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ABSTRACT. The recycling of metals from end-of-life secondary sources such as electronic waste 

remains a significant environmental and technological challenge currently detrimental to the 

development of circular economies. The complex nature of electronic waste, containing a myriad 

of different elemental metals, means that sophisticated yet simple separation methods need to be 

developed in order to recycle these valuable and often critical metal resources. In this work simple 
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primary, secondary, and tertiary amides are appraised as reagents that selectively transport gold 

from aqueous to organic phases in a solvent extraction experiment. While the strength of extraction 

of gold from single metal solutions is ordered 3o>2o>1o, the 3o and 2o amides are ineffective at 

gold transport from mixed-metal solutions of concentrations representative of smartphones due to 

the formation of a third, dense phase. Increasing the polarity of the organic phase can negate third 

phase formation but at the expense of selectivity. The identities of the species that reside in the 

organic and third phases have been studied by a combination of slope analysis, mass spectrometry, 

NMR spectroscopy, and computational methods. These techniques show that protonation of the 

amide L occurs at the oxygen atom, resulting in the protonated dimer HL2
+ which acts as a receptor 

for AuCl4
− to form dynamic supramolecular aggregates in the organic phase. The characterization 

of a tin complex in the third phase by X-ray crystallography supports these conclusions and 

furthermore, suggests the preference for the chelation of the proton by two amide molecules 

instead of the transport of hydronium into the organic phase and its subsequent use as structural 

template. 

INTRODUCTION 

Gold is an important metal that is increasingly prevalent in modern technologies such as those 

found in electronics, catalysis and medicines due to its chemical and physical properties.1-4 Much 

attention has been paid to the investigation of more efficient recovery and purification of gold 

due to the environmental and economic burden of recovering this scarce and sparsely distributed 

metal from primary sources, which requires energy- and emission-intense mining and separation 

processes.5 There has been a recent drive to recycle gold and other metals from secondary 

sources such as Waste Electrical and Electronic Equipment (WEEE),6 as this is a much more 

concentrated source of metals and could partly negate the high global-warming potential of gold 
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production.7 8 WEEE is recognized as the fastest-growing global waste stream (>5% annual 

growth) and comprises both critical and hazardous materials for which new separation and 

recycling technologies are required to provide impetus to global circular economy visions.9-13 

Currently around 90% of the world’s gold supply is derived from mining processes that exploit 

cyanidation. This process forms, through heap leaching, solutions of the water-soluble Au(CN)2
– 

complex, which is recovered from solution by precipitation, adsorption, and reduction.14 The 

environmental and safety concerns over cyanidation has led to recent studies on alternative 

leaching and separation methods,15 including the use of various combinations of oxidizing agents 

and organic solvents,16-19 oxidative mechanochemistry,20, electrochemical dissolution,21 and 

Metal-Organic Framework (MOF) – polymer composites.22-25. These methods often result in the 

dissolution of gold through the formation of the halometalate AuX4
−. Selective recovery of gold 

from aqueous solution has been achieved by co-precipitation of AuBr4
– with α-cyclodextrin as 

{[K(OH2)6][AuBr4](α-cyclodextrin)2}n, forming chains of these components through 

supramolecular hydrogen-bonding and electrostatic interactions, creating an insoluble crystalline 

material that can be separated from the bulk material by simple filtration.26 More recently, this 

system was applied to the recovery of gold from nanomaterials with life-cycle analysis indicating 

the application of this technology would reduce the environmental burden of gold nanoparticle 

synthesis.27  

An alternative chemical separation method is solvent extraction which involves the selective 

transport of a single metal from an aqueous mixture of metals into a hydrophobic (organic) phase 

through coordination and/or supramolecular chemical recognition.28 This scalable and 

economical method is used widely, producing high-purity metals in continuous flow with good 

materials balance.29 Gold and other platinum group metals (PGMs) are often recovered and 
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refined in flowsheets that exploit separation by solvent extraction.30 Here, the mixture of metals 

is first dissolved (leached) under oxidizing conditions in hydrochloric acid to form 

chloridometalates, MCln
m– which can be transported into a hydrophobic organic phase by 

protonatable reagents (L) to form organic-soluble, charge-neutral assemblies ([MCln(LH)m(L)y-

m]) (Eq. 1). It is important that these reagents have both selectivity for one chloridometalate over 

the others present, and over other anions, particularly Cl– as this is usually present in excess.31 

MCln
m– 

(aq) + y L (org) + m H+ (aq) ⇌ [MCln(LH)m(L)y-m] (org) Eq. 1 

We recently reported that the simple primary amide L1 (Figure 1) can strongly and selectively 

recover gold by solvent extraction from an aqueous mixture of metals representative of those 

found in WEEE.32 The use of this reagent offers significant advantages over current commercial 

gold extractants through enhanced selectivity, efficiency, safety and overall mass-balance. It was 

seen that the primary amide L1 extracts gold as supramolecular assemblies of the gold(III) 

chloridometalate AuCl4
– and combinations of L1 and H(L1)2

+, e.g. {AuCl4}4{H(L1)2}4(L1)6 as a 

result of enhanced hydrogen-bonding and Coulombic interactions in the hydrophobic medium.  

