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It has long been claimed that the anion of the DES or IL is critical for controlling the redox properties of
metal ions. In this study we investigate the effect of different salt anions on the copper redox properties
and speciation, and compare that with the effect of the different solvent anions, when a single copper
salt is used in a range of solvents. It is shown that the effect of the solvent anion is much more
significant than that of the salt anion on the redox properties. It is also found that copper species remain
the same copper tetrachloride species despite the starting salt. An exception is seen for the copper(i)
salt, which makes linear dichloride species, as well as the copper(i) acetate system, which displays
concentration dependence. When the anion of the ionic liquid is changed, the copper species change
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correspondingly with the coordinating strength of the solvent anion, leading to a greater difference in
redox response, which is due to the different species present. Thus, these speciation differences can be
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1. Introduction

Ionic liquids (ILs) and deep eutectic solvents (DESs) have often
been described as designer solvents, as through judicious
choice of cation and anion, they have the potential to be
tailored to specific applications due to the wide variety of metal
complexes that can be formed."” The speciation, and hence
reactivity, of these metal complexes is generally determined by
the anionic component of the IL or DES,® except when signifi-
cantly stronger ligands such as cyanide are already present on
the starting metal salt,” or when the metal ion has an oxophilic
character.'®™" In certain cases when the hydrogen bond donor
(HBD) component of the DES is strongly coordinating, this can
result in metal complexes being precipitated, such as nickel
ions in the presence of oxalate, or lead ions in the presence of
lactate."” The use of ILs or DESs containing anions with greater
coordination strength often results in metal complexes with
higher stability constants, hence greater electrodeposition over-
potentials are often required to electrowin metals from such
solutions. This phenomenon is more commonly seen in aqu-
eous plating baths, where strongly coordinating additives must
be added to the solution to obtain the desired electrochemical
properties.  These  additives include = ammonia,"*"*

ethylenediamine,' chloride,">'® citrate,"”'® glycine,'**° and
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used to modify the redox potentials in the solution.

cyanide*>*? among others. One of the major benefits of using

ILs or DESs instead of aqueous systems is that the desired
ligands are naturally present in high concentrations as part of
the solvent formulation, and do not have to compete with the
55.6 mol dm > water content in aqueous systems. Therefore,
detrimental side reactions due to (oxy)hydroxide chemistry can
be avoided.”

There is inevitably a small amount of water present in ILs
and DESs when exposed to atmospheric conditions because of
the hygroscopic nature of these solvents. However, the presence
of small amounts of water (<10 wt%) in traditional ILs and
DESs have generally been found to not affect the speciation or
the redox behaviour of the metal ions,*®® instead mainly
affecting the physical properties of the solvent, e.g. viscosity,
conductivity, and density,>’° along with electrochemical
stability.>’ Above ca. 30 to 40 wt% water content, the DES
matrix breaks down to form an aqueous solution of DES
components.** Recently, systems formed from calcium chloride
hexahydrate and ethylene glycol have been investigated, and
remarkably, were found to have similar physicochemical prop-
erties to a DES formed from choline chloride and ethylene
glycol.*** In each of the solvent compositions investigated,
copper, cobalt, and iron chloride complexes were present,
despite the significant proportion of water in these systems -
ranging from 17.5 to 24 kg mol . This behaviour was proposed
to be due to the water and ethylene glycol molecules being
tightly solvated to the calcium cation.

Copper was selected as the model system to investigate as it
has simple and well-defined electrochemical behaviour, and
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has been characterised in a wide range of IL and DES systems,
with and without the presence of water.>*>*33*737 In this work,
we aim to determine how the anion initially present on the
copper salt affects copper redox behaviour and speciation in
two eutectic systems made from EG:ChCl and CaCl,-6H,0:EG.
Following this, the effect of solvent anion will be compared in
six imidazolium-based ionic liquids, which were selected to
have a range of anions of different coordination strength, and
to also be suitable for use with ferricyanide as the internal
standard.*® These anions were acetate (OAc ™), tetrafluoroborate
(BF, "), chloride (Cl™), dicyanamide (DCN "), hydrogen sulphate
(HSO, ), and thiocyanate (SCN ).

