalum from TaCls
versus TaFs under chloride conditions and demonstrated that, despite sparse reports in
the literature, extraction from chloride media is also possible by the primary amide and is
more efficient than when the fluoride complex is used. The solution-phase structure of
the extracted species remains elusive and requires further work potentially using EXAFS
and/or computational modelling. The fluoride complex is poorly extracted by L and it
seems likely that, based on Hofmeister bias arguments, L* would be even worse under the
exclusively fluoride media that current hydrometallurgical processes rely on to leach
tantalum. This work has demonstrated a potential fluoride-free solvent extraction process
for tantalum. Given all of hazards associated with hydrofluoric acid, it is desirable to move
away from this as a leaching agent and instead develop alternative, milder reagents for

tantalum leaching potentially using sources of chloride.

Chapter 5 briefly explored the separation of gallium from iron by a solvent extraction
process using the dual-purpose extractant, methyltrioctylammonium iodide. Various
analytical techniques showed that reduction of Fe(lll) to Fe(ll) by iodide is key to the
success in selective transport of Ga(lll) as its metalate GaCl,~ by anion exchange. Under
high chloride conditions, discrimination by outer-sphere cationic receptors is difficult
given that both metals exist in solution as the tetrahedral metalates, FeCls" and GaClsand
so this presents a convenient way to separate the two metals in one step. Nevertheless,
the production of triiodide as a by-product requires additional reagents to then
regenerate iodide for further use, which in turn affects the materials balance. It would
therefore be advantageous if a system could be developed in which Ga and Fe may be
separated without the need for a reduction step. Chapter 3 briefly touches on this issue,
where L® shows promising signs of Ga selectivity over Fe, but further work is needed to

fully understand why this is the case.
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7 Experimental

7.1 Overview

This chapter describes general solvent extraction and precipitation protocols, synthetic

procedures, treatment of data and potential sources of error.

7.2  General solvent extraction procedures

A typical solvent extraction procedure is outlined in figure 7.1.

- S - ... . .

Mix phases
+ ——) —) +
Settle
L Mixed metal Au-|93dr]ed
i i organic phase
Reuse in toluene solution
L
- - Separate - Strip Au
phases with H,0
+
L Pure HAuCl,
in toluene solution

Figure 7.1 - Schematic of a selective solvent extraction process.

An organic solution of ligand L (typically in 0.1 mol L} in toluene) was mixed with a metal-
containing aqueous solution in a glass screw-top vial at 500 rpm for 1 h at room
temperature. After settling, the two phases (and a possible 3™ phase) were physically
separated from each other. Samples from the organic phases (or 3™ phases) were diluted
in 1-methoxy-2-propanol to an appropriate range (0.1 — 25 ppm) for the determination of
metal concentrations by ICP-OES. Those from aqueous phases were diluted in 2 % nitric
acid to similar concentration ranges. Samples from relevant phases were also withdrawn
for water concentration determination, NMR analysis and MS characterisation as

required.
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Metal stock solutions were prepared by dissolution of the relevant metal chloride salt in
varying concentrations of hydrochloric acid. Metal solutions were prepared at a standard
concentration of 0.01 M for comparison with other work in the group. Ligand
concentrations were set to 0.1 M in toluene by default, allowing for a sufficiently large
excess of ligand present to provide at least minimal extraction. Toluene was chosen as the
organic solvent as it was considered representative of typical high-boiling solvents used
in industrial processes, and again allowed for comparison to previous work of other
solvent extraction systems studied by the group. Solvent extraction experiments
comprised 2 mL of each phase to allow for thorough mixing and enough material for
additional testing (i.e., ICP-OES, NMR, MS, etc.). When 3™ phases formed, extraction
experiments were scaled up to 10 or 20 mL to allow for a sufficient volume of 3™ phase

to be collected.

7.2.1 Preparation of TaCls and TaFs solutions

A 0.12 M stock solution of TaXs (X = F, Cl) was prepared in 12 M HCI. This stock solution
was then diluted to 0.01 M TaXs in 1 M HCI with varying solutions of lithium chloride in
deionised water. A white precipitate formed over several weeks in dilute HCl solutions of
TaCls, and so solutions were used immediately after diluting from the 12 M HCI stock
solution. A white precipitate formed overnight from stock solutions of TaFs in 12 M HCI,

and so solutions were therefore diluted and used immediately.

7.3  Precipitation procedures

A typical precipitation procedure is outlined in figure 7.2.

To allow for comparison to solvent extraction experiments, metal concentrations were
set to 0.01 M and the volume of aqueous solution was 2 mL. Therefore, experiments using
excess L were always undertaken with 0.2 mmol of solid L (i.e., a 10x excess of L to metal).

This allowed for a reasonable mass of L to be weighed out each time (generally 50 — 70

mg).
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Mix Filter
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Figure 7.2 — Schematic of a selective precipitation process.

7.3.1 Precipitation procedure for 0.01 M mixed metal solutions.

Mixed-metal solutions (0.01 M) were typically prepared by dilution of 0.1 M stock
solutions of each individual metal salt solution in 2 or 6 M HCI. Solid L (0.2 mmol or 0.02
mmol) was added to a vial with a magnetic stir bar and the metal-containing aqueous
solution (2 mL) added. The mixture was stirred for 1 h at room temperature at 500 rpm
after which the stir bar was removed and the vial centrifuged. The supernatant was
decanted and samples prepared for ICP-OES analysis to measure the uptake of metal by
L. Samples were diluted by 100x in 2% nitric acid prior to ICP-OES analysis. This procedure

was repeated in triplicate.

7.3.2 Selective precipitation of gold from 28 other elements procedure.

The following ICP multi-element standard solutions were used: Transition metal mix 3 for
ICP supplied by Sigma Aldrich comprising 100 mg L™ Au, Ir, Os, Pd, Pt, Rh, Ru in 10%
hydrochloric acid and ICP multi-element standard solution IV comprising 1000 mg L Ag,
Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, Zn in 5% nitric
acid. Each solution (1 mL) was diluted to 10 mL using either 2 M HCl or 6 M HCI, resulting
in solutions of 10 mg L' Au, Ir, Os, Pd, Pt, Rh, Ru and 100 mg L Al, B, Ba, Bi, Ca, Cd, Co,
Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, Zn. The solutions were filtered prior to

use in precipitation experiments due to the precipitation of silver chloride, which was
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subsequently excluded from ICP-OES analysis. The precipitation method used for the 0.01

M mixed-metal solutions was followed.

7.3.3 Selective stripping experiments with H-tube apparatus.

Solid L (0.2 mmol) was added to one side of the H-tube (figure 7.3) with a stir bar. The
metal-containing aqueous solution (2 mL) was then added to the solids and the mixture
stirred for 1 h at room temperature at 500 rpm, after which it was passed through the
glass frit of the H-tube with the aid of compressed air or N; gas. The filtrate was collected
for ICP-OES analysis to determine metal uptake. The solids were subsequently washed
with 2 M HCI (3 x 2 mL; for 30 mins each), with each wash solution being passed through
the glass frit of the H-tube. The solids were then washed with ultrapure deionised water
(5 x 2 mL) in the same manner. The use of a H-tube allows for all solids to be retained in
the same vessel to minimise any loss of metal due to material transfer. This procedure

was repeated in duplicate.

Figure 7.3 - Photograph of H-tube apparatus for selective stripping experiments.

7.3.4 Selective precipitation of gold from waste printed circuit boards.

End-of-life printed circuit boards were supplied by Edinburgh School of Chemistry
workshop. Gold-tipped sections of the circuit boards (22.85 g) were cut off and soaked in
100 mL aqua regia for 24 hours. This solution was then diluted with deionised water to
250 mL and the metal content analysed by ICP-OES. An aliquot of the e-waste solution (2
mL) was stirred with L (0.0059 g, 0.02 mmol, excess with respect to the gold

concentration) for 1 h at room temperature after which the stir bar was removed and the
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vial centrifuged. The supernatant was decanted and samples prepared for ICP-OES
analysis to measure the uptake of metal. Samples were diluted by 1000x and 20x in 2%

nitric acid prior to ICP-OES analysis. This procedure was repeated in triplicate.

7.3.5 Timed gold precipitation experiments.

Solutions of HAuCl, (0.01 M) were prepared in 2, 4 or 6 M HCI. Solid L (0.02 mmol) was
added to a vial with a magnetic stir bar and the relevant aqueous metal solution (2 mL)
was added. The mixture was stirred for between 1 min* and 55 mins after which the stir
bar was removed and the vial centrifuged for 5 minutes. The supernatant was decanted
and samples prepared for ICP-OES analysis to measure the uptake of metal. Samples were
diluted by 100x in 2% nitric acid prior to ICP-OES analysis. *One-minute experiments were
not centrifuged and instead stirred for 30 seconds before removing the stir bar and
allowing any solids to settle for an additional 30 s. A clear 0.1 mL aliquot was then sampled

immediately and prepared for ICP-OES analysis.