The efficacy of L1 in the recovery of gold by solvent extraction is unusual as the general use of 

primary amides has not been widely reported and only for the extraction of f-block elements.33 

This lack of use is possibly attributed to an assumed lack of solubility in the hydrophobic 

medium or of the presence of multiple classical N-H bonds that can competitively extract 

chloride ions. In contrast, secondary and tertiary amides are more commonly used in platinum 

group metal (PGM) and other chloridometalate extraction as, due to the incorporation of more 

alkyl substituents at the amide nitrogen atoms, an increase in the lipophilicity of the extractant is 

seen.28, 30, 34-36 The retention of the weakly basic amide functionality can provide diffuse, non-
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classical C-H interactions that preferentially interact with the diffusely charged metalate anions 

over the chloride ions present in solution.31  

Whilst expected to show enhanced selectivity for diffusely charged anions, multiply substituted 

secondary and tertiary amides can however exhibit poor phase-disengagement properties during 

the solvent extraction process, or be ‘too strong’ for gold recovery and not easily back-extracted 

to transfer the selected metalate into a fresh aqueous phase.14, 28 To investigate these issues, and 

to determine the importance of the availability of hydrogen-bond donors and acceptors on these 

reagents for effective gold separation, we have prepared and evaluated here simple secondary 

(L2) and tertiary analogues (L3) of the primary amide L1 (Figure 1). While the removal of N-H 

bonds should favor non-classical hydrogen-bonding interactions with metalates and therefore aid 

extraction, the decrease in available hydrogen-bond donors may impact on the ability of L2 and 

L3 to form assemblies to the same extent as the primary amide L1. 

 

Figure 1. Structures of the series of simple primary (1o, L1), secondary (2o, L2) and tertiary (3o, 

L3) amides. 

 

RESULTS AND DISCUSSION 

Characteristics of gold recovery by solvent extraction using L1 – L3 

The transport of gold from single-metal hydrochloric acid solutions of varying concentration into 

toluene solutions of the three amides L1-L3 was evaluated and shows a similar pattern for each 
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(Figure 2). As the concentration of HCl is increased, the amount of gold transported into the 

organic phase increases, reflecting an increasing propensity for the amides to become protonated 

and interact with the anionic metalates to form charge-neutral assemblies that are soluble in the 

organic phase. As the [HCl] increases further, the amount of gold in the organic phase decreases. 

This is a common feature of the transport of metalate anions in solvent extraction and is attributed 

to competing transport of chloride at much higher concentrations of HCl. 

 

Figure 2. Transport of gold from aqueous solutions of varying [HCl] into a toluene solution of L1, 

L2 or L3. Conditions: HAuCl4 (0.01 M) in 0-11 M HCl (2 mL) stirred with L (0.1 M) in toluene (2 

mL); phases contacted for 1 h at RT. 

The ability of the amides L2 and L3 to transport gold into the organic phase is greater than L1, 

with the secondary amide reaching high levels of gold loading at lower [HCl] and the tertiary 

amide able to maintain high extraction at higher [HCl]. DFT geometry optimization calculations 



 7 

were carried out in an attempt to rationalize these data. The formation of the receptor H(L)2
+ for 

AuCl4
− transport is 30.9 kJ mol-1 more thermodynamically favorable for L3 than for L2, and a 

further 56.0 kJ mol-1 more favorable for L2 than L1. As such, this feature may contribute to the 

increased levels of gold transport by the more substituted amides at low [HCl]. Further calculations 

indicate that association of a chloride ion with a single protonated amide monomer H(L)+ is 

significantly more favorable than association of a chloride ion to the equivalent protonated dimer 

H(L)2
+ for all three amides, suggesting that the O-H---O hydrogen-bonding interactions within 

H(L)2
+ are cleaved upon interaction with the chloride ion. The calculations indicate that this 

process is more thermodynamically favorable for less substituted amides, with the formation of 

[(HL)Cl] from H(L)2
+ being 51.8 kJ mol-1 more favorable for L1 than for L2, and a further 15.9 kJ 

mol-1 more favorable for L2 compared to L3. The difference in favorability of these interactions 

between primary, secondary and tertiary amides can account for the increase in [HCl] at which 

gold extraction begins to decline. 

Back-extraction (stripping) of gold-loaded organic phases using water 

An important feature of the use of L1 in the recovery of gold by solvent extraction is the ability to 

back-transfer (strip) the organic-loaded gold metalate into a fresh aqueous solution to favor the 

production of the high-purity metal through reduction. Similar to the primary amide L1 reported 

previously, the gold-loaded secondary L2 and tertiary L3 amide toluene solutions are also back-

extracted successfully using water, with 90% and 97% of gold transported into water on a single-

contact with water, allowing the recycling of the ligand solutions to load gold multiple-times 

thereafter. Back-transfer of gold from organic phases containing tertiary monoamides has been 

reported to be successful on contact with water, albeit not quantitative (ca. 60-70%) and in some 
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cases thiourea-HCl solutions were required for complete stripping of the gold from the loaded 

