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The application of ionic liquids for the dissolution of metal
oxides is a promising field for the development of more energy-
and resource-efficient metallurgical processes. Using such
solutions for the production of valuable chemicals or electro-
chemical metal deposition requires a detailed understanding of
the chemical system and the factors influencing it. In the
present work, several compounds are reported that crystallize
after the dissolution of copper(ll) oxide in the ionic liquid [Hbet]
[NTf,]. Dependent on the initial amount of chloride, the reaction
temperature and the purity of the reagent, copper crystallizes in

1. Introduction

Metal oxides play a significant role in many industrially
important processes. On one side, they are employed as starting
materials in terms of ores, earths and minerals used for metal
production. These conventional processes typically use temper-
atures around 1000 °C, making the production of the respective
metal very energy-consuming and CO,-emitting due to the
prevalence of fossil fuels." On the other side, metal oxides
appear as waste in many industrial processes.”™ The recovery
of these important resources is conventionally realized by
hydrometallurgical processing, generating large amounts of
contaminated waste water.®

A currently investigated approach to overcome these
problems is the application of reusable non-aqueous solvents
such as ionic liquids (ILs)”™ or deep-eutectic solvents
(DESs).">"#! Referring to hydrometallurgy, we suggest the term
ionometallurgical processing for metal extraction by means of
ILs and DESs.
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complexes with varying coordination geometries and ligands.
Subsequently, the influence of these different complex species
on electrochemical properties is shown. For the first time,
copper is deposited from the ionic liquid [Hbet][NTf,], giving
promising opportunities for more resource-efficient copper
plating. The copper coatings were analyzed by SEM and EDX
measurements. Furthermore, a mechanism for the decomposi-
tion of [Hbet][NTf,] in the presence of chloride is suggested and
supported by experimental evidence.

A detailed overview about the dissolution of metal oxides in
ILs and DESs is given in a recent review,”” whereas only a few
important examples will be mentioned here. While DESs are
cheaper to produce and less toxic than ILs, their dissolution
abilities have not yet been able to match those of ILs.?”
Although ILs can be toxic and can require considerable effort in
their production, they are regarded as green solvents. This is
due to their negligible vapor pressure, preventing inhalation
and diffusion into the atmosphere. Their non-flammability
contributes to safe handling. Furthermore, ILs enable many
reactions that do not happen in other solvents.”™ Thus, they are
promising chemicals for developing greener, more resource-
and energy-efficient processes.

First dissolutions of metal oxides were reported in chlor-
oaluminate ILs, formed by the mixing of an organic salt and
AICI,.'>?% These ILs are suitable to provide strong interactions
to metal atoms, hence supporting the dissolution of the oxides.
However, the hygroscopic AICI; causes the ILs" decomposition
in the presence of air and moisture.” In order to overcome this
disadvantage, air-stable ILs with discrete anions, such as bis-
(trifluoromethylsulfonyl)imide ([NTf,]”), were applied. As these
anions are typically weakly coordinating, the interactions to
metal atoms supporting dissolution have to be provided by the
cations of the ILs or by additives.""* As the potential of
conventional ILs in this field is limited, task-specific ILs (TSIL)
were applied to the dissolution of metal oxides. These are often
air- and water-stable ILs featuring a functional group, e.g. a
carboxyl group that can be deprotonated to a chelating
ligand.”’ Moreover, their protons can form water with the
oxygen of the metal oxide. Different carboxyl®® as well as
sulfonic,®" sulfamic® or alkylsulfuric® acid-functionalized TSIL
were reported, whereby even rather inert metal oxides could be
dissolved.
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An example of TSILs, intensively studied in recent research,
is betainium bis(trifluoromethylsulfonyl)imide, [Hbet][NTf,]. De-
spite exhibiting a lower solubility than ILs with sulfurous acid
groups, [Hbet][NTf,] has the advantage of betaine being a
natural byproduct of sugar production.®? Thus, the cation is
highly available and the effort for its synthesis is low. The
dissolution of the solid is driven by water formation, as the
carboxylic protons react with the oxide anions, as well as the
formation of stable metal-betaine complexes.®® Nockemann
etal. initiated the research on [Hbet][NTf,], investigating
solutions that contained additional water. The water molecules
were found to support the dissolution reaction of metal oxides
by acting as supporting ligands of smaller size next to the
sterically demanding betaine.®*** Binnemans et al. discovered
that the dissolution of metal oxides is also possible in water-
free [Hbet][NTf,], and that chloride ions can support the
reaction.” This observation was confirmed by extensive inves-
tigations of our group on the dissolution of numerous metal
oxides in water-free [Hbet][NTf,] or [Hbet],[NTf,]Cl, which is the
equimolar mixture of the IL and its chloride salt [Hbet]Cl. In the
course of these studies, the decomposition of the IL [Hbet]
[NTf,] in the presence of chloride became apparent, without the
mechanism being resolved.®”