7.4  ICP-OES analysis

Metal content analysis was conducted by ICP-OES on a Perkin Elmer Optima 8300
Inductively Coupled Plasma Optical Emission Spectrometer. Organic samples were doped
with 10 ppm ytrrium internal standard in 1-methoxy-2-propanol and taken up by
peristaltic pump at a rate of 1.0 mL min 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 17, 1.0 and 0.5 L min™* for plasma, auxiliary and nebuliser flow, respectively.
Aqueous samples were diluted in 2% nitric acid and taken up at a rate of 1.3 mL min s
and the argon gas flow parameters were 12, 0.2 and 0.6 L min’, respectively. ICP-OES
calibration standards were obtained from VWR International, SCP science or Sigma-

Aldrich. Emission wavelengths for each element analysed are detailed in table 7.1
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Table 7.1 - List of emission wavelengths used for ICP-OES analysis.

Metal | Wavelength / nm
Al 396.153
Au 267.595

B 249.772
Ba 233.527
Bi 306.766
Ca 317.933
Cd 228.802
Co 228.616
Cr 205.56
Cu 327.393
Fe 238.204
Ga 417.206
In 325.609
Ir 224.268
K 766.49
Li 610.362
Na 589.59
Mg 285.213
Mn 257.61
Ni 221.648
Os 225.585
Pb 220.353
Pd 340.458
Pt 265.945
Rh 343.489
Ru 240.272
Sr 460.733
Ta 226.230
Tl 351.924
Zn 213.857

7.4.1 Treatment of data

The basic equation to calculate percentage of metal extracted is provided in equation 7.1.
The concentration of metal in the organic phase can be measured directly, or it can be
inferred from the final concentration of metal remaining in the aqueous phase after
extraction (assuming a third phase does not form.) In this thesis, organic-phase metal
concentrations were analysed directly and compared against the initial metal
concentration in the aqueous phase. Samples of the aqueous phase after solvent
extraction were also measured and confirm mass balance to account for any potential

third phase formation.
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Metal ;
% extraction = Metallorganie 100% (7.1)
[Metal]lnitialAq

This thesis preferentially reports the amount of metal extracted as percentages, however
it is common in the solvent extraction literature for extraction values to be reported in
terms of the distribution coefficient (D, the ratio of metal detected in each phase after
extraction, equation 7.2). When D = 1, 50% of the metal is extracted in to the organic

phase.

D., — [Metal] (org)
M [Metal](Aq.)

(7.2)
The basic equation to calculate the percentage of metal precipitated is provided in
equation 7.3. It is assumed that the amount of metal missing from the aqueous phase
after contact with L is incorporated in to the resulting solids, which are subsequently

removed after centrifugation.

[Metal]itial aq.— [Metal]

[Metallnitial Aq

Final44. » 100% (7.3)

% precipitation =

7.4.2 Slope analysis

This numerical analysis technique is very common in the solvent extraction literature and
can be helpful in elucidating the mode of action of solvent extraction when other
analytical techniques are inconclusive or unavailable.? This analysis is based on the
equilibrium in equation 7.4, in which the mathematical expression in equation 7.5 may be

derived:
M + aX™ + nL + nH* = [MX,(LH).] (7.4)

__ [MXa(LH),]
 IMIXTIA LI A

[M] (org) _ [MXa (LH)n]

Pw = Ty [M]

(aq)
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Dy = K[X]*[L]"[H*]"

log Dy =logK + alog[X~] + nlog[L] + nlog[H™] (7.5)

Therefore, plotting log D against log [X7], log [L] or log [H*] gives a straight line in which
the ratio of anion, ligand or proton to metal in the extracted species can be inferred from
the gradient of the line. This analysis assumes only one species being extracted, and that
any excess ligand does not interact with the extracted species. Therefore non-integer

gradients and deviations from linearity indicate mixtures of species.

7.4.3 Sources of error

Errors associated with instruments, measurements and systematic handling of samples
and data are included in table 7.2. However, some sources of error are more difficult to
quantify. There is the possibility of precipitation of metal species on dissolution of samples
from the solvent extractions into 1-methoxy-2-propanol, which leads to an artificial
decrease the metal concentration detected by ICP-OES. Likewise, potential evaporation
of solvents during solvent extraction experiments and ICP-OES analysis can lead to
artificial increases in metal concentration. These potential sources of error were kept
consistent across all samples by ensuring each sample is prepared and analysed within a
short timeframe (1 — 2 days) and the total volumes used in dilutions are kept constant.
The pipettes used for dilutions were calibrated annually by an external company and their

accuracy checked on a regular basis by lab members.
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Table 7.2 - Associated errors with instruments used.

Instrument Associated Error
Mass Balance +0.05 mg
Gilson 0.1 mL +0.5puL
Gilson 1 mL +6uL
Gilson 5 mL +27 uL
Eletronic Eppendorf | £0.95 pL (dispensing 500 pL)
Multipette  E3x  positive | +0.38 pL (dispensing 2500 L)
displacement pipette* +0.23 pL (dispensing 5000 pL
5 mL volumetric flask +0.025 mL
10 mL volumetric flask +0.025 mL
25 mL volumetric flask +0.040 mL
100 mL volumetric flask +0.080 mL
ICP-OES calibration plot R? > 0.995
ICP-OES sample data ¥ (x— )2 o = standard deviation
o= \IT x = value of sample
K = mean of samples
n = number of samples

*As documented on 2021 calibration reports.

7.5 Chemicals and instrumentation

All solvents and reagents were used as received from Sigma-Aldrich, Fisher Scientific UK,
Alfa Aesar, Acros Organics or VWR International. Deionised water was obtained from a

Milli-Q purification system.

All NMR spectra were recorded at 300 K unless otherwise stated. *H and 3C spectra were
recorded on a Bruker AVA400, AVA500 or AVA600 spectrometer operating at 399.90,
500.12, or 599.95 MHz respectively for H, and 100.55, 125.76, or 150.83 MHz,
respectively, for 13C. 7Ga NMR spectra were recorded on a Bruker PRO500 spectrometer

at 152.55 MHz. Chemical shifts are reported in 6 (ppm).

UV-Vis spectra were recorded in quartz cuvettes (1 cm?® path length) on a Shimadzu UV-

1900 UV-VIS spectrophotometer.
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ESI FT-ICR MS measurements were recorded in positive-ion or negative-ion mode using
the standard Bruker ESI sprayer operated in “infusion” mode coupled to a SolariX FTICR
mass spectrometer. Direct infusion spectra were typically a sum of 20 acquisitions. All
mass spectra were analysed using DataAnalysis software version 4.1 (Bruker Daltonics).

lons were assigned manually.

Karl Fischer analysis of the water concentration in organic phases after extraction were
carried out on a Metrohm 831 KF Coloumeter with Hydranal Coulomat AG as the reagent
mixture. Titrations for each sample were repeated in triplicate and the result reported as

an average.

Powder X-ray Diffraction (PXRD) data were collected on a sample of [HL®][AuCls]
precipitated by the addition of L® (5.9 mg, 0.02 mmol) to a solution of HAuCls (0.01 M) in
HCl (6 M) using a Bruker D2 phaser diffractometer in reflection geometry with Cu Ka
radiation (A = 1.541 A). A LynxEye position sensitive detector was used to collect data over
the 26 range 6-65° for 15 minutes. Sample preparation involved grinding powder samples,
mixing with acetone, and depositing a thin layer on a zero-background silicon (911)
substrate. The data were analysed using a Pawley fitting routine in the Topas Academic

(version 6) software suite.

7.5.1 NCI calculations

Calculations were performed and analysed by Professor Carole Morrison and Ms Susanna
Vance. All structures were optimised (atom-only) using CASTEP17.21,%° with on-the-fly
pseudopotentials and a plane-wave energy cut-off of 750 eV, coupled to the PBE DFT
functional and TS dispersion correction scheme.?% Brillouin zone sampling was 0.05
A-'. Geometry convergence criteria: energy tolerance = 2 x 10~° eV atom™*, max force =
0.05 eV A1, max atomic displacement = 2 x 107 A. Following geometry optimisation,
charge density cube files were generated using the CASTEP2CUBE utility, and
subsequently used to generate non-covalent interaction (NCI) plots using the CRITIC2
code. 1% The graphical output from CRITIC2 was processed using VMD1.9.3'% and
Origin2019.
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7.5.2 Single Crystal X-ray diffraction

X-ray crystallographic data were collected by Dr Gary Nichol at 100 K or 120 K on an Oxford
Diffraction Excalibur diffractometer using graphite monochromated Mo-K, radiation
equipped with an Eos CCD detector (A = 0.71073 A), or at 100 K or 120 K on a Supernova,
Dual, Cu at Zero Atlas diffractometer using Cu-K, radiation (A = 1.5418 A), or at 100 K on
a Bruker APEX-II CCD diffractometer using graphite monochromated Mo-K, radiation (A =
0.71073 A).

Structures were solved either by the author or by Dr Gary Nichol using ShelXT direct
methods or intrinsic phasing and refined using a full-matrix least-square refinement on
|F|? using ShelXL.'%82% All programs were used within the Olex suites.?’? All non-
hydrogen atoms were refined with anisotropic displacement parameters. H-atom
parameters were constrained to parent atoms and refined using a riding model except H1
and H2, which where possible were located in the difference Fourier maps and refined

with isotropic displacement parameters.