2. Experimental

The solvents were prepared by the following methods. Choline
chloride (ChCl) (Acros Organics, 99%) was mixed with the
hydrogen bond donors (HBDs) in a molar ratio of 2:1
HBD:ChCl for ethylene glycol (EG) (Fisher, 98%), formic acid
solution (Fisons, 90%), lactic acid solution (Fisher, 88%), and
glycolic acid (Alfa Aesar, 98%), or in a molar ratio of 1:1
HBD:ChCl for glutaric acid (Aldrich, 99%), malonic acid (Alfa
Aesar, 99%), and oxalic acid dihydrate (Alfa Aesar, 98%). This
was followed by heating and stirring at 80 °C until a homo-
genous liquid was formed. The calcium chloride system
was formed by mixing ethylene glycol and CacCl,-6H,0
(Fluka, >97%) in a molar ratio of 1: 1 CaCl,-6H,0:EG, followed
by heating and stirring at 50 °C until a homogenous liquid was
formed. The lower temperature was required to prevent solvent
decomposition through water loss. The ionic liquids were all
purchased from IoLiTec, with purities of > 98%, and used as
received.

Copper(n) acetate (Aldrich, 98%), copper(n) bromide
(Aldrich, 99%), copper(u) chloride anhydrous (Fluorochem,
98%), copper(un) nitrate trihydrate (Sigma-Aldrich, 99%),
copper(u) sulphate anhydrous (Scientific & Chemicals, 98%),
and copper(i) thiocyanate (Hopkin & Williams, 98%) were
dissolved in EG:ChCl or CaCl,-6H,0O:EG to make solutions of
0.02 mol dm™* concentration.
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Cyclic voltammetry (CV) measurements of the copper salt-
containing solutions were measured using an IVIUMnSTAT
multichannel potentiostat/galvanostat, together with the
corresponding Ivium software. A 3-electrode set-up was used,
consisting of a 0.5 mm diameter Pt-disc working electrode, a Pt-
flag counter electrode, and an aqueous 3.0 M KCl silver chloride
reference electrode. The recorded data were then referenced
to an internal standard of the [Fe(CN)s]>*~ redox couple so
that direct comparisons could be made between the different
solvents.®® Data were measured at 20 °C, with a scan rate of
20 mV s~'. Formal electrode potentials were obtained from
taking an average of oxidation and reduction onset potentials,
and then applying the Nernst equation to correct for small
changes in concentration and temperature.*”

UV-vis spectroscopy was carried out using a Mettler Toledo
UV5 Bio spectrometer using the same 0.02 mol dm > concen-
tration solutions as for the voltammetry measurements. The
cuvettes were 0.1 mm quartz glass slides.

3. Results and discussion
3.1 Effect of salt anion

Cyclic voltammetry of the six different copper salts dissolved in
EG:ChCl (Fig. 1a) displayed very little change in redox beha-
viour for either the Cu*"* redox couple (+0.333 V = 0.006 V vs.
[Fe(CN)¢]?"*7) or for the Cu"® redox couple (—0.377 V =+
0.011 V vs. [Fe(CN)¢]> 7). The electrochemical window of
stability for the Cu’ species is ca. 0.7 V for all systems,
indicating that the presence of these additional anions are
not affecting the stability of Cu" in solution, either by increas-
ing or decreasing the complex stability, i.e. the Cu’ species are
consistently [CuCl,]™ across all systems. Small changes in the
electrodeposition potential of copper are more likely related to
how the salt anion impacts copper nucleation behaviour, rather
than altering the complex stability of the copper species in
solution. Slight changes were observed between the first scan
and any subsequent scans, as would be expected after an
alteration to the substrate (Fig. S2, ESIt).
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Fig. 1 Cyclic voltammograms of the different copper salts (each 0.02 mol dm~3) in: (a) EG:ChCl, and (b) CaCl,-6H,O:EG at a 0.5 mm diameter Pt-disc,

referenced to the [Fe(CN)gl®> /4~ redox couple, with a scan rate of 20 mV s™%

. Temperature = 20 °C. CVs offset for clarity. Presented data is the first scan.

Note that CuSCN in CaCl,-6H,O:EG is on a different scale to the other systems.
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Fig. 2 Redox potentials obtained from the different copper salts (each 0.02 mol dm~3) in: (a) EG:ChCl, and (b) CaCl,-6H,0:EG, presented as a function
of salt anion. All potentials were corrected for small changes in concentration and temperature using the Nernst equation, and referenced to the

[Fe(CN)el*"*~ couple.