However, the dissolution in [Hbet][NTf,] cannot be the final
point in the processing of metal oxides. Instead, starting from
these solutions, the production of desired chemicals by down-
stream chemistry or electrochemical metal deposition are
consequent next steps. An essential condition for the latter is
the stability of the medium during electrolysis. This often limits
the applicability of common, easy to handle laboratory solvents,
such as water or acetone, especially when non-precious metals
are to be deposited.***” Here, ILs appear to be a suitable
alternative with generally very large electrochemical windows,
typically 3V to 6 V. However, it has to be taken into account
that many factors, especially impurities, influence electrochem-
ical windows.*®* The electrodeposition of lithium™ and lead™”
from ILs as well as copper,”*? nickel,*® lead®**¥ and
zinc®* from DESs was reported after the dissolution of the
respective metal oxide. Lead“” and plutonium™® were already
deposited from [Hbet][NTf,].

The metal copper is a widely used coating material, e.g. for
protective coatings in machine components or conductive
layers in circuit boards.”® Such coatings, are typically applied
via electroplating, whereby a copper anode is oxidized.”"
Besides the need to produce such anodes, environmental
problems are caused by the large amounts of water used for
the aqueous electrolyte, concomitant with wastewater, as well
as the high demand of electrical energy for the process and for
heating.®? Significant improvements might be achievable by
the usage of ILs for copper plating. Instead of expensively
producing electrodes of metallic copper, a more efficient
process could be the dissolution of oxidic copper minerals
(tenorite) or CuO from pyrometallurgy and the subsequent
direct electrodeposition of copper.

Copper was deposited from different ILs during the last
decades, whereby only a few examples will be mentioned, here.
Endres and Schweizer reduced copper from CuCl, dissolved in
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the basic IL 1-butyl-3-methylimidazolium chloride/aluminum
chloride ([bmim]CI/AICI;) on Au(111) films and highly ordered
pyrolytic graphite. Due to the air sensitivity of the IL, all
experiments had to be performed under inert gas
atmosphere.”® Chen and Sun compared the copper deposition
from 1-ethyl-3-methylimidazolium chloride tetrafluoroborate
(femim]-Cl-[BF,]) on tungsten, platinum and glassy carbon
under argon and ambient atmosphere, showing very similar
behavior. In ambient atmosphere, the IL absorbs some
moisture, however, the electrochemical windows, 4.5V or 3.2V
as a subject of IL composition, are not affected.®¥ Fricoteaux
et al. deposited copper on a nickel surface in a chloride-free
system from the IL 1-butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)imide ([bmpyrr][NTf,]).>> Apparently, in
ILs, copper is deposited via one-electron transfer steps with Cu*
existing as dissolved intermediate.**>"