All X-ray crystal structures were analysed and illustrated using Mercury 4.1.0. X-ray data

are presented in Appendix I.
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7.6  Synthetic procedures

7.6.1 3,5,5-Trimethylhexanamide, L!
M
NH

Monoamide L! was prepared according to a procedure from the literature.®® 3,5,5-

2

trimethylhexanoyl chloride (10 mL, 0.053 mol) was added dropwise to an aqueous
ammonia solution (80 mL, 35 wt%) at 0°C, and the mixture was stirred at ambient
temperature for 3 h to give a white precipitate. The solid was extracted into
dichloromethane (80 mL) and washed with water (3 x 80 mL). The organic phase was then
dried over Na;SO, and the solvent was removed under reduced pressure to give the

desired compound as a white solid (6.91 g, 75%).

IH NMR (500 MHz, CDCls) & = 0.93 (s, 9H, C(CHs)s), 1.01 (d, J = 6.5 Hz, 3H, CH(CH)), 1.13
(dd, J = 14.0, 6.4 Hz, 1H, CH,C(CHs)3), 1.27 (dd, J = 14.0, 3.9 Hz, 1H, CH.C(CHs)s), 1.99 (dd,
J=13.6, 8.5 Hz, 1H, CH,CO), 2.02 — 2.10 (m, 1H, CH(CHs)), 2.24 (dd, J = 14.0, 6.4 Hz, 1H,
CH,CO0), 5.54(br. s, 2H, NHa); 3C{*H} NMR (126 MHz, CDCls) & = 22.54, 27.30, 30.00, 31.05,
45.86, 50.72, 175.19.

7.6.2 N,3,5,5-Tetramethylhexanamide, L?

M
~
N

H
Monoamide L? was prepared according to a procedure adapted from the literature.*
3,5,5-trimethyhexanoyl chloride (47.5 mL, 0.25 mol) was added dropwise to an aqueous
methylamine solution (300 mL, 40 wt%) at 0°C, and the mixture was stirred at room

temperature for 3 h. The crude product was extracted into dichloromethane (300 mL) and

washed with water (3 x 300 mL). The organic phase was dried over Na,SO, and the solvent
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was removed under reduced pressure to give the desired compound as a colourless oil

(36.21 g, 84%).

IH NMR (600 MHz, CDCls) 6 = 0.91 (s, 9H, C(CHs)s), 0.97 (d, J = 6.7 Hz, 3H, CH(CHs)), 1.10
(dd, J = 14.0, 6.6 Hz, 1H, CHa(CHs)s), 1.24 (dd, J = 14.0, 3.9 Hz, 1H, CH2(CHs)s), 1.94 (dd, J =
13.5, 8.4 Hz, 1H, (CH,CO), 2.03 — 2.09 (m, 1H, CH(CHs)), 2.19 (dd, J = 13.5, 5.9 Hz, 1H,
CH,CO0), 2.80 (d, J = 4.9 Hz 3H, N(CHs)), 6.55 (s, 1H, NH); 3C{*H} NMR (126 MHz, CDCl3) &
= 22.56, 26.08, 27.34, 29.95, 30.98, 46.39, 50.69, 173.42.

7.6.3 N,N,3,5,5-Pentamethylhexanamide, L3

@)
MT/

Monoamide L® was prepared according to a procedure adapted from the literature.®
3,5,5-trimethylhexanoyl chloride (47.5 mL, 0.25 mol) was added dropwise to an aqueous
dimethylamine solution (300 mL, 40 wt%) at 0°C, and the mixture was stirred at ambient
temperature for 3 h. The crude product was extracted into dichloromethane (300 mL) and
washed with water (3 x 300 mL). The organic phase was dried over Na,SO4 and the solvent
was removed under reduced pressure to give the desired compound as a colourless oil

(28.16 g, 61%).

'H NMR (500 MHz, CDCls) & = 0.80 (s, 9H, C(CHs)s), 0.87 (d, J = 6.5 Hz, 3H CH(CHs)), 1.00
(dd, J = 13.9, 6.5 Hz, 1H, CH,(CHs)3), 1.18 (dd, J = 14.0, 3.8 Hz, 1H, CH,(CHs)3), 1.94 — 2.03
(m, 1H, CH(CHs)), 2.06 (dd, J = 14.6, 8.2 Hz, 1H, CH,CO), 2.16 (dd, J = 14.6, 5.8 Hz, 1H,
CH,CO), 2.82 (s, 3H, N(CHs)), 2.90 (s, 3H, N(CHs)); *C{*H} NMR (126 MHz, CDCls) & = 22.83,
26.84,29.95, 31.04, 35.25, 37.41, 42.72, 50.84, 172.50.
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7.6.4 N,N’-(ethane-1,2-diyl)bis(N,3,5,5-tetramethylhexanamide), L*
w |
N N N m
| @)

N,N’-Dimethylethylenediamine (1.08 mL, 10 mmol) was added dropwise to a solution of
3,5,5-ttrimethylhexanoyl chloride (5.7 mL, 30 mmol) and trimethylamine (4.18 mL, 30
mmol) in 40 mL dichloromethane at 0 °C and was stirred overnight at room temperature.
The solids were filtered off and the filtrate was washed with dilute HCI (3 x 100 mL), brine
(3 x100 mL) and water (3 x 100 mL). The organic phase was dried over Na,SO. and the
solvent removed under reduced pressure to yield a light-yellow oil which was purified by
silica gel chromatography (20% ethyl acetate in hexanes) to provide the product as a

colourless oil and a 3:1:1 mixture of diastereomers (2.72 g, 73%).

'H NMR (600 MHz, CDCl3): 6 = 0.91 — 0.95 (m, 18H, C(CHs)s, mixture of diastereomers),
0.96 —1.02 (m, 6H, CH3, mixture of diastereomers), 1.14 (m, 2H, diasterotopic CH, mixture
of diastereomers), 1.28 (m, 2H, diasterotopic CH, mixture of diastereomers), 2.13 (m, 4H,
CH,CO, mixture of diastereomers), 2.25 (m, 2H, CHCHs, mixture of diastereomers), 2.98
(s, 6H CHsN, minor diastereomer), 3.04 (s, 6H, CH3sN, minor diastereomer), 3.06 (s, 6H,
CHsN, major diastereomer), 3.52 (m, 4H CH;N, mixture of diastereomers); *C{*H} NMR
(126 MHz, CDCls): 6 = 22.82 (major diastereomer CHs), 22.86 (minor diastereomer CHs),
22.93 (minor diastereomer CHs), 26.67 (minor diastereomer CH), 26.73 (major
diastereomer CH), 27.11 (minor diastereomer CH), 30.02 (minor diastereomer C(CHs)s),
30.06 (major diastereomer, likely overlapped with additional minor diastereomer
C(CHs)3), 31.13 (major diastereomer C(CHs)), 31.14 (minor diastereomer C(CHs)), 31.16
(minor diastereomer C(CHs)), 33.71 (minor diastereomer NCHs), 35.89 (major
diastereomer NCHs), 37.10 (minor diastereomer NCHs), 42.14 (minor diastereomer
CH>CO), 49.94 (major diastereomer CH,CO), 42.91 (major diastereomer CH,CO), 44.57
(major diastereomer CHzN), 47.06 (minor diastereomer CH;N), 47.46 (minor diastereomer

CH;3N), 50.85 (minor diastereomer CH,), 50.86 (minor diastereomer CH,), 51.04 (major
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diastereomer CH,), 172.73 (minor diastereomer C=0), 172.77 (minor diastereomer C=0),

172.83 (major diastereomer C=0).

ESI Accurate Mass Analysis (ESI, m/z): Calcd. for C;Ha4N>0> [M+H]* 369.3487; Found
369.3475

7.6.5 N,N’-(1,2-Ethanediyl)bis(2,2-dimethyl-N-methylpropanamide), L°

|
>HJ\N/\/N
| O

Diamide L®> was prepared according to a procedure adapted from the literature.?®? Under
argon, N,N’-dimethylethylenediamine (1.08 mL, 10 mmol) was dissolved in CH,Cl, (15 mL)
and 1 M sodium hydroxide solution added (20 mL). A solution of trimethylacetyl chloride
(2.71 mL, 22mmol) in CH,Cl, (5 mL) was slowly added and the resulting solution was
stirred at r.t. for 18 h. The solution was then diluted with CH,Cl, (50 mL) and washed with
1 M HCI (3 x 100 mL) and brine (3 x 100 mL). The organic layer was dried over sodium
sulfate and evaporated to dryness under vacuum to yield L* as a white powder (1.61 g,

63%).

'H NMR (500 MHz, CDCls): & = 1.29 (s, 18H; CHs), 3.18 (s, 6H; NCH3), 3.53 ppm (s, 4H; CH>);
13C{*H} NMR (126 MHz, CDCl3): 6 = 28.2, 37.9, 47.2, 177.7 ppm.