organic phase to be achieved.35-36 

Characterization of gold metalate assemblies in the organic phase 

The L:M ratio in the assemblies formed in the organic phase can be inferred by analysis of the 

slope of a linear plot of log D (D = distribution coefficient = [M](org)/[M](aq)) vs. log [L]. However, 

the usefulness of this plot is reliant on a single species being extracted, and that any amide not 

involved in the extracted species is independent of the assembly.30, 37 For the primary amide L1, 

these L:M ratios were shown to vary from 2.5 to 3.0 and were dependent on the initial metal 

concentration.32 Clusters of multiple amide and metalate units were identified in the organic phase, 

with these non-integer ratios indicating the presence of a mixture of species, or that surplus amide 

is interacting through hydrogen bonding to these supramolecular assemblies. Similarly, the slope 

analyses for the transport of Au(III), Fe(III) and Ga(III) with L2 and L3 also give a range of non-

integer gradients (ranging from 2 to 3), suggesting that both of these amides extract the metals in 

a similar way to L1 (Figure S1). 

The identity of the species formed in the organic phase was investigated by positive-ion ESI-

MS. While it is clear that mass spectrometry will only probe the nature of the organic-phase 

speciation indirectly, it has been shown that in tandem with other techniques, e.g. computational 

and NMR studies, the information it offers can help define the organic-phase solution structures 

obtained. Gold-loaded toluene solutions of L2 and L3 diluted in CH3CN were analyzed, and several 

gold-containing ions are seen. Previously for L1, the +ESI-MS spectrum revealed the presence of 

ions of the general formula [(AuCl4)n(HL1
2)(HL1)n-1]H

+, up to n = 4, comprising a basic unit of 

(AuCl4)(HL1
2)H

+, with higher m/z cations involving stepwise additions of (AuCl4)(HL1).32 No 

ions containing water or hydronium were detected, consistent with Karl-Fischer analyses of the 
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water-immiscible phases. The distinctive isotopic distribution pattern for each ion indicated that 

every gold atom retains four chlorides, consistent with the transport of AuCl4
– units through outer-

sphere interactions (i.e. no chloride substitution occurs). 

For gold-loaded solutions of L2 and L3, the mass spectra are similar to those of L1 (Figures S4 

and S5). The protonated dimer of the ligand is seen for each, with (HL2)2
+ at m/z 343 and (HL3)2

+ 

at m/z 371. While gold-containing ions of the form [(AuCl4)n(HL2)(HL)n-1]H
+ are seen for L2 and 

L3, clustered units containing more than one metalate are significantly less abundant than for L1. 

This suggests that the secondary and tertiary amides are less able to form supramolecular 

aggregates with AuCl4
− than the primary amide and is consistent with the removal of N-H 

hydrogen-bond donors, limiting the hydrogen-bonding interactions between the metalate and the 

amide receptors. 

The interactions between the amides L1, L2 and L3 and metalates were studied further using 

classical molecular dynamics simulations. Three simulations were run for a total of 10.2 ns for 

each of L1, L2 and L3, with each simulation comprising ten amides of which four were protonated, 

four AuCl4
− anions and an explicit toluene solvent, contained within a periodic box of side length 

60 Å (Figure 3); these ratios are derived from the slope analysis data and no water molecules were 

included (see later). In all simulations, bridging hydrogen-bonding interactions are seen between 

amides and multiple AuCl4
− anions, leading to the formation of supramolecular assemblies in 

which metalates are proximate to each other (Au…Au range 6.5 – 7.5 Å, Figure 4); these 

assemblies are stable for the duration of the simulation. 

For L1 and L2, all four metalates are assimilated into a single assembly in all three simulations, 

which once formed remain intact during the MD simulation runs. This contrasts with L3 in which 

a four metalate assembly is only seen in one out of three simulations, and even then only 
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transiently; clusters containing two or three metalate anions are more prevalent (see Figure 4 for 

an example cluster formed using L3). For a more detailed analysis, the total count of amide N 

atoms found within a 4 Å 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; the interatomic distance of 4 Å is typical of hydrogen-bonding 

interactions that are responsible for clustering (Table 1, see SI for further detail). 

 

Figure 3. Representative geometries from classical molecular dynamics simulations involving 

four AuCl4
− units (shown in van der Waal representation), toluene solvent, and ten units of either 

L1 (upper), L2 (middle) or L3 (lower), of which four are protonated. For clarity, toluene molecules 
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are omitted. Formation of a single assembly incorporating all four AuCl4
− anions can be seen in 

all simulations except for two of those involving L3. 

 

Figure 4. Example geometry of an assembly of AuCl4
−, L3 and H(L3)2

+ units obtained from a 

molecular dynamics simulation. See Figures S2 and S3 for typical clusters formed when using L1 

or L2. 

Table 1. The percentage of amide nitrogen atoms located within a distance of 4 Å from at least 

one chlorine atom, expressed with respect to the theoretical maximum number, over the course of 

three molecular dynamics simulations. 