In the CaCl,-6H,O:EG system (Fig. 1b), the voltammetric
behaviour of the copper salts is comparable to EG:ChCl. The
main difference is a cathodic shift of ca. 0.3 V between the two
solvents, which could either be due to different copper species
being present in CaCl,-6H,0:EG due to the high water content
of 21.3 mol kg™", or more simply due to the presence of a
substantial liquid junction potential. The redox potentials are
Cu®>”" = +0.069 V £ 0.001 V, and Cu"® = —0.630 V + 0.025 V,
both vs the [Fe(CN)s]* "~ redox couple. Of all the copper salts,
CuSCN had the greatest difference in the copper deposition
potential at an apparent value of —0.571 V, which may in part
be an effect of the poorer solubility of this salt (Fig. 2). This is in
contrast to the redox behaviour after CuSCN was dissolved in
EG:ChCl, where the redox couples have similar electrode
potentials to the other salts investigated. Additionally, a sig-
nificant change in current density was observed, most likely
related to the poor solubility of CuSCN in CaCl,-6H,0:EG, as
this solution was observed to be cloudy (Fig. S1b, ESIt). If the
value obtained for CuSCN is excluded, the average Cu*’°
potential in CaCl,-6H,0:EG is —0.642 V + 0.004 V.

UV-vis spectroscopy was carried out on 0.02 mol dm™

redox

3

solutions of the copper salts in the two solvents. Fig. 3 shows
that for both EG:ChCl and CacCl,-6H,0:EG, the copper species
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present is [CuCl,]>”, except for the CuSCN system where
[CuCl,]™ is known to be present.® This is despite the visual
differences in colour between the concentrated solutions. For
example, copper(u) acetate in EG:ChCl is a green colour (Fig.
Sia, ESIt), which would usually indicate the presence of a
mixed chloride-acetate complex, or the presence of a mixture
of copper chloride and acetate species. Slight cloudiness was
observed after dissolution of CuSO, in CaCl,-6H,0:EG, and
significant cloudiness was observed for the corresponding
CuSCN system, either due to poor solubility of the copper salt,
or due to complexation of the copper salt ligand with some
component of the solvent, most likely the Ca>" ion. As a major
component of the CaCl,-6H,0:EG system is water, the solubility
values of potential precipitating species in water are compared.
For the CuSCN system, the most likely identity of the solid
species is insoluble CuSCN, as the solubility of this species in
water at room temperature is 4.1 x 10~® mol kg~ ".*® For the
CuSO0, system, it is more likely that CaSO, is present (solubility
of <0.05 mol kg *),*" rather than undissolved CuSO, (solubi-
lity of >1 mol kg '). While the molar extinction coefficient
values for the spectra of these two systems are much smaller
than for the other investigated systems, the spectra still corre-
spond to the presence of copper chloride complexes. In the
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Fig. 3 UV-vis spectra of the different copper salts in: (a) EG:ChCl, and (b) CaCl,-6H,O:EG.
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EG:ChCl system, the average absorbance maxima for the
[CuCl,)*~ species are 239.4(4), 291.5(2), and 406.1(4) nm, while
absorbance maxima for the corresponding CacCl,-6H,0:EG
systems are present as a shoulder at ca. 238 nm, along with
peaks at 279(1) and 390.1(6) nm (Table S1, ESIt). This differ-
ence in absorbance maxima of 5 to 16 nm between the two
solvents is indicative of a change in the solvation environment
of the metal complex - in this case, the difference between a
solvation environment of ethylene glycol and a solvation
environment of a mixture of ethylene glycol and water. There
is only minimal difference between the spectra of the different
copper salts, indicating that the salt anion is not having an
effect on copper speciation in solution. Therefore, any differ-
ences in redox potential must be related to anion-substrate
effects rather than any changes in copper speciation. When
considering the [CuCl,]™ species, in EG:ChCl absorption max-
ima are present at 269.8 and 406.4 nm, whereas in CaCl,-
6H,0:EG they are present at 263.8 and 391.4 nm. This is a
solvatochromic shift of 6 to 15 nm, indicating that this species
is also affected by the change in the solvation environment.