7.6.6 N,N’-(Ethane-1,2-diyl)bis(N-methylbenzamide), L®

|
N/\/N
| O

Diamide L® was prepared according to a procedure adapted from the literature.?°? Under
argon, N,N’-dimethylethylenediamine (1.76 g, 2.15 mL, 20 mmol) was dissolved in CH,Cl,
(30 mL) and treated with NEts (7 mL). A solution of benzoyl chloride (7.03 g, 5.81 mL, 50
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mmol) in CH,Cl; (20 mL) was slowly added and the resulting solution was stirred at r.t. for
18 h. The solution was then diluted with CH,Cl, (50 mL) and washed with 1 M HCI (3 x 100
mL) and brine (3 x 100 mL). The organic layer was dried over sodium sulfate and
evaporated to dryness under vacuum. The resulting solid was recrystalised from hot

toluene to yield L® as a white powder (4.54 g, 77%).

'H NMR (500 MHz, CDCls): 6= 2.63-3.01 (br m, 6H; NCHs), 3.24-4.08 (br. m, 4H; NCH,),
7.32-7.49 ppm (m, 10H; ArH); *C{*H} NMR (126 MHz, CDCl3): 6=37.9, 44.5, 126.9, 128.4,

129.5,136.3, 172.0 ppm. The NMR spectra agreed with previous reports in the literature.

7.6.7 N,N’-(Ethane-1,2-diyl)bis(N-methyl-4-nitrobenzamide), L”

NO,

O,N

Diamide L’ was prepared according to a procedure adapted from the literature.?®? Under
argon, N,N’-dimethylethylenediamine (0.54 mL, 5 mmol) was dissolved in CH,Cl, (30 mL)
and treated with NEt; (7 mL). A solution of 4-nitrobenzoyl chloride (2.04 g, 11mmol) in
CH,Cl; (10 mL) was slowly added and the resulting solution was stirred at r.t. for 18 h. The
solution was then diluted with CH,Cl, (50 mL) and washed with 1 M HCI (3 x 100 mL) and
brine (3 x 100 mL). The organic layer was dried over sodium sulfate and evaporated to
dryness under vacuum. The resulting solid was recrystalised from hot toluene to yield L’

as a light-yellow powder (0.96 g, 50 %).

'H NMR (500 MHz, CDCls): & = 3.10 (br. s, 6H; NCHs), 3.89 (br. s, 4H; NCH,), 7.56 (d, 3J =
8.8 Hz, 4H; ArH), 8.24 ppm (d, 3J = 8.7 Hz, 4H; ArH); *C{*H} NMR (126 MHz, CDCl3): § =
37.8,44.9,123.9,127.7,142.3,148.1, 170.1 ppm. The NMR spectra agreed with previous

reports in the literature.
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7.6.8 N,N’-(Ethane-1,2-diyl)bis(pentafluoro-N-methylbenzamide), L®

Diamide L& was prepared according to a procedure adapted from the literature.?°? Under
argon, N,N’-dimethylethylenediamine (1.08 mL, 10 mmol) was dissolved in CH,Cl; (15 mL)
and treated with NEt; (4.18 mL). A solution of pentafluorobenzoyl chloride (3.05 mL,
22mmol) in CH,Cl; (5 mL) was slowly added and the resulting solution was stirred at r.t.
for 18 h. The solution was then diluted with CH,Cl; (50 mL) and washed with 1 M HCI (3 x
100 mL) and brine (3 x 100 mL). The organic layer was dried over sodium sulfate and
evaporated to dryness under vacuum. The resulting solid was recrystalised from hot

toluene to yield L® as an orange powder (1.17 g, 22 %).
'H NMR (500 MHz, CDCls): & = 3.07 (s, 6H; NCHs), 3.92 ppm (s, 4H; NCH,); **C{*H} NMR

(126 MHz, CDCl3): 6 =36.7,44.9,136.7, 138.7, 141.8, 143.8, 159.2 ppm. The NMR spectra

agreed with previous reports in the literature.
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7.6.9 N,N’-(Ethane-1,2-diyl)bis(4-chloro-N-methylbenzamide), L°

|
| (@)

Diamide L° was prepared according to a procedure adapted from the literature.?°? Under
argon, N,N’-dimethylethylenediamine (1.08 mL, 10 mmol) was dissolved in CH,Cl; (15 mL)
and treated with NEt; (4.18 mL). A solution of 4-chlorobenzoyl chloride (2.82 mL, 22mmol)
in CH,Cl; (5 mL) was slowly added and the resulting solution was stirred at r.t. for 18 h.
The solution was then diluted with CH,Cl; (50 mL) and washed with 1 M HCI (3 x 100 mL)
and brine (3 x 100 mL). The organic layer was dried over sodium sulfate and evaporated
to dryness under vacuum. The resulting solid was recrystalised from hot toluene to yield

L° as a white powder (1.87 g, 51 %).

1H NMR (500 MHz, CDCls): & = 2.70-3.29 (br. m, 6H; NCHs), 3.35-4.03 (br. m, 4H; CH,),
7.10-7.36 ppm (m, 8H; ArH); 3C{*H} NMR (126 MHz, CDCl3): & = 37.9, 44.7, 128.3, 128.7,
135.4, 135.6, 171.0 ppm.

7.6.10 N,N’-(Ethane-1,2-diyl)bis(4-methoxy-N-methylbenzamide), L1°

OMe

|
O
MeO

Diamide L was prepared according to a procedure adapted from the literature.?® Under
argon, N,N’-dimethylethylenediamine (1.08 mL, 10 mmol) was dissolved in CH,Cl, (15 mL)
and 1 M sodium hydroxide solution added (20 mL). A solution of 4-methoxybenzoyl
chloride (2.98 mL, 22mmol) in CHxCl, (5 mL) was slowly added and the resulting solution
was stirred at r.t. for 18 h. The solution was then diluted with CH,Cl, (50 mL) and washed

with 1 M HCI (3 x 100 mL) and brine (3 x 100 mL). The organic layer was dried over sodium
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sulfate and evaporated to dryness under vacuum. The resulting solid was recrystalised

from hot toluene to yield L'° as a white powder (1.74 g, 48%).
IH NMR (500 MHz, CDCls): & = 2.75-3.04 (br. m, 6H; NCHs), 3.39-3.80 (br. m, 10H; NCH,
OCHs), 6.79 (d, 3 = 6.3 Hz, 4H; ArH), 7.28=7.38 ppm (m, 4H; ArH); 3C{*H} NMR (126 MHz,

CDCl3): 6 = 37.8, 44.3, 55.1, 113.3, 128.6, 128.2, 160.3, 171.6 ppm. The NMR spectra

agreed with previous reports in the literature.

7.6.11 N,N'-(ethane-1,2-diyl)dibenzamide, L!!

O

Ir=z
ZT

O

Diamide L* was prepared according to a procedure adapted from the literature.?®® Under
argon, ethylenediamine (1.34 mL, 20 mmol) was dissolved in CH,Cl; (15 mL) and treated
with NEt; (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CH,Cl; (5 mL) was
slowly added and the resulting solution was stirred at r.t. for 18 h. A white suspension
formed which was then filtered and the solids washed with CH,Cl; (3 x 50 mL), 1 M HCI (3
x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were dried under

vacuum to yield L' as a white powder (3.91 g, 73%).

IH NMR (400 MHz, DMSO-ds) & = 3.18 (m, 4H; NCH,), 7.40 — 7.55 (m, 6H; ArH), 7.82 — 7.88
(m, 4H; ArH), 8.62 (br. s, 2H; NH). 3C{*H} NMR (100 MHz, DMSO-ds): 6 =49.1, 127.7, 128.7,

131.6, 135.0, 167.0 ppm. The NMR spectra agreed with previous reports in the literature.

7.6.12 N,N'-(propane-1,3-diyl)dibenzamide, L!?

O O

Irz
Iz
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Diamide L*? was prepared according to a procedure adapted from the literature.?®® Under
argon, 1,3-diaminopropane (1.67 mL, 20 mmol) was dissolved in CH,Cl, (15 mL) and
treated with NEts (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CHxCl (5
mL) was slowly added and the resulting solution was stirred at r.t. for 18 h. A white
suspension formed which was then filtered and the solids washed with CH,Cl; (3 x 50 mL),
1 M HCI (3 x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were

dried under vacuum to yield L!? as a white powder (3.67 g, 65%).

'H NMR (500 MHz, DMSO-d¢) & = 1.79 (m, 2H; CH,), 3.33 (m, 4H; NCH,), 7.40 — 7.58 (m,
6H; ArH), 7.82 — 7.88 (m, 4H; ArH), 8.53 (br. t, 2H; NH). 3C{*H} NMR (126 MHz, DMSO-ds):
6 = 29.3, 37.0, 127.9, 128.7, 131.0, 135.0, 166.7 ppm. The NMR spectra agreed with

previous reports in the literature.

7.6.13 N,N'-(butane-1,4-diyl)dibenzamide, L3

O

.

@

Diamide L* was prepared according to a procedure adapted from the literature.?®® Under
argon, 1,4-diaminobutane (1.76 g, 20 mmol) was dissolved in CH,Cl; (15 mL) and treated
with NEt; (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CH,Cl, (5 mL) was
slowly added and the resulting solution was stirred at r.t. for 18 h. A white suspension
formed which was then filtered and the solids washed with CH,Cl, (3 x 50 mL), 1 M HCI (3
x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were dried under

vacuum to yield L** as a white powder (2.37 g, 40%).