For metal electrodeposition, it is important to know about
the metal-containing species present in the solution as electro-
chemical potentials depend on the coordination environment
of the metal ion. This was recently discussed by Abbott et al. for
electrochemical copper deposition from DESs.”® In this work,
we describe several complex compounds that were obtained by
the dissolution of copper(ll) oxide in [Hbet][NTf,] together with
the reaction parameters influencing the product speciation.
Furthermore, we demonstrate that the electrodeposition of
copper from these solutions is possible and suggest a
mechanism for the chloride-assisted decomposition of [Hbet]
[NTf,]. With this study, we aim to give a proof of concept on the
dissolution of copper(ll) oxide in [Hbet][NTf,] and the subse-
quent electrodeposition of copper. The complexity of this
process shall be discussed in order to establish a basis for future
optimization and to transfer the process to other metal systems
more easily.

2. Results and Discussion

In the course of the dissolution of copper(ll) oxide in [Hbet]
[NTf,], the following reaction conditions were varied: the
chloride ion concentration and the temperature as well as the
purity of the used CuO. The structures of four coordination
compounds, which were obtained as crystalline products, were
determined with single-crystal X-ray diffraction (SCXRD). Pre-
vious studies on rare earth metal-betaine complexes gave
evidence for the dissociation of crystallized binuclear complexes
into dissolved mononuclear units.”” Therefore, we cannot be
certain about the dissolved and the crystallized complex species
being the same. Nonetheless, the crystal structures should
provide evidence for diverse processes taking place. This is
expected to affect further steps in downstream chemistry and
electrodeposition.

2.1. [Cu,(bet),(NTf,),][NTf,],

The complex compound [Cu,(bet),(NTf,),]INTf,], 1 was previ-
ously reported as the first metal-betaine complex without water

98 © 2020 The Authors. Published by Wiley-VCH GmbH
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molecules in the metal atom’s coordination sphere. The cationic
complex is a paddle wheel, in which two copper(ll) ions are
coordinated by four u-bridging betaine ligands and two weakly
O-coordinating [NTf,]™ anions (Figure 1).5

[Cu,(bet),(NTf,),]INTf,], was synthesized by reacting copper
(Il) oxide and [Hbet][NTf,] in the molar ratio of 1:2 at 175°C.
Furthermore, evidence for a catalytic effect of chloride ions was
found as the addition of small amounts of [Hbet]Cl resulted in a
significant reduction of the reaction time. Thus, the product in
the maximum vyield of 66% is obtained after 100 h without
[Hbet]Cl, but after only 24 h with the addition of 0.3 mol %
[Hbet]CL® The product is obtained regardless of the purity of
the starting material, i.e. from 99.995 % as well as 97.5 % copper
(I) oxide.

2.2. [CU(bet)4]z[N(CH3)3(CHzC|)][Nsz]s

Based on the observations made in synthesizing 1, we further
investigated the influence of chloride ions, this time when
added in stoichiometric amounts. For this purpose, copper(ll)
oxide, [Hbet][NTf,] and [Hbet]Cl were heated to 175°C in the
molar ratio of 1:2:2. This ratio was chosen because the excess
of betaine ligands towards the metal cations did never exceed
1:4 in previously reported metal-betaine complexes.®**¥ At the
same time, enough chloride was supplied to complete a
potentially octahedral coordination sphere, as is common for
copper(ll). The time for the complete dissolution of copper(ll)
oxide was reduced to four hours only.

The blue rod-like crystals were identified as the complex
compound [Cu(bet),],[N(CH5);(CH,CD][NTf,]ls 2, crystallizing in
the monoclinic space group P2,/n (no. 14) with the lattice
parameters a=2109.56(9) pm, b=2232.56(9) pm, c=2181.44(9)
pm, and 5=90.633(1)° at 100 K.