3.2 Effect of solvent anion

Having confirmed that salt anion generally does not affect
speciation or electrochemistry of the Cu®*'/* or Cu"® redox
couples in DES media based on EG:ChCl and CaCl,-6H,0:EG,
solutions of copper(u) chloride were made up in a range of
imidazolium-based ILs with anions of different coordination
strength, including acetate (OAc™), tetrafluoroborate (BF, ),
chloride (Cl7), dicyanamide (DCN"), hydrogen sulphate
(HSO, ), and thiocyanate (SCN ™). From the substantial differ-
ence in UV-vis spectra between these systems, it is clear that a
wide range of species form (Fig. 4, Table S2, ESIt). Images of
these solutions are presented in Fig. S4 (ESIt), where it is
shown that for the case of [C,mim][BF,] there is a precipitation
of copper, which indicates poor solubility of copper(u) chloride
in this system.
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S 6000 ——[C,mim][HSO,]
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Fig. 4 UV-vis spectra of copper(in) chloride dissolved in six different
imidazolium-based ILs. The corresponding spectrum for EG:ChCl is
included for comparison.

This journal is © the Owner Societies 2023
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In the liquids with weak anions such as tetrafluoroborate,
mixed anion-chloride complexes are known to be present,
whereas in the liquids with more strongly coordinating anions
(acetate, chloride, dicyanamide, and thiocyanate) metal com-
plexes with the solvent anion only form. For example, it is
known that [Cu(NCS),(SCN)]™ forms in [C,mim][SCN], and that
[CuCly]” is present in [Cemim][Cl].® In the [C;mim][DCN]
system, a copper-dicyanamide complex is predicted to be
present, as the UV-vis spectrum shows a characteristic peak at
ca. 366 nm.*® If a mixed chloride-dicyanamide complex was
present, a red-shift of this maximum would be expected, as
observed for copper(n) species in tetrahexylammonium
dicyanamide.”” The dicyanamide ligands are most likely coor-
dinating through the terminal nitrogen moieties, rather than
the central one,”** with the possibility to act as bridging
ligands to form multinuclear complexes or a polymeric
structure.

The spectra of CuCl,-2H,0 and Cu(OAc),-H,O dissolved in
[C,mim][OAc] are almost identical, indicating that the species
present are almost entirely coordinated to acetate (Fig. S3,
ESIt). Absorbance maxima are present at 352 nm in both
systems, but the longer wavelength absorbance relating to the
d-d transition is at 667.5 nm for the chloride salt, compared to
659.5 nm for the acetate salt, meaning that there are slight
solvation differences between the systems. In [C;mim][OAc] the
blue copper acetate solution displays an absorbance maximum
at 630 nm, whereas in a tetraalkyl phosphonium liquid, max-
ima are present at 370 nm and 690 nm.*® Metal acetate
complexes are able to form dimers, as in the case of copper
acetate dissolved in ethanol, with absorbance maxima at 250,
375 and 658 nm,"” suggesting the possibility of copper acetate
dimers also being present in [C,mim][OAc], and potentially also
in other ILs with the acetate anion.

Cyclic voltammograms were recorded in these imidazolium-
based ILs (Fig. 5), confirming that the different copper species
present have different electrochemical behaviour. In the case of
[C;mim][DCN] and [C,mim][SCN], the Cu*""* and Cu*°® redox
couples are well-resolved, as seen in the case of EG:ChCl. There
are, however, larger copper electrodeposition overpotentials in
the ILs, indicating that thiocyanate and dicyanamide are more
tightly complexed to the copper(1) ions than chloride. Interest-
ingly, the relative redox potentials for the Cu*""* couple would
tend to suggest that the copper(u) dicyanamide complex is more
reactive than either the [CuCl,]>~ or copper(n) thiocyanate
complexes, which themselves have similar redox potentials.
Supporting the claim that the anion controls speciation and
electrochemical properties of the metal ion, the voltammetry of
CuCl in [C,mim][DCN] on glassy carbon can be compared to
[C;mim][DCN]. The Cu*"* and Cu'® redox couples are well-
defined, with a copper(1) species stability window of ca. 1V,
similar to the present work.*®