'H NMR (500 MHz, CDCl3) & = 1.76 (m, 4H; CHz) 3.56 (m, 4H; NCH;), 6.52 (br. s, 2H; NH),
7.43 — 7.47 (m, 4H; ArH) 7.50 — 7.54 (m, 2H; ArH), 7.80 — 7.84 (m, 4H; ArH). 3C{*H} NMR
(126 MHz, CDCl3): 6 = 27.0, 39.6, 126.9, 128.5, 131.4, 134.5, 167.7 ppm. The NMR spectra

agreed with previous reports in the literature.
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7.6.14 N,N’-(hexane-1,6-diyl)dibenzamide), L4

O

ZT

O

Diamide L** was prepared according to a procedure adapted from the literature.?®® Under
argon, 1,6-diaminohexane (2.32 g, 20 mmol) was dissolved in CH,Cl, (15 mL) and treated
with NEts (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CH,Cl; (5 mL) was
slowly added and the resulting solution was stirred at r.t. for 18 h. A white suspension
formed which was then filtered and the solids washed with CH,Cl, (3 x 50 mL), 1 M HCI (3
x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were dried under

vacuum to yield L** as a white powder (4.15 g, 64%).

1H NMR (400 MHz, DMSO-de) 6 = 1.35 (m, 4H; CH,), 1.54 (m, 4H; CH>), 3.26 (m, 4H; CH.),
7.40—=7.55 (m, 6H; ArH), 7.80 — 7.86 (m, 4H; ArH), 8.43 (t, J = 5.6 Hz, 2H; NH). 3C{*H} NMR
(100 MHz, DMSO-de): & = 26.7, 29.6, 127.6, 128.7, 131.4, 135.2, 166.5 ppm. The NMR

spectra agreed with previous reports in the literature.

7.6.15 N,N’-(1,3-phenylene)dibenzamide, L°

o/@\o

N N
H H

Diamide L' was prepared according to a procedure adapted from the literature.?** Under
argon, 1,3-phenylenediamine (2.16 g, 20 mmol) was dissolved in CH,Cl, (15 mL) and
treated with NEt; (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CHxCl, (5
mL) was slowly added and the resulting solution was stirred at r.t. for 18 h. A white
suspension formed which was then filtered and the solids washed with CH,Cl; (3 x 50 mL),
1 M HCI (3 x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were

dried under vacuum to yield L'® as a white powder (3.67 g, 58 %).
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'H NMR (400 MHz, DMSO-d¢) & = 7.32 (m, 1H; ArH), 7.44-7.65 (m, 8H; ArH), 7.93-8.03 (m,
4H; ArH), 8.34 (m, 1H; ArH), 10.31 (s, 2H; NH). **C{*H} NMR (100 MHz, DMSO-d¢): 6 =113.4,
116.5,127.2,128.2,129.0, 132.0, 135.4, 139.8, 166.0 ppm. The NMR spectra agreed with

previous reports in the literature.

7.6.16 N,N’-(1,4-phenylene)dibenzamide, L®

H
N

/(jo
N
H

Diamide L' was prepared according to a procedure adapted from the literature.?®> Under
argon, 1,4-phenylenediamine (2.16 g, 20 mmol) was dissolved in CH,Cl, (15 mL) and
treated with NEt; (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CHxCl, (5
mL) was slowly added and the resulting solution was stirred at r.t. for 18 h. A white
suspension formed which was then filtered and the solids washed with CH,Cl> (3 x 50 mL),
1 M HCI (3 x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were

dried under vacuum to yield L' as a white powder (3.23 g, 51 %).

'H NMR (400 MHz, DMSO-ds) 6 = 7.48-7.63 (m, 6H;ArH), 7.76 (s, 4H; ArH), 7.92-8.03 (m,
4H; ArH), 10.24 (s, 2H; NH). 3C{"H} NMR (100 MHz, DMSO-dg): & = 121.1, 128.1, 128.8,
131.9, 135.5, 165.7 ppm. The NMR spectra agreed with previous reports in the literature.

7.6.17 N,N’-(1,2-phenylene)dibenzamide, L’

O
N
HN

@)

Under argon, 1,2-phenylenediamine (2.16 g, 20 mmol) was dissolved in CH,Cl, (15 mL)
and treated with NEts (7 mL). A solution of benzoyl chloride (5.81 mL, 50 mmol) in CH,Cl,
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(5 mL) was slowly added and the resulting solution was stirred at r.t. for 18 h. A white
suspension formed which was then filtered and the solids washed with CH,Cl> (3 x 50 mL),
1 M HCI (3 x 50 mL), methanol (50 mL) and pentane (50 mL). The resulting solids were

dried under vacuum to yield L as a white powder (2.09 g, 33 %).

1H NMR (500 MHz, DMSO-ds,) § = 7.32 (m, 2H; ArH), 7.48 —7.71 (m, 8H; ArH), 7.96 (m, 4H;
ArH), 10.21 (s, 2H; NH). 3C{*H} NMR (100 MHz, DMSO-d¢): & = 126.0, 126.4, 127.9, 129.0,
131.8, 132.3, 134.6, 165.9 ppm.

7.6.18 N,N’-(1,3-phenylene)bis(N-methylbenzamide), L8

o/@o
N N

Solid diamide L (1.58 g, 5 mmol) and neat iodomethane (1.25 mL, 20 mmol) were added
to a flask containing a stirred suspension of potassium hydroxide (1.12 g, 20 mmol) and
dimethylformamide (DMF, 20 mL) and stirred. The mixture was stirred overnight and
qguenched with water (40 mL). CH,Cl; (100 mL) was added and washed in succession with
dilute HCI (100 mL), water (100 mL) and brine (100 mL). The organic layer was dried over
sodium sulfate and evaporated to dryness under vacuum to give the product as a white

solid (0.99 g, 58 %).
H NMR (500 MHz, CDCls) 8 = 3.36 (s, 6H; NCHs), 6.75-6.82 (m, 3H; ArH), 7.05 (t, J = 7.9 Hz,

1H; ArH), 7.17-7.25 (m, 8H; ArH), 7.28-7.34 (m, 2H; ArH). 3C{*H} NMR (126 MHz, CDCls):
§=38.1,124.7,125.1, 127.9, 128.7, 129.6, 129.8, 135.7, 145.7, 170.5 ppm.
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7.6.19 N,N’-(1,4-phenylene)bis(N-methylbenzamide), L°

N
? LT
O
N

Solid diamide L'® (1.58 g, 5 mmol) and neat iodomethane (1.25 mL, 20 mmol) were added
to a flask containing a stirred suspension of potassium hydroxide (1.12 g, 20 mmol) and
dimethylformamide (DMF, 20 mL) and stirred. The mixture was stirred overnight and
qguenched with water (40 mL). CH,Cl; (100 mL) was added and washed in succession with
dilute HCI (100 mL), water (100 mL) and brine (100 mL). The organic layer was dried over
sodium sulfate and evaporated to dryness under vacuum to give the product as a white

solid (0.99 g, 58 %).

IH NMR (500 MHz, CDCls) & = 3.45 (s, 6H; NCHs), 6.91 (s, 4H; ArH), 7.14-7.22 (m, 4H; ArH),
7.23-7.26 (m, 4H; ArH), 7.27-7.32 (m, 2H; ArH). 3C{*H} NMR (126 MHz, CDCls): & = 38.3,
127.4,127.8,128.7, 129.8, 135.6, 143.0, 170.5 ppm.

7.6.20 N,N’-dimethyl-N,N’-diphenylsuccinamide, L?!

Diamide L' was prepared according to a procedure adapted from the literature.?’® Under
argon, N-methylaniline (1.19 ml, 11 mmol) was dissolved in CH,Cl, (15 mL) and 1 M
sodium hydroxide solution added (20 mL). A solution of succinyl chloride (0.55 mL, 5
mmol) in CHxCl; (5 mL) was added slowly and the resulting solution was stirred at r.t. for
18 h. The solution was then diluted with CH,Cl, (50 mL) and washed with 1 M HCI (3 x 100

mL) and brine (3 x 100 mL). The organic layer was dried over sodium sulfate and
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evaporated to dryness under vacuum. The resulting brown solid was thoroughly rinsed

with cold acetone then dried under vacuum to yield L as a white powder (0.47 g, 32%).

1H NMR (500 MHz, CDCls) & = 2.35 (s, 4H; NCH,), 3.26 (s, 6H; CHs), 7.27 (m, 6H; ArH), 7.34
(m, 2H; ArH), 7.43 (m, 4H; ArH). 3C{*H} NMR (126 MHz, CDCls): § = 29.6, 37.3,127.5, 127.7,

129.8,144.7,172.0 ppm. The NMR spectra agreed with previous reports in the literature.

7.6.21 N,N’-(Ethane-1,2-diyl)bis(N-methylcyclohexanamide), L??

|
N
N /\/
| @)

Diamide L?? was prepared according to a procedure adapted from the literature.?® Under
argon, N,N’-dimethylethylenediamine (1.08 mL, 10 mmol) was dissolved in CH,Cl; (15 mL)
and 1 M sodium hydroxide solution added (20 mL). A solution of cyclohexanecarbonyl
chloride (2.94 mL, 22mmol) in CH,Cl, (5 mL) was slowly added and the resulting solution
was stirred at r.t. for 18 h. The solution was then diluted with CH,Cl; (50 mL) and washed
with 1 M HCI (3 x 100 mL) and brine (3 x 100 mL). The organic layer was dried over sodium
sulfate and evaporated to dryness under vacuum. The resulting solid was recrystalised

from diethyl ether to yield L* as a white powder (1.77 g, 57%).