([ oF

Figure 1. [Cu,(bet),(NTf,),]*" cation as observed in the crystal structure of 1.
The ellipsoids enclose 75 % of the probability density of the atoms at 100 K.
H atoms are omitted for clarity.
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The compound consists of two cationic [Cu(bet),]*T com-
plexes, one [N(CH,);(CH,Cl)]* cation and five [NTf,] anions
(Figure S1, Supporting Information). In the complex cation,
displayed in Figure 2, copper(ll) is coordinated by four mono-
dentate betaine ligands via oxygen. The coordination of copper
(1) is square planar, formed by four oxygen atoms in equal
distances [194.6(2)-195.6(2) pm]. The cis angles between two
adjacent betaine ligands range from 89.5(1)° to 90.9(1)° and the
trans angles between two opposing ligands from 176.9(1)° to
179.1(1)°.

In literature, monomeric square-planar copper-carboxylate
complexes appear to be rather rare, as the paddle-wheel
conformation is favored. Nockemann et al. reported the com-
plex cation [Cu(bet),(H,0),]*" in the compound [Cu(bet),(H,0),]
[Cu,(bet),(H,0),]INTf,],.% The distances between copper(ll) and
the oxygen atoms of the coordinating betaine ligands (194.2—
195.4 pm) are rather similar to those reported here. However, in
Nockemann’s compound two additional water molecules coor-
dinate to copper(ll). Therefore, its copper(ll) ion is in octahedral
coordination, unlike the [Cu(bet),]** complex in 2.

The [Cu(bet),]*" cations in 2 are loosely arranged in pseudo-
chains along the crystallographic b direction. There are no
distinct interactions between the chains, such as hydrogen
bridges, and they are separated by [NTf,]~ anions. Furthermore,
the crystal structure contains [N(CH,);(CH,CI)]* cations, which
must be a fragment of decomposed betaine. This cation was
already reported earlier,”**" however, air-sensitivity of the
compound due to the decomposition of the cation, as
suggested by Johnson et al.* was not observed here.

The decomposition of the IL [Hbet][NTf,] in the presence of
larger amounts of chloride, was already noted previously.?”
Taking the crystallographic observation of [N(CH5);(CH,CI)]*
into account, a suggestion regarding the decomposition
mechanism can be made, as shown in Scheme 1.

As a first step in a mixture of [Hbet][NTf,] and [Hbet]Cl, we
suggest the formation of chlorine according to the Deacon
reaction. In the presence of protons (from the [Hbet] ™ carboxyl
group), chloride ions are oxidized to chlorine by atmospheric
oxygen.® This mechanistic suggestion is in agreement with

Figure 2. [Cu(bet),]*" and [N(CH,);(CH,Cl)]* cations as observed in the crystal
structure of 2. The ellipsoids enclose 75 % of the probability density of the
atoms at 100 K. H atoms are omitted for clarity.

99 © 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. Proposed decomposition mechanism of the IL [Hbet][NTf,] in the
presence of chloride. The reaction is assumed to take place according to (I) a
Deacon process and (Il) a Hunsdieker reaction.

experimental proof for the presence of chlorine by the
reduction of iodide ions (Figure S4).

Subsequently, the decomposition of the IL could take place
according to a Hunsdieker reaction.®®®” Thermally induced and
analogous to the disproportionation of chlorine in basic
conditions, the asymmetric cleavage of chlorine-chlorine bonds
takes place. Via a radical decarboxylation, carbon dioxide
evolves. Recombination of the diradical pair [N(CH,);(CH,-)1"
and Cl- or the radical cleavage of a chlorine molecule yields [N
(CH5)5(CH,CN1™. This suggested mechanism is in agreement with
experimental proof for carbon dioxide evolution by conducting
the reaction gas phase through lime water (Figure S4).
Furthermore, in IR spectra, a shift in the band of the asymmetric
stretching vibration v, of COOH supports the suggested
mechanism.®? With a radical mechanism, [N(CH,);(CH,CI)]*
should not be the only decomposition product, but a number
of substances might be present in solution.