Physical properties of the ILs can also affect electrochemical
responses of the systems, as seen for [C,mim][HSO,] and
[Cemim][Cl], which are the most viscous liquids (464 and
18089 mPa s, respectively).**>° A high solvent viscosity hinders
mass transport to and from the electrode surface, resulting in

Phys. Chem. Chem. Phys., 2023, 25, 4854-4861 | 4857
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Fig. 5 Cyclic voltammograms of copper salts in EG:ChCl and six ILs at a Pt-

was normalised to remove any current effects due to the different solvent
Presented data is the first scan.

the large electrodeposition overpotentials for copper relative to
the other systems, along with a broadening of the anodic
processes. Raising the temperature decreases solvent viscosity,
and hence improves mass transport. At 102 °C, voltammetry of
copper in [Cgmim][Cl] shows well-resolved redox couples, again
with a separation of ca. 1 V.>' Regarding the other ILs investi-
gated in the present work, [C,mim][OAc] has a viscosity of
162 mPa s at 25 °C, while the remainder all have viscosity values
in the range 24 to 37 mPa s,>>*>*® which are comparable to the
EG:ChCl and CaCl,-6H,O:EG systems (37 and 40 mPa s,
respectively).>*>*

In the case of [C,mim][BF,] and [C,mim][OAc], complex
electrochemistry is observed. The tetrafluoroborate anion is
poorly coordinating, resulting in an insufficiency of suitable
ligands to coordinate to the copper ions and maintain their
stability and solubility in solution. This may cause copper salt
precipitates at the electrode surface, which could be the cause
of the complex anodic electrochemical behaviour. To counter-
act this issue, [C,mim][BF,] is commonly used with the addi-
tion of “free” chloride to help stabilise metal ions in
solution.*® For [C,mim]OAc], two potential issues arise, as
acetate is electroactive and there is also the possibility of copper
acetate dimers being formed. This resulted in multiple reductive
and oxidative processes that could not easily be assigned. In an
acetic acid-methanol mixture, copper acetate dimers could be
partially reduced to form purple mixed valence Cu(u)Cu(i) acetate
complexes.”” Voltammetry of this system showed two reductive
processes; an initial broad reduction, followed by electrodeposition
of copper. On the reverse sweep, three oxidative processes were
present, which were suggested to be oxidation of metallic copper to
a Cu(1)Cu(1) complex, formation of the mixed valence complex, and
formation of the fully oxidised Cu(um)Cu(u) acetate species. While the
present investigation in [C,mim][OAc] shows a different arrange-
ment of the redox processes, the underlying identities are likely to
remain the same.

3.3 Effect of hydrogen bond donor

An alternative source of different electrochemical behaviour
involves the type of HBD present in a DES system, as these can
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disc working electrode, with a scan rate of 10 mV s~. The current density
viscosity values. CVs are referenced to the [Fe(CN)gl* 4~ redox couple.

change the physical and chemical properties of the solvent, as
well as being able to act as complexing agents.®'%%8 Uy.vis
spectra of copper chloride in a selection of DESs containing
HBDs with different pK, values show that copper speciation is
generally unaffected by the choice of HBD, except in the cases
of the oxalic acid system where the precipitation of copper
oxalates took place above 0.01 mol dm 3, and in the urea
system where ammonia formation results in the formation of
blue copper-ammonia complexes. Images of these solutions
are shown in Fig. S4 (ESIt), with absorbance maxima values
shown in Table S3 (ESIT). Even in a solution of fresh Urea:ChCl
there is a small presence of non-chloride coordination, as seen
by the difference in UV-vis spectra compared to all the other
DESs (Fig. 6). The average absorbance maxima are 241(1) nm,
290(5) nm, and 405(1) nm. It should be noted that the shortest
wavelength absorbance is not detectable in the most acidic
DESs due to no signal below 250 nm. The greatest solvatochro-
mic shifts were seen for the oxalic acid and urea systems, which
are also the most coordinating towards both the copper ions
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FomicA: ChCl

——— GlycolicA: ChCl
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Fig. 6 UV-vis spectra of copper(i) chloride in 10 different choline
chloride-based DESs.
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Fig. 7 Cyclic voltammograms of copper(i) chloride (0.02 mol dm™3) in
the 8 different DESs at a 0.5 mm diameter Pt-disc, referenced to the
[Fe(CN)gl*> /4~ redox couple, with a scan rate of 20 mV s~ Temperature =
20 °C. CVs are offset for clarity, with EG:ChCl included as a comparison.
Presented data is the first scan.

and also to the chloride.’® Based on these spectroscopic data
showing very little change in copper speciation, it would be
reasonable to assume that there would also be very little change
in the Cu®”* redox potentials in the different solvents. If
speciation alone is affecting the redox potentials, the greatest
variation would be expected for the urea and oxalic acid
systems. This, however, was not the case.