'H NMR (500 MHz, CDCl5): & = 1.30 (m, 6H; cy-CH,), 1.40-1.58 (m, 4H; cy-CH,), 1.66 -1.90
(m, 10H; cy-CH,) 2.45 (m, 2H; cy-CH) 2.90 - 3.13 (m, 6H; NCHjs), 3.45 — 3.58 ppm (m, 4H;
CH,); 3C{*H} NMR (126 MHz, CDCls): 6 = 25.7, 25.8, 29.2, 35.5, 40.8, 44.6, 176.4 ppm. The

NMR spectra agreed with previous reports in the literature.

7.6.22 Methyltrioctylammonium iodide, [MTOA][I]

Following a literature procedure,?” iodomethane (4.44 g, 31 mmol) was added dropwise
to a stirred solution of trioctylamine (8.85 g, 25 mmol) in THF (100 mL), and the mixture

was stirred at 35 °C for 18 h under a flow of N,. The crude mixture was concentrated under
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vacuum to yield a viscous light-orange oil (99%) which was diluted with toluene to form a

1.0 M stock solution.

IH NMR (500 MHz, CDCl): & = 0.89 (t, J = 6.8 Hz, 9H, CH,CHs), 1.43-1.23 (m, 30H, CH,),
1.74-1.64 (m, 6H, CH,), 3.24 (s, 3H, NCHs), 3.41-3.35 (m, 6H, NCH,); 3C{*H} NMR (126
MHz, CDCls): & = 14.04, 22.43, 22.57, 26.30, 29.01, 29.10, 31.62, 48.83, 61.70. The NMR

spectra agreed with previous reports in the literature.
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Appendix

X-ray data for chapter 2

[HL3]2[SnCle]
Crystal data
Chemical formula (ClsSn)-2(C2:H47N-05)
M. 1074.62
Crystal system, space Monoclinic, P2./n
group
Temperature (K) 120
a, b, c (R) 18.1977 (5), 8.4952 (2), 19.6349 (5)
B (°) 111.389 (3)
Vv (R3) 2826.36 (14)
Z 2
Radiation type Mo Ka
M (mm-) 0.78
Crystal size (mm) 0.51 x 0.39 x 0.07
Data collection
Diffractometer SuperNova, Dual, Cu at home/near, Atlas

Multi-scan

CrysAlis PRO 1.171.39.46 (Rigaku Oxford Diffraction, 2018)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Absorption correction

Tmin, Tmax 0.771, 1.000

No. of measured,
independent and

observed [I > 26(1)] 33010, 6984, 5975

reflections
Rint 0.035
(sin 6/0)max (A1) 0.694
Refinement
R[F? >
2<[5(F2)], WR(F?), S 0.031, 0.118, 0.89
No. of reflections 6984
No. of parameters 324
H H atoms treated by a mixture of independent and constrained
-atom treatment .
refinement
Aprvax, Dpen (€ A3) 0.53, -0.45
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[HL®][AuCls]

mo_jl21001_0m

X-ray data for chapter 3

Crystal data

Chemical formula

0.5(AuCl4)-CisH25N20,-0.5(H.0)-0.5(H;0)

M.

444.29

Crystal system, space
group

Monoclinic, P2,

Temperature (K) 100

a, b, c (R) 9.7976 (6), 18.9668 (11), 10.3874 (6)
B (°) 90.705 (3)

Vv (R3) 1930.1 (2)

Z 4

Radiation type Mo Ko

M (mm1) 4.13

Crystal size (mm)

0.25 x 0.16 x 0.10

Data collection

Diffractometer

Bruker APEX-I1 CCD

Absorption correction

No. of measured,
independent and
observed [I > 26(1)]
reflections

126928, 11756, 11485

Rint 0.033
(Sin /0 )max (A1) 0.715
Refinement

R[F >

26(F?)], wR(F?), S

0.030, 0.078, 1.07

No. of reflections 11756
No. of parameters 426
No. of restraints 10

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A73)

3.39, -1.58

Absolute structure

Flack x determined using 5388 quotients [(I+)-(I-)]/[(I+)+(I-)]
(Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259).

Absolute structure
parameter

~0.0007 (18)
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[HLE][AuBra4]

JL20014x1

Crystal data

Chemical formula

AuBr.-CisH2:N>O>

M.

813.96

Crystal system,
space group

Monoclinic, C2/c

Temperature (K) 100

a, b, c (R) 10.6708 (12), 16.965 (2), 12.2245 (15)
B (°) 94.415 (4)

Vv (A2) 2206.5 (5)

Z 4

Radiation type Mo Ka

M (mm) 13.93

Crystal size (mm)

0.22 x 0.16 x 0.06

Data collection

Diffractometer

Bruker APEX-11 CCD

Absorption correction

Multi-scan

SADABS2016/2 (Bruker,2016/2) was used for absorption
correction. wR2(int) was 0.1411 before and 0.0783 after
correction. The Ratio of minimum to maximum transmission is
0.5986. The /2 correction factor is Not present.

Tmin, Tmax

0.447, 0.747

No. of measured,
independent and
observed [I > 2u(I)]

80320, 4075, 3765

26(F?)], wR(F?), S

reflections

Rint 0.056
(Sin 0/A)mex (A1) 0.780
Refinement

R[F >

0.020, 0.049, 1.04

No. of reflections

4075

No. of parameters

125

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

1.05, -1.50
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[HLE][AuCl,]

jl20012_refinalized

Crystal data

Chemical formula

AuCl,:CisH2:1N202

M.

636.13

Crystal system, space

Monoclinic, 12/a

group
Temperature (K) 120

a, b, c (R) 12.0848 (7), 16.9574 (2), 16.5644 (10)
B (°) 142.074 (13)

Vv (R3) 2086.4 (4)

Z 4

Radiation type Mo Ka

M (mm) 7.58

Crystal size (mm)

0.24 x 0.13 x 0.06

Data collection

Diffractometer

Rigaku Oxford Diffraction XCalibur

Absorption correction

Multi-scan

CrysAlis PRO 1.171.40.84a (Rigaku Oxford Diffraction, 2020)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Tmin, Tmax

0.610, 1.000

No. of measured,
independent and
observed [I > 26(1)]

22821, 2669, 2397

26(F?)], wR(F?), S

reflections

Rint 0.028
(Sin /1) mex (A1) 0.692
Refinement

R[F >

0.016, 0.030, 1.07

No. of reflections 2669
No. of parameters 129
No. of restraints 1

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

0.54, -0.53
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[HL®][Br][Br3]

jl20014x2_refinalized_1a

Crystal data

Chemical formula

2.667(Br3)-2(C18H21N202)-CHCI3

M. 1353.38

Crystal system, space Triclinic, P1

group

Temperature (K) 120

a, b, c (R) 9.1268 (13), 14.0105 (17), 18.7477 (17)
a, B, v (°) 85.493 (9), 84.475 (10), 84.065 (11)

Vv (R3) 2367.7 (5)

Z 2

Radiation type Cu Ka

M (mm) 10.00

Crystal size (mm)

0.12 x 0.04 x 0.02

Data collection

Diffractometer

SuperNova, Dual, Cu at home/near, Atlas

Absorption correction

Multi-scan

CrysAlis PRO 1.171.40.84a (Rigaku Oxford Diffraction,
2020) Empirical absorption correction using spherical
harmonics, implemented in SCALE3 ABSPACK scaling
algorithm.

Tmin, Tmax

0.385, 1.000

No. of measured,
independent and
observed [I > 26(1)]
reflections

28196, 4945, 3257

Rint 0.205
Bmax (°) 50.4
(Sin /1) mex (A1) 0.500
Refinement

R[F? > 26(F?)], WwR(F?), S

0.092, 0.261, 1.03

No. of reflections 4945

No. of parameters 510

No. of restraints 424

H-atom treatment H-atom parameters constrained
Dprax, Dpmn (€ A3) 1.38, -1.22
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[HL®][CIH][CI][H:0]

mo_jl21011_0m

Crystal data

Chemical formula 0.5(CIH)-0.5(Cl)-0.5(CIH50)-Ci5H2:N>0-

M. 378.28

Crystal system,

Triclinic, P1
space group

Temperature (K) 100

a, b, c (R) 9.0297 (12), 11.5330 (15), 18.397 (2)
o, B,y (°) 86.352 (5), 83.328 (5), 89.601 (5)

Vv (R%) 1899.0 (4)

4 4

Radiation type Mo Ka

M (mm) 0.36

Crystal size (mm) 0.34 x 0.26 x 0.10

Data collection

Diffractometer Bruker APEX-II CCD
Multi-scan
Absorption SADABS2016/2 (Bruker,2016/2) was used for absorption

correction. wR2(int) was 0.1194 before and 0.0607 after
correction. The Ratio of minimum to maximum transmission is
0.9528. The A»/2 correction factor is Not present.

correction

Tmin, Tmax 0.711, 0.746

No. of measured,
independent and
observed [I >

26(I)] reflections

109558, 11335, 9323

Rint 0.050
(Sin 0/A)mex (A1) 0.714
Refinement

R[F >

Se(F)], wR(F), S | 0-033,0.081,1.03

No. of reflections 11335

No. of parameters | 465

H atoms treated by a mixture of independent and constrained

H-atom treatment .
refinement

Dprax, Dpmin (€ R3) 0.37, -0.27
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j2116_auto

[HL®][CIH][CI][H.0][Hs0]

Crystal data

Chemical formula

1.333(Cl):0.667(CIH)-Ci2H13.667N133301333-0.667(H>0)-0.667(H;0)

M.