This decomposition process of the IL is assumed to be
thermally induced. However, for a Deacon as well as a
Hunsdieker reaction, metal ions are usually assumed to be
necessary as catalyst."%%® Therefore, the reaction taking place
in a mixture of [Hbet][NTf,] and [Hbet]Cl without any metal salts
added, might be attributed to ILs generally featuring impurities,
as well. On one side, [Hbet]Cl has a purity of only 99%, on the
other side, there might still be lithium ions contained in the IL
originating from its synthesis (metathesis reaction of [Hbet]Cl
and Li[NTf,]).”

2.3. [Cu;(bet),CI]INTf,];

[Cus(bet),CL5][NTf,]; 3 was found in a long-time crystallization
experiment of a mixture of copper(ll) oxide (99.995 %), [Hbet]
[NTf,], and [Hbet]Cl with the molar ratio of 1:6:1, which was
stored at room temperature for nine months in an open vessel.
After the observations of the decomposition of the IL by
chloride, we varied the ratio of the reagents in order to reduce
or avoid this reaction. Compound 2 also showed that chloride
supports the dissolution of copper(ll) oxide, but does not
necessarily act as ligand in the precipitated complex, for what
reason its amount was reduced with respect to copper(ll).
Within the first two days after the sample preparation, green
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and yellow coloring occurred at several spots in the powders.
During the next months, color change to green and yellow
advanced in the whole sample. No additional characterization
was performed during this time as probing might have changed
the composition of the remaining sample. When no further
color change could be noticed for several weeks, the sample
was investigated in detail under the microscope. The greenish
product contained particles of several shapes and colors, of
which a crystal was identified as 3.

Compound 3 crystallizes in the polar orthorhombic space
group Cmc2, (no. 36) with the lattice parameters a=2504.27(9)
pm, b=1661.29(6) pm, and ¢=1342.53(5) pm at 100 K (Fig-
ure S2). The structure consists of positively charged infinite
chains of [Cus(bet),Cl,I*" units in ¢ direction, as displayed in
Figure 3. These chains are separated from each other by non-
coordinating [NTf,]~ anions.

The copper(ll) atoms in the cationic chain have three
different coordination environments and are connected by
bridging betaine and chlorido ligands. According to charge
balance [(4X £0)pe+BX—T1)q_+BX =Ty = —6], every
copper atom occupies the oxidation state +Il. Cul and Cu2
exhibit a square pyramidal coordination environment with
chloride in the axial position. While Cul is additionally
coordinated by two chlorido and two betaine ligands in
equatorial positions, the square plane around Cu?2 is formed by
four betaine ligands. The angles between the axial and the
equatorial ligands [Cul 96.5(1) -105.5(1)°, Cu2 97.0(1) -
102.3(1)°] indicate a significant distortion from square-pyrami-
dal geometry. With axial trans angles significantly smaller than
180° [Cul 157.8(1)°, Cu2 160.7(1)°] the copper(ll) atoms clearly
are not positioned in the base of the pyramids. This is attributed
to attractive interactions of copper(ll) and the axial ligand. In
contrast, Cu3 shows almost square-planar coordination by two

Cu1

Figure 3. Section of the [Cus(bet),Cl;]*" cationic chain as observed in the
crystal structure of 3. The ellipsoids enclose 75 % of the probability density
of the atoms at 100 K. H atoms are omitted for clarity.

100 © 2020 The Authors. Published by Wiley-VCH GmbH
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chlorido and two betaine ligands [cis angles 88.1(1)° - 90.8(1)°,
trans angles 178.7(1)°1.

For all copper atoms, almost equal distances to coordinating
betaine oxygen atoms are found [193.6(2)-197.1(2) pm]. These
values are in the same range as in previously reported
monomeric and dimeric copper betaine complexes.****! For
chloride, shorter distances to copper are present in equatorial
positions (226.5-231.3 pm) and longer distances in axial posi-
tions (243.4-246.4 pm). As the copper—copper distances (>
317.8 pm) are at least 21% larger than in the copper paddle
wheel of 1 (262.7 pm),® no significant interactions between
the copper atoms are assumed.