 Simulation 1 Simulation 2 Simulation 3 

L1 66.0 66.2 62.5 

L2 47.9 43.3 43.0 
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L3 9.6 13.2 13.1 

 

These analyses indicate that the amide groups in L1 and L2 reside much closer to the metalate 

anions than the amide groups in L3. This can simply be attributed to N-H---Cl interactions, which 

are absent in the L3/AuCl4
− system. The presence of fewer hydrogen-bond donors in L2 compared 

to L1 is also reflected in the data. Overall the simulations suggest that the clusters formed by L2 

and L3 are more dynamic than the clusters formed by L1. This is consistent with the reduction in 

intensity of the ions formed for higher order assemblies in the mass spectra for gold transport by 

L2 and L3 compared to L1. 

Recovery of gold and other metalates from mixed-metal solutions by L1 – L3 

The larger gold uptake seen when using L2 and L3 compared to L1 would also be expected when 

carrying out extractions from a mixed-metal solution representative of an acidic leach stream 

obtained from WEEE. As such, metal transport from a mixture of Cu(II), Al(III), Zn(II), Ni(II), 

Fe(III), Sn(IV) and Au(III) in 2 M HCl into separate toluene solutions of L1, L2 and L3 (Figure 5) 

by solvent extraction was compared. 
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Figure 5. Concentration of metals transported into a toluene solution of L1, L2 or L3 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 HCl, 2 mL) for 1 h at RT.  

As before,32 the primary amide L1 transports gold selectively into the organic phase at 78 %, 

with minimal co-extraction of Fe(III) (3 %) and Sn(IV) (5 %). In contrast, the 2o and 3o amides L2 

and L3 transport markedly less gold than expected (23 % and 32 % respectively), and the other 

metals are also poorly transported. This lack of transport of any metal by L2 and L3 is surprising 

given the expected enhanced recovery of gold by the 2o and 3o amides over the 1o amide based on 

the gold-only study described above. However, inspection of the gold concentration in the raffinate 

showed that 76% and 81% of gold had been successfully removed from the mixed-metal feed by 

L2 and L3, respectively. Given this mass-balance discrepancy, a third phase was suspected to be 

forming but which could not be easily seen using small-scale (2 mL) solvent extraction 
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experiments. As such, the mixed-metal extraction experiments with L1, L2 and L3 were up-scaled 

(20 mL:20 mL aqueous:organic) in order to quantify and characterize any 3rd phases.  

 

Figure 6. Photographs of the disengagement of organic (upper), 3rd phase (middle) and aqueous 

(lower) phases after contact of a 2 M HCl mixed-metal solution with 0.1 M toluene solutions of 

(a) L1 (no third phase), (b) L2 and (c) L3. 

While no 3rd phase was seen in extractions involving L1 upon scale-up, approximately 1 mL of 

a well-defined, viscous 3rd phase formed at the aqueous/organic interface in experiments with L2 

and L3 (Figure 6). The 3rd 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 Fe and Sn, respectively 

(Figure 7). The 3rd phase formed when using L3 comprises Au (1.4 %) and Fe (98.6 %) only, with 

all Sn remaining in the aqueous phase. 

As Fe is the major constituent of these 3rd phases, an iron-absent mixed-metal aqueous solution 

was prepared to investigate if the presence of this metal was the trigger for 3rd phase formation. 

This proved to be the case for L3 as the Fe-free feed solution no 3rd phase is formed and 99% of 

the Au is extracted into the organic phase (Figure S6). In contrast, a 3rd phase remained is still 
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formed by L2, comprising 92% of the available Au and 15% Sn. Omission of both Fe and Sn from 

extractions by L2 results in a 3rd phase comprising Zn, Cu, and Au. This result is particularly 

surprising given that zinc and copper metalates are not extracted to any significant extent from the 

single-metal aqueous solutions.  

 

Figure 7. a) Percentage breakdown of metals transported by L1, L2 or L3 into the 3rd phase, organic 

phase, or remaining in the aqueous phase. b) Breakdown of metal composition in the 3rd phases 

formed by L2 and L3. 



 16 

 

Figure 8. Comparison of the performance of the extractants L2 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 HCl (20 mL) for 1 h at RT.  

To discount any concentration differences between the single-metal and mixed-metal aqueous 

feeds, extractions with 0.5 M L2 and L3 were undertaken, resulting in approximately five times 

more of the third phase being formed (Figure 8). Interestingly, at these higher concentrations of 

reagent, more gold is extracted to the third phase, whilst iron is now transported to the organic 

phase. The secondary amide also extracted more tin when its concentration was increased to 0.5 

M. 

Third phase characterization and insights into mode of action. 

During the experiments involving L3, colorless crystals formed at the aqueous/3rd phase interface 

which were isolated and studied by X-ray diffraction. The crystal data solve and refine as the 

octahedral dianionic metalate, [SnCl6]
2−, charge-balanced by two protonated amide dimers 

[H(L3)2]
+ (Figure 9, top). In contrast to previous studies on amidoamine reagents where five-, six-
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, and seven-membered intramolecular “proton chelates” form during metal transport,31, 38-40 L3 

instead forms a 2:1 assembly in which a proton is located between the amide oxygen atoms on 

neighboring molecules (O1---O2 2.426(2) Å), thus allowing charge-polarized C-H groups of the 

cation to interact with the charge-diffuse [SnCl6]
2− octahedron (Figure 9, bottom). These outer-

sphere interactions reinforce the findings from the +ESI-MS spectra which showed that [AuCl4]
− 

ions remain intact to form clusters with the amides through outer-sphere interactions only.  