294.17

Crystal system,
space group

Triclinic, P1

Temperature (K)

120

a, b, c (R) 9.1201 (2), 10.7445 (3), 11.6223 (2)
a, B, vy (°) 82.236 (2), 85.893 (2), 86.007 (2)

Vv (R3) 1123.47 (4)

V4 3

Radiation type Mo Ka

M (mm) 0.43

Crystal size (mm)

0.36 x 0.25 x 0.14

Data collection

Diffractometer

Xcalibur, Eos

Analytical
CrysAlis PRO 1.171.40.53 (Rigaku Oxford Diffraction, 2019)
Analytical numeric absorption correction using a multifaceted crystal

?g;%;'iit;%n model based on expressions derived by R.C. Clark & J.S. Reid.
(Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 887-897)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Toiny Tmax 0.937, 0.971

No. of measured,
independent and
observed [I >

26(I)] reflections

42792, 4090, 3828

Rint 0.044
(sin 8/0)mex (A1) | 0.602
Refinement

R[F >

26(F?)], wR(F?), S

0.043, 0.097, 1.16

No. of reflections | 4090

No. of 266

parameters

H-atom H atoms treated by a mixture of independent and constrained
treatment refinement

Apmax, Apmin (e A73)

0.36, -0.33
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[HL®][FeCl]

jl20019_sadabs

Crystal data

Chemical formula

Cl,Fe:CigH2:N- 0,

M:

495.02

Crystal system,
space group

Monoclinic, P2,

Temperature (K) 120

a, b, c (R) 8.6282 (1), 19.0047 (3), 13.8701 (3)
B (°) 105.557 (2)

Vv (R3) 2191.04 (7)

z 4

Radiation type Cu Ka

g (mm1) 10.14

Crystal size (mm)

0.26 x 0.04 x 0.03 x 0.05 (radius)

Data collection

Diffractometer

Rigaku Oxford Diffraction SuperNova

Multi-scan
SADABS2016/2 (Bruker,2016/2) was used for absorption

Absorp_tlon correction. wR2(int) was 0.1221 before and 0.0887 after

correction . ! . . N
correction. The Ratio of minimum to maximum transmission is
0.6375. The A/2 correction factor is Not present.

Tmin, Tmax 0.481, 0.754

No. of measured,
independent and
observed [I >

26(I)] reflections

44934, 9025, 8375

Rint 0.087
(Sin 0/A)mex (A1) 0.629
Refinement

R[F >

26(F?)], wR(F?), S

0.055, 0.143, 1.06

No. of reflections 9025
No. of parameters 500
No. of restraints 3

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Dprax, Dprin (€ R2) 0.44, -0.61
Absolute structure Refined as an inversion twin.
Absolute structure 0.475 (8)

parameter
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[HL®][GaCl,]

j121043_refinalized

Crystal data

Chemical formula

ClsGa:CisH20.5N- 0.

M.

508.38

Crystal system, space
group

Monoclinic, P2:/n

Temperature (K) 120

a, b, c (R) 8.6732 (2), 18.8392 (7), 13.8641 (5)
B (°) 104.665 (3)

Vv (A2) 2191.55 (13)

Z 4

Radiation type Mo Ka

M (mm1) 1.76

Crystal size (mm)

0.56 x 0.14 x 0.11

Data collection

Diffractometer

Xcalibur, Eos

Absorption correction

Multi-scan

CrysAlis PRO 1.171.41.99a (Rigaku Oxford Diffraction, 2021)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Tmin, Tmax

0.502, 1.000

No. of measured,
independent and
observed [I > 26(1)]
reflections

46037, 5160, 4563

Rint 0.065
(Sin /1) mex (A1) 0.668
Refinement

R[F >

26(F?)], wR(F?), S

0.051, 0.123, 1.24

No. of reflections

5160

No. of parameters

250

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

1.00, -0.76
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[HL®][CoCl4][H,0].[Hs0]

jl21017_refinalized

Crystal data

Chemical formula

C|4CO'C18HZO.5N202'2(HZO)'H3O

M.

553.15

Crystal system, space

Monoclinic, P2:/n

group
Temperature (K) 120

a, b, c (R) 9.0978 (2), 11.4600 (3), 23.7020 (7)
B (°) 100.514 (2)

Vv (R3) 2429.70 (11)

Z 4

Radiation type Mo Ka

M (mm1) 1.18

Crystal size (mm)

0.31 x 0.23 x 0.06

Data collection

Diffractometer

Rigaku Oxford Diffraction XCalibur

Absorption correction

Multi-scan

CrysAlis PRO 1.171.41.99a (Rigaku Oxford Diffraction, 2021)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Tmin, Tmax

0.908, 1.000

No. of measured,
independent and
observed [I > 26(1)]

33219, 6819, 5626

26(F?)], wR(F?), S

reflections

Rint 0.044
(Sin /1) mex (A1) 0.722
Refinement

R[F >

0.037, 0.070, 1.03

No. of reflections 6819
No. of parameters 306
No. of restraints 9

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

0.41, -0.36
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[HL®][ZnCl4][H,0]2[H30]

j2021_1_auto

Crystal data

Chemical formula

C|4ZI’I'2(H20)'C18H21N202'H30

M.

559.59

Crystal system,
space group

Monoclinic, P2:/n

Temperature (K) 120

a, b, c (R) 9.1085 (2), 11.4514 (2), 23.7051 (5)
B (°) 100.502 (2)

Vv (A2) 2431.14 (9)

Z 4

Radiation type Mo Ka

M (mm1) 1.48

Crystal size (mm)

0.35 x 0.05 x 0.04

Data collection

Diffractometer

Rigaku Oxford Diffraction XCalibur

Multi-scan
CrysAlis PRO 1.171.40.53 (Rigaku Oxford Diffraction, 2019)
Analytical numeric absorption correction using a multifaceted

?g;%;'iit;%n crystal model based on expressions derived by R.C. Clark & J.S.
Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 887-897)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Toiny Tmax 0.811, 0.962

No. of measured,
independent and
observed [I >

26(I)] reflections

44451, 4437, 3625

Rint 0.073
(Sin 0/A)mex (A1) 0.602
Refinement

R[F >

26(F?)], wR(F?), S

0.031, 0.066, 1.04

No. of reflections 4437
No. of parameters | 308
No. of restraints 9

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A73)

0.33, -0.27
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[HL®],[PtCl¢][HO]

mo_jl21009x1_0m

Crystal data

Chemical formula ClgPt-2(CisH2:N20,)-2(H2-0)
M, 1038.56
Crystal system, space Triclinic, P1
group
Temperature (K) 100
a, b, c (R) 8.7579 (10), 11.0954 (14), 12.0668 (15)
a, B, v (°) 113.978 (5), 103.941 (5), 96.913 (5)
Vv (R3) 1007.8 (2)
Z 1
Radiation type Mo Ka
M (mm) 3.93
Crystal size (mm) 0.40 x 0.19 x 0.09
Data collection
Diffractometer Bruker D8 Venture
Multi-scan

SADABS2016/2 (Bruker,2016/2) was used for absorption
Absorption correction | correction. wR2(int) was 0.1037 before and 0.0540 after
correction. The Ratio of minimum to maximum transmission is
0.6929. The 2/2 correction factor is Not present.