Voltammetry of these solutions shows that both the Cu
and Cu™® redox couples are present and stable in all liquids
(Fig. 7), although the Cu™® couple is poorly resolved in the
systems with the most acidic HBDs due to solvent decomposi-
tion via hydrogen evolution at the Pt-disc working electrode. As
the pKka of the HBD becomes smaller (more acidic), the
potential window of stability of the DES contracts, as shown
by the blank CVs in Fig. S5 (ESIt). Interestingly the type of HBD
has a greater impact on the relative redox potentials of both
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Fig. 8 Redox potentials plotted as a function of HBD pK,. Values cor-
rected for temperature and concentration using the Nernst equation.
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redox couples than would be predicted from the effect of copper
speciation alone. Fig. 8 shows the values of the Cu**/* and Cu'’°
redox couples for the different DES systems in relative acidity
order of the HBDs. For the Cu?*"'* couple, there is a difference of
up to 0.6 V between the different solvents, while for the Cu*®
couple there is a difference of up to 0.4 V. This is approximately
a 40 to 60 k] mol " difference in complex stability between the
neutral EG:ChCl and the most acidic OxA:ChCl systems. The
copper redox potentials in the DESs formed of formic, glycolic,
and lactic acids have similar values to each other. More
specifically, the average redox potentials for the Cu™ couple
is —0.620 V = 0.040 V and for Cu®"" it is 0.064 V + 0.042 V.
Remarkably, the water content of the DES does not seem to play
a major role in the redox properties of the copper redox
couples, as the systems containing the greatest amount of
water, OxA:ChCl (ca. 13.55 wt% water) and LacA:ChCl (11.4 wt%
water), have very different redox potentials to each other.

4. Conclusions

The effect of the anion on the redox properties of copper ions in
six ILs with different anions and two eutectic systems was
investigated. The changes in the redox potential of the Cu*"*
and Cu™° redox couples of six different copper salts in the
EG:ChCl and CaCl,-6H,0:EG systems were negligible. Minimal
differences were observed between the UV-vis spectra of the
copper(u) salts, with the wavelengths of the absorbance maxima
varying by < 2 nm between the different salts. This leads to
the conclusion that the anion of the salt is not affecting
the speciation of copper(u) ions in solution. While there is a
solvatochromic shift between the EG:ChCl and CaCl,-6H,0O:EG
systems of 10 to 20 nm, speciation remains quite similar
despite the large differences in the water content between the
two different DESs.

Regarding the investigation of the copper(u) chloride in a
range of imidazolium-based ILs with different anions, it was
confirmed that there are some remarkable differences at the
species formed, corresponding to different electrochemical
responses. The electrochemical behaviour of these systems
can also be affected by the physical properties of the ionic
liquids, especially in the case of [C,mim][HSO,] and
[Cemim][Cl], which are the most viscous liquids. Generally,
electrochemistry in DESs is simpler than in ILs because of
lower viscosity and fewer electroactive anions being present,
such as acetate or hydrogen sulphate. Therefore, this study has
shown that the effect of the anion on the starting salt is a lot
less important for the redox potentials than the anion present
in the solvent, as this solvent anion controls metal ion specia-
tion. This offers the ability to use almost any starting salt in a
DES (excepting particularly strong ligands such as cyanide) and
retain the same electrochemical behaviour.

The effect of HBD type was also investigated, and it was
found that while the copper speciation remained very similar
across the range of DESs investigated, the relative redox poten-
tials changed with the pKa value of the HBD. As the system
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became more acidic, the Cu*® redox potential shifted more
anodic, and the Cu®""* redox potential shifted more cathodic.
The potential difference between the neutral EG:ChCl system
and the most acidic OxA:ChCl system is up to 0.6 V.
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