 

 

Figure 9. Solid-state structure of [H(L3)2][SnCl6]. Top: [SnCl6]
2− charge-balanced by two H(L3)2

+ 

units. For clarity, all hydrogen atoms are omitted except H1 (displacement ellipsoids are drawn at 

50% probability). Bottom: Space-filling model of [SnCl6]
2− encapsulated by six protonated dimers 

through CH---Cl interactions (colors show equivalent symmetries). Close contact distances (Å): 
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Cl1-C2 3.670(4); Cl1-C15 3.791(2); Cl2-C11 3.774(3); Cl3-C1 3.404(2); Cl3-C1’ 3.628(2); Cl3-

C4 3.863(2). Total of 6 C(H)---Cl interactions below 4.0 Å. 

It is interesting that the solid-state structure of [H(L3)2]2[SnCl6] does not contain water. This 

concurs with the ESI-MS data for the metal-loaded organic phases that do not contain peaks in 

which hydronium is present, and also with Karl-Fischer measurements that imply that little water 

is transported into the organic phase during metalate extraction. These conclusions are perhaps 

surprising as the amide is only weakly basic (pKa of protonated amides −0.3 to −1.2),41 and 

consequently proton transfer from hydronium ion to the amide would be predicted to be 

unfavorable. Significantly, recent analysis of organic-phase ion-pair structures in solvent 

extraction experiments has shown that microhydration likely provides a pathway for enhanced 

thermodynamic stability of these structures through increased hydrogen-bonding interactions.42-43 

The exchange of N-H protons in organic amides is well studied due to its use as a method to 

understand the number and types of accessible amides in folded proteins.44 Proton exchange in 

amides can be acid- or base-catalyzed, with mechanisms for the acid-catalyzed pathway following 

either O- or N-protonation, with a strong tendency for initial amide-O protonation.45 Importantly, 

the protonation of amides has been studied by computational modelling,46-47 with gas-phase 

calculations providing a good approximation of the non-polar environment of the organic phase in 

a solvent extraction experiment,34 and the incorporation of a polar solvent continuum model 

approximating the aqueous phase. In the gas phase, spontaneous proton transfer from hydronium 

to the O-atom of the amide was favored by 30 kcal mol-1, whereas in a polar solvent environment 

this reduced to 2.5 kcal mol-1. As such, it is apparent that amides L1-L3 may become protonated at 

the amide O-atom in the organic phase, and that water, other than that implicit to the hydrated 

solvent, may not play a significant role in the assembly of the aggregated gold structures.  
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Attempts to characterize the liquid 3rd phases proved more difficult. ESI-MS studies show only 

ions of complex clusters comprising “FeCl” with varying proportions of L (Figures S7 and S8). 

Since the 3rd phases contain iron (which is paramagnetic), simple NMR experiments proved 

inconclusive. However, DOSY 1H NMR analysis of the third phase formed between 0.1 M L2 (in 

d6-benzene) and an Fe-absent mixed-metal feed (all other transported metals were diamagnetic) 

shows a broad peak correlating to the L2 alkyl chain with a diffusion rate much slower than 

benzene solvent (Figure S9 a); this is consistent with the presence of a viscous, potentially 

polymeric phase. In addition, all loaded organic phases display similar DOSY spectra to their 

analogous uncontacted organic phases, diffusing faster than the third phase and therefore are less 

aggregated. Diluting the 3rd phase in more polar solvents such as deuterated methanol (MeOD) 

results in a DOSY spectrum (Figure S9 c) similar to those of the uncontacted ligand (Figure S9 d) 

and the organic phase (Figure S9 b), suggesting the more polar solvents disrupt the molecular 

aggregation.  

The 1H NMR spectrum of a 3rd phase derived from L2 formed after contact with the iron-absent 

mixed-metal solution in MeOD, displays a singlet at 4.87 ppm that is consistent with water (Figure 

S9 c). Consequently, the concentrations of water in the 3rd phases were determined by Karl-Fischer 

analyses and compared with those of the organic phases (Table 2). The water content in an organic 

phase of L1 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.32 The metal-loaded 3rd phases have around five 

times more water than the metal-loaded organic phases, which may explain lack of solubility of 

the third phase. The concentrations of amide reagent in the 3rd phase were also determined by 

calibrated 1H NMR spectroscopy. In these cases, it is found that the approximate concentration of 

the amide L3 in a water-stripped 3rd phase is 1.15 mol L-1 whereas the loaded organic phase is just 
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0.04 mol L-1 (Table 2), i.e. the 3rd phase incorporates a significant quantity of the amide reagent. 

Loss of the amides into the 3rd phase points to potential aggregation between L3, Fe(III) and Au(III) 

and water. As described earlier, diminished clustering by L2 and L3 compared with L1 (which does 

not form a 3rd phase) may result in hydrogen-bonded clusters which are more porous, and hence 

are more able to aggregate into more extended, and dense, structures.48-49 

Table 2. Concentrations of amide and water determined for organic and third phases. 