Tmin, Tmax 0.518, 0.748

No. of measured,
independent and

observed [I > 26(I)] 91497, 12086, 11750

reflections
Rint 0.045
(Sin 0/A)mex (A1) 0.910
Refinement
R[F? >
2<[5(F2)], WR(F2), S 0.025, 0.051, 1.06
No. of reflections 12086
No. of parameters 259
No. of restraints 4
H H atoms treated by a mixture of independent and constrained
-atom treatment .
refinement
Dprax, Dpmin (€ A3) 1.07, -2.74
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[HL®]2[SnCl6][H0]

jl120018x1_refinalized

Crystal data

Chemical formula

C|ssn'2(C18H21N202)' 1265(H20)

M. 948.83

Crystal system, space Triclinic, P1

group

Temperature (K) 120

a, b, c (R) 8.7720 (4), 11.1752 (5), 12.0751 (6)
a, B, v (°) 113.632 (4), 103.282 (4), 97.177 (4)
Vv (A2) 1023.69 (9)

V4 1

Radiation type Mo Ka

M (mm) 1.06

Crystal size (mm)

0.19 x 0.12 x 0.04

Data collection

Diffractometer

Rigaku Oxford Diffraction SuperNova

Absorption correction

Multi-scan

CrysAlis PRO 1.171.40.84a (Rigaku Oxford Diffraction, 2020)
Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

Tmin, Tmax

0.533, 1.000

No. of measured,
independent and
observed [I > 26(1)]
reflections

18433, 5179, 4332

Rint 0.063
(Sin /1) mex (A1) 0.699
Refinement

R[F >

26(F?)], wR(F?), S

0.041, 0.070, 1.05

No. of reflections 5179
No. of parameters 258
No. of restraints 4

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

0.71, -0.59
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[HL®][AuCl,]

j121026

Crystal data

Chemical formula

AUC|4'C18H19C|2N202'2(CHC|3)

M. 943.75

Crystal system, Triclinic, P1

space group

Temperature (K) 120

a, b, c (R) 7.9204 (7), 13.3982 (13), 16.9237 (15)
a, B, v (°) 100.679 (8), 102.829 (8), 106.113 (8)
Vv (A2) 1622.8 (3)

Z 2

Radiation type Mo Ka

M (mm1) 5.54

Crystal size (mm)

0.15 x 0.13 x 0.04 x 0.05 (radius)

Data collection

Diffractometer

Rigaku Oxford Diffraction SuperNova

Multi-scan
CrysAlis PRO 1.171.41.99a (Rigaku Oxford Diffraction, 2021)

Absorption Spherical absorption correction using equivalent radius and

correction absorption coefficient. Empirical absorption correction using
spherical harmonics, implemented in SCALE3 ABSPACK scaling
algorithm.

Teniny Tmax 0.664, 0.671

No. of measured,
independent and
observed [I >

26(I)] reflections

19179, 19179, 14783

Rint n/a
(Sin 6/A)max (A1) 0.605
Refinement

R[F? >

26(F?)], wR(F?), S

0.056, 0.120, 0.96

No. of reflections 19179
No. of parameters | 678
No. of restraints 994

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

2.45,-1.31

Absolute structure

Classical Flack method preferred over Parsons because s.u. lower.

Absolute structure
parameter

0.387 (6)
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[HL®][FeCl4]

j121028_refinalized

Crystal data

Chemical formula

4(C|4Fe)'2(CHC|3)'4(C18H19C|2N202)

M.

2494.34

Crystal system,
space group

Monoclinic, Pc

Temperature (K) 120

a, b, c (R) 7.9491 (3), 38.6279 (8), 17.3716 (3)
B (°) 92.920 (2)

Vv (R3) 5327.1 (2)

V4 2

Radiation type Mo Ka

M (mm1) 1.34

Crystal size (mm)

0.24 x 0.17 x 0.09

Data collection

Diffractometer

SuperNova, Dual, Cu at home/near, Atlas

Gaussian
CrysAlis PRO 1.171.41.99a (Rigaku Oxford Diffraction, 2021)

Absorption Numerical absorption correction based on gaussian integration

correction over a multifaceted crystal model Empirical absorption correction
using spherical harmonics, implemented in SCALE3 ABSPACK
scaling algorithm.

Teniny Tmax 0.622, 1.000

No. of measured,
independent and
observed [I > 26(1)]
reflections

58750, 19661, 17265

Rint 0.049

(Sin /0 )max (A1) 0.625

Refinement

R[F? >

2<[5(F2)], WR(F?), S 0.068, 0.166, 1.07
No. of reflections 19661

No. of parameters 1205

No. of restraints 111

H-atom treatment

H-atom parameters constrained

w = 1/[c*(F2) + (0.0683P)2 + 15.7611P]
where P = (F2 + 2F2)/3

Apmax, Apmin (e A 3)

2.28, -0.71

Absolute structure

Flack x determined using 5879 quotients [(I+)-(I-)]/[(I+)+(I-)]
(Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259).

Absolute structure
parameter

0.012 (12)
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[HL™][AuCl,]

jl21044

Crystal data

Chemical formula

1.333(AuCl.)-0.667(CHCl5)-1.333(Ca0H2sN0x)

M. 1007.83

Crystal system, Triclinic, P1

space group

Temperature (K) 120

a, b, c (R) 8.7082 (4), 16.4279 (9), 19.4687 (9)
a, B, v (°) 83.918 (4), 83.792 (4), 84.635 (4)

Vv (R3) 2743.7 (2)

Z 4

Radiation type Cu Ka

M (mm1) 15.26

Crystal size (mm)

0.15 x 0.06 x 0.04

Data collection

Diffractometer

SuperNova, Dual, Cu at home/near, Atlas

For a sphere
CrysAlis PRO 1.171.40.53 (Rigaku Oxford Diffraction, 2019)

Absorption Spherical absorption correction using equivalent radius and

correction absorption coefficient. Empirical absorption correction using
spherical harmonics, implemented in SCALE3 ABSPACK scaling
algorithm.

Teniny Tmax 0.548, 0.583

No. of measured,
independent and
observed [I >

26(I)] reflections

38642, 10698, 7623

Rint 0.143

(Sin /0 )max (A1) 0.629

Refinement

R[F? >

2<[5(F2)], WR(F?), S 0.098, 0.274, 1.02
No. of reflections 10698

No. of parameters | 603

No. of restraints 3

H-atom treatment

H-atom parameters constrained

w = 1/[c2(F,2) + (0.1788P) + 16.4901P]
where P = (F.2 + 2F.2)/3

Apmax, Apmin (e A 3)

5.53, -3.76
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[HL™][FeCl4]

j121029_refinalized

Crystal data

Chemical formula

1.333(ClsFe)+1.333(CHCIs):Cas.667H33.333N2.66705.333

M.

899.25

Crystal system,
space group

Monoclinic, P2:/c

Temperature (K) 120

a, b, c (R) 12.5469 (5), 9.3433 (3), 25.4346 (11)
B (°) 101.837 (4)

Vv (R3) 2918.3 (2)

V4 3

Radiation type Mo Ka

M (mm1) 1.19

Crystal size (mm)

0.62 x 0.07 x 0.04

Data collection

Diffractometer

SuperNova, Dual, Cu at home/near, Atlas

Gaussian
CrysAlis PRO 1.171.41.99a (Rigaku Oxford Diffraction, 2021)

Absorption Numerical absorption correction based on gaussian integration

correction over a multifaceted crystal model Empirical absorption correction
using spherical harmonics, implemented in SCALE3 ABSPACK
scaling algorithm.

Teniny Tmax 0.464, 1.000

No. of measured,
independent and
observed [I > 26(1)]
reflections

70099, 7231, 6175

Rint 0.069

(Sin /0 )max (A1) 0.667

Refinement

R[F? >

Z(E(P)], WR(F?), S 0.059, 0.104, 1.21
No. of reflections 7231

No. of parameters 324

H-atom treatment

H atoms treated by a mixture of independent and constrained
refinement

Apmax, Apmin (e A 3)

0.57, -0.77
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NMR Spectra relevant to chapter 7

3,5,5-Trimethylhexanamide, L!

3500000
(3000000
(2500000
2000000
(1500000
1000000

[-500000

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5
1 (ppm)

1600000
1500000
1400000
1300000
1200000
1100000
1000000
900000
800000
700000
600000
500000

400000

300000
200000
100000

0

- T - T T T T T T
180 170 160 150 140 130 120 110 100 20 ] 70 60 50 40 30 20
f1 (ppm)

200



N,3,5,5-Tetramethylhexanamide, L?
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N,N,3,5,5-Pentamethylhexanamide, L3
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N,N’-(ethane-1,2-diyl)bis(N,3,5,5-tetramethylhexanamide), L*
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N,N’-(1,2-Ethanediyl)bis(2,2-dimethyl-N-methylpropanamide), L°
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N,N’-(Ethane-1,2-diyl)bis(N-methylbenzamide), L®
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N,N’-(Ethane-1,2-diyl)bis(pentafluoro-N-methylbenzamide), L®
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N,N’-(Ethane-1,2-diyl)bis(4-chloro-N-methylbenzamide), L°
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N,N’-(Ethane-1,2-diyl)bis(4-methoxy-N-methylbenzamide), L*°
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N,N'-(ethane-1,2-diyl)dibenzamide, L
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N,N'-(propane-1,3-diyl)dibenzamide, L2
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N,N'-(butane-1,4-diyl)dibenzamide, L*
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N,N’-(hexane-1,6-diyl)dibenzamide), L**
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N,N’-(1,3-phenylene)dibenzamide, L*°
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N,N’-(1,4-phenylene)dibenzamide, L*®
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N,N’-(1,2-phenylene)dibenzamide, LY’
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N,N’-(1,3-phenylene)bis(N-methylbenzamide), L8
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N,N’-(1,4-phenylene)bis(N-methylbenzamide), L*°

o I

A

4500

4000

3500

3000

2500

2000

1500

1000

500

||

T
5.0

45
f1 (ppm)

T
4.0

35

3.0

25

T

2.0

15

1.0

550

500

400

250

200

150

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

r
100
f1 (ppm)

T
a0

=50

217



N,N’-dimethyl-N,N’-diphenylsuccinamide, L*
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N,N’-(Ethane-1,2-diyl)bis(N-methylcyclohexanamide), L??
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Methyltrioctylammonium iodide, [MTOA][I]
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