Samplea Amide 

(mol L-1)b 

Water 

(ppm)c 

Water 

(mol L-1)c 

Uncontacted organic phase L1 0.10 209 0.012 

Loaded organic phase L1 0.07 746 0.041 

Uncontacted organic phase L2 0.10 273 0.015 

Loaded organic phase L2 0.03 456 0.025 

3rd phase L2 1.67 1064 0.059 

Uncontacted organic phase L3 0.11 202 0.011 

Loaded organic phase L3   0.04 453 0.025 

3rd phase L3 1.15 993 0.055 

a Samples taken from amide solutions in benzene. b Determined in triplicate by 1H NMR 

concentration using 1,4-dioxane as an internal standard; for amide concentrations the metal-loaded 

organic phase was back-extracted with H2O prior to NMR analysis to avoid interference by 

paramagnetic Fe(III). c Determined in triplicate by volumetric Karl-Fischer titration.   

With the exception of omitting Fe from the solvent extraction experiment using L3, omission of 

any other metal failed to negate 3rd phase formation using either L2 or L3. As aggregation is not 

observed by DOSY NMR spectroscopy when sampling the third phase in more polar solvents, 

solvent extraction experiments with 0.1 M L2 or L3 solutions in chloroform or 10% (v/v) 1-octanol 

in toluene were carried out. In these cases, no 3rd 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 
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compared with L1 with increased amounts of Sn (6-8%) and Fe (11-16%) extracted (Figure 10). It 

is likely that the enhanced polarity and hydrogen-bonding ability of these solvents compared to 

toluene could be the deconstructing aggregates formed in the 3rd phase. 

 

Figure 10. Concentration of metals loaded into toluene, chloroform, or toluene/octanol (10%) 

organic phases of L2 (top) or L3 (bottom) from a mixed-metal aqueous solution. Conditions: 0.1 
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M L in 10 % (v/v) octanol in toluene (2 mL) or chloroform (2 mL) stirred (500 rpm) with a mixed-

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

CONCLUSIONS 

Secondary and tertiary analogues (L2 and L3) of a simple primary amide (L1) have been shown to 

be excellent at transporting monoanionic chloridometalates from acidic single-metal solutions into 

a hydrophobic organic phase. As expected,35-36 the strength of this transport by solvent extraction 

follows the order 3o > 2o > 1o. The chemical mechanism of transport of AuCl4
− has been studied 

and it follows that protonation of the amides occurs, forming charge-diffuse receptors that display 

an enhanced preference to interact with the charge-diffuse monoanionic metalates than with the 

charge-localized chloride present in excess. Computational modelling suggests that the propensity 

of the amide series to form discrete clusters with multiple AuCl4
 ions diminishes as the NH 

donor sites are removed from the reagent, and this, along with the amide basicity, provides a 

rationale to the strength of extraction.  

While the single-metal experiments show that the 2o and 3o amides should transfer gold more 

effectively from a mixed-metal aqueous solution representative of WEEE to the organic phase, 

this is not the case as gold-concentrated third phases form when iron and tin are in high 

concentrations with L2 and when iron is present with L3. Exclusion of iron from the mixed-metal 

solution prevents third phase formation by L3, but the issue persists with L2. Third-phase formation 

can be circumvented by increasing the polarity of the less-polar phase using chloroform or by 

adding a modifier such as 1-octanol, albeit with a decrease in selectivity of separation. As such, 

the exploitation of these secondary and tertiary amides in gold recovery from WEEE by solvent 

extraction will depend strongly on the identity of the metals present in the WEEE feed stream. 

Also, losses of the amide reagents to the third phase and in some cases to the aqueous phase are 
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potential challenges. However, the ease of synthesis of these compounds from inexpensive and 

commercially available materials, and their strength and selectivity compared with other amide 

reagents are advantageous. 

The ability of the primary amide to promote the formation of molecular hydrophobic assemblies 

through the 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 which likely causes third-phase formation and which is only circumvented by the 

use of more-polar, hydrogen-bonding diluents. It is also interesting that water does not appear 

necessary to stabilize the structures of the molecular clusters seen in the organic phase, at least in 

the case of [H(L3)2]2[SnCl6], but clearly this may not be the case for other metal species; the proton 

necessary for charge-balance of the ion pair in [H(L3)2]2[SnCl6] is solely solvated by 

intermolecular hydrogen-bonding interactions with the O-donor atoms of the amides. This latter 

feature is similar to that seen previously in the extraction of anions by amidoamines,31, 38-40 and is 

supported by computational modelling of proton transfer between hydronium ions and amides.46-

47 However, this contrasts to recent work that showed that some lanthanide complexes and 

nitratometalates in the organic phase are microhydrated50-52 by defined amounts of water which 

acts as a supramolecular structural motif.42-43 While these solvent extraction mechanisms appear 

to have some similarities, it is clear that further experimental and computational studies are 

required to understand the significance of microhydration to the stability of metal complexes and 

assemblies that form in the organic phase and their relevance to the separation of metals by solvent 

extraction. 
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EXPERIMENTAL 

Materials and instruments. 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. The amide L1 was prepared according to the literature 

synthesis.32 All NMR spectra were recorded at 300 K unless otherwise stated. 1H and 13C spectra 

were recorded on a Bruker AVA500 spectrometer (1H: 500.12, 13C: 125.76 MHz). Elemental 

analyses were carried out by Stephen Boyer at the London Metropolitan University Elemental 

Analysis Service (London Metropolitan University, School of Human Sciences, Science Centre, 

29 Hornsey Road, London, N7 7DD). ESI FT-ICR MS measurements were recorded in positive-

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 SR1 build 362.7 (Bruker 

Daltonics). Ions were assigned manually. ICP-OES analysis was carried out on a Perkin Elmer 

Optima 5300DC Inductively Coupled Plasma Optical Emission Spectrometer. Samples in 1-

methoxy-2-propanol were taken up by peristaltic pump at a rate of 2.0 mL min-1 into a Gem Tip 

cross flow nebuliser and a glass cyclonic spray chamber. Argon plasma conditions were: 1500 W 

RF forward power, argon gas flows of 20, 1.4 and 0.45 L min-1 for plasma, auxiliary and nebuliser 

flow, respectively. ICP-OES calibration standards were obtained from VWR International or 

Sigma-Aldrich. 

Syntheses S1 of L1 (see ref. 32), L2, and L3 

N,3,5,5-tetramethylhexanamide, L2. 3,5,5-trimethylhexanoyl chloride (10 mL, 0.053 mol) was 

added dropwise to an aqueous methylamine solution (100 mL, 40 wt%) at 0 °C, and was stirred 

overnight at room temperature. The crude product was extracted into dichloromethane (100 mL) 
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and washed with water (3 x 80 mL). The organic phase was dried over Na2SO4 and the solvent 

removed under reduced pressure to give the title compound as a colourless oil (8.07 g, 89 %). 

1H NMR (500 MHz, CDCl3) δ: 6.32 (s, 1H, NH), 2.74 (d, 3H, N(CH3)), 2.15 (dd, 1H, CH2CO J 

=13.6, 5.9 Hz), 2.08 – 1.96 (m, 1H, CH(CH3)), 1.92 (dd, 1H, CH2CO J = 13.6, 8.3 Hz), 1.19 (dd, 

1H, CH2C(CH3)3 J = 14.0, 3.9 Hz), 1.05 (dd, 1H, CH2C(CH3)3 J = 14.0, 6.6 Hz), 0.91 (d, 3H, 

CH(CH3) J = 6.6 Hz), 0.85 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, CDCl3) δ: 173.42, 50.69, 46.39, 30.98, 29.95, 27.34, 26.08, 22.56. 

1H NMR (500 MHz, C6D6, ppm) δ = 6.16 (s, 1H, NH), 2.60 (d, 3H, N(CH3) J = 4.7 Hz), 2.27 – 

2.18 (m, 1H, CH(CH3)), 2.12 (dd, 1H, CH2CO J = 13.9, 6.1 Hz), 1.89 (dd, 1H, CH2CO J = 13.9, 

8.2 Hz), 1.29 (dd, 1H, CH2C(CH3)3 J = 14.0, 3.9 Hz), 1.08 (dd, 1H, CH2C(CH3)3 J = 14.0, 6.6 Hz), 

1.01 (d, 3H, CH(CH3) J = 6.7 Hz), 0.92 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, C6D6, ppm) δ: 172.42, 50.71, 46.09, 30.81, 29.84, 27.23, 25.69, 22.64. 

ESI-MS (m/z) C10H21NO [M+H]+, calcd. 172.169, found 172.169. 

N,N,3,5,5-pentamethylhexanamide, L3. 3,5,5-trimethylhexanoyl chloride (10 mL, 0.053 mol) 

was added dropwise to an aqueous dimethylamine solution (100 mL, 40 wt%) at 0 °C, and was 

stirred overnight at room temperature. The crude product was extracted into dichloromethane (100 

mL) and washed with water (3 x 80 mL). The organic phase was dried over Na2SO4 and the solvent 

removed under reduced pressure to give the title compound as a colourless oil (8.34 g, 85 %). 

1H NMR (500 MHz, CDCl3) δ: 2.94 (s, 3H, N(CH3)), 2.87 (s, 3H, N(CH3)), 2.20 (dd, 1H, CH2CO 

J = 14.6, 5.7 Hz), 2.11 (dd, 1H, CH2CO J = 14.6, 8.2), 2.08 – 1.99 (m, 1H, CH(CH3)), 1.22 (dd, 

1H, CH2C(CH3)3 J = 14.0, 3.8 Hz), 1.05 (dd, 1H, CH2C(CH3)3 J = 14.0, 6.5 Hz), 0.91 (d, 3H, 

CH(CH3) J = 6.5 Hz), 0.84 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, CDCl3) δ: 172.50, 50.84, 42.72, 37.41, 35.25, 31.04, 29.95, 26.84, 22.83. 
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1H NMR (500 MHz, C6D6, ppm) δ: 2.66 (s, 3H, N(CH3)), 2.28 (s, 3H, N(CH3)), 2.27 – 2.22 (m, 

1H, CH(CH3)), 2.04 (dd, 1H, CH2CO J = 15.1, 5.8 Hz), 1.91 (dd, 1H, CH2CO J = 15.1, 8.0 Hz), 

1.30 (dd, 1H, CH2C(CH3)3 J = 13.8, 3.9 Hz), 1.05 (dd, 1H, CH2C(CH3)3 J = 13.8, 3.9 Hz), 1.02 (d, 

3H, CH(CH3) J = 6.6 Hz), 0.92 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, C6D6, ppm) δ: 170.95, 50.90, 42.56, 36.14, 34.58, 30.88, 29.88, 26.63, 22.95. 

ESI-MS (m/z) C11H23NO [M+H]+, calcd.  186.185, found 186.1853. 

Solvent extraction procedures 

1. Extractions of metals from single-metal solutions of varying concentrations of aqueous 

HCl into toluene using amides L. The extractions were carried out using 0.01 M of the metal salt 

dissolved in varying concentrations of HCl (2 mL, 0-12 M) that were contacted with 0.1 M of L 

in toluene (2 mL) at 20 oC for 1 h with magnetic stirring. The concentrations of metals extracted 

into the organic phase were determined using ICP-OES by appropriate dilution of the solution into 

1-methoxy-2-propanol. 

2. Extractions of Au into varying concentrations of amide L in toluene from an aqueous 

AuCl4
− solution of constant [HCl]. The extractions were carried out using 0.01 M of HAuCl4 

dissolved in HCl (2 mL, 6 M) that were contacted with varying concentrations of L (0.001 – 0.100 

M) in toluene (2 mL) at 20 oC for 1 h with magnetic stirring. The concentrations of gold extracted 

into the organic phase were determined using ICP-OES by appropriate dilution of the solution into 

1-methoxy-2-propanol. 

3. Extractions of metals from an aqueous mixed-metal feed, representative of the 

concentrations of metals found in a standard mobile phone, into toluene using amides L. The 

extractions were carried out using an aqueous mixed-metal solution (containing Cu 1.5; Al 0.35; 

Zn 0.03; Ni 0.15; Fe 0.5; Sn 0.20; Au 0.001 mol L-1) dissolved in HCl (2 mL, 2 M) that were 
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contacted with 2 mL of 0.1 amide L solution at 20 oC for 1 h with magnetic stirring. The 

concentrations of metals extracted into the organic phase were determined using ICP-OES by 

appropriate dilution of the solution into 1-methoxy-2-propanol. 

Computational methods. Geometry optimization calculations were carried out for L, LH+ and 

AuCl4
– in various combinations using the Gaussian 09 program.53 The dispersion-corrected M06 

exchange/correlation functional was used throughout,54 due to the importance of dispersion 

correction in accurately predicting the strength of non-covalent interactions, which play a key role 

in the proposed mode of action of the extractant investigated in this study. The LANL2DZ 

pseudopotential/basis set was used for gold,55 with the 6-31+G* basis set being used for all other 

atoms. Structures were considered optimized when the forces and atomic displacements fell to 

within the program default convergence criteria. Classical molecular dynamics (MD) simulations 

were employed using the OPLS-AA force field with the software package LAMMPS.56 For each 

of amides L1-L3, three initial geometries, comprising four LH+, six L, and four AuCl4
– entities 

randomly distributed in a cubic simulation cell of length 60 Å, were constructed using Packmol. 

For AuCl4
– atomic charges were assigned as -0.25 on each of the chlorine atoms, zero on the Au, 

AuCl = 2.39 Å, ClAuCl = 90, with force constants of 400 kcal mol-1 Å-2 and 50 kcal mol-1 

deg-2, respectively. From each starting geometry, simulations were run under isothermal-isobaric 

(NPT) ensemble conditions, following a short equilibration period under canonical (NVT) 

ensemble conditions. Simulations were conducted at temperatures of 298 K, using the Nosé-

Hoover thermostat system to maintain constant temperature. The integration time step was set to 

1 fs, and time increments accrued using the standard Velocity-Verlet algorithm. In total, system 

dynamics were accrued for 10.2 ns, including 500 ps equilibration time. In each frame of each 

simulation, the number of amide nitrogen atoms within a distance of 4 Å of at least one chlorine 
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atom was counted. The total count over all frames of a simulation was divided by the theoretical 

maximum value (i.e. the number of frames in the simulation multiplied by 10) and multiplied by 

100 to give the average percentage of nitrogen atoms within the threshold distance of a chlorine 

atom at any given point in the simulation. 

X-ray Crystallography. Data were collected at 120.01(10) K on an Oxford Diffraction Excalibur 

diffractometer equipped with an Eos CCD detector using graphite-monochromated Mo-K 

radiation (λ = 0.71073 Å). Structures were solved using ShelXT direct methods or intrinsic phasing 

and refined using a full-matrix least square refinement on |F|2 using ShelXL.57 All programs were 

used within the Olex suites.58 All non-hydrogen atoms refined with anisotropic displacement 

parameters. H-atom parameters were constrained to parent atoms and refined using a riding model 

except H1 which was located in the difference Fourier map and refined with isotropic displacement 

parameters. 
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