Copper(ll) in distorted square-pyramidal coordination of
chloride and oxygen atoms wasalso reported as anionic
polymer strand in several compounds for a [Cu"0,Cl;] coordina-
tion environment” and in [Cu(C,H,Ns),][Cu(CsH,0,),Cl1,"" for
[Cu"O,Cl]. Copper(ll)-oxygen distances (191.7-205.8 pm) and
copper(ll)-chloride distances (225.4-230.3 pm) in equatorial
positions are similar to the complex [Cu,(bet),Cl;**, however,
the distances between copper and chloride in the axial position
are significantly longer in literature (258.1-278.3 pm). A main
difference is, that only bridging chloride ions are present in 3,
which is not the case in the literature compounds. This weakens
the bonding of equatorial chlorido ligands and allows a shorter
distance between copper and chloride in the axial position.

For the square-planar coordinated Cu3, similar copper(ll)-
oxygen distances [193.6(2) pm] and copper(ll)-chloride distan-
ces [226.5(1) pm] as in the equatorial planes of Cul and Cu2 are
found. These values are in good agreement with other
complexes with copper(ll) in a square-planar coordination by
two oxygen and two chloride atoms, such as [CsH,N,O,],[Cu
(H,0),Cl,] (195.0 pm and 226.6 pm)"? and [Cu(C,gH;,0,N,)Cl,]
(194.0 pm and 228.5 pm).”* Similar to the compound reported
herein, only minor deviations from 90° cis and 180° trans angles
appear.

[NTf,]- ions are arranged between the cationic chains,
parallel to a or to b direction.

2.4. [Cu,(bet),][CuyCl,,]

After different reaction outcomes were observed when
99.995% or 97.5% pure copper(ll) oxide were used, [Cu,(bet),]
[CucClyg] 4 was synthesized the same way as 2, yet with the
difference of less pure copper(ll) oxide (97.5%) as starting
material. No impurities were detected in the reagent by powder
X-ray diffraction (PXRD). The treatment of the substance in an
oxygen stream at 500°C, in order to oxidize potentially
contained copper(l) oxide, did not lead to a change in reactivity.
Thus, the nature of the 2.5% impurities remains undetermined.
Complex compound 4 crystallizes in the monoclinic space
group P2,/n (no. 14) with the lattice parameters a=1516.32(14)
pm, b=906.38(8) pm, c=1652.66(16) pm, and S=113.018(3)°
(Figure S3). The structure consists of uncharged infinite chains
arranged parallel to each other, which can formally be
separated into cationic and anionic sections (Figure 4).

ChemistryOpen 2021, 10, 97 -109 www.chemistryopen.org
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Figure 4. Section of the [Cu,(bet),][CucCl,,] chain as observed in the crystal
structure of 4. The ellipsoids enclose 75 % of the probability density of the
atoms at 100 K. H atoms are omitted and for split atoms, only one position is
shown for clarity.

The formally positively charged part [Cu,(bet),]** is a copper
paddle wheel. Four betaine ligands are u-bridging coordinated
to two copper(ll) ions with similar copper-oxygen distances
[184.6(9) -213.5(12) pml]. In average, this is in good agreement
with [Cu,(bet),(NTf,),][NTf,],, whereby the wider range of
distances is attributed to disorder. The octahedral coordination
sphere around each copper(ll) atom is completed by one
coordinating chloride ion and the neighboring copper atom.
The copper—chloride distance amounts to 244.2(2) pm, while
the distance between two copper(ll) atoms is 269.2(2) pm.

The atoms of the betaine ligands show large displacement
ellipsoids indicating disorder. To restrict the complexity of the
structure model, split positions were refined for two oxygen
atoms only. As a result, a wide range of ligand cis angles is
found [61.9(8)-101.1(6)°]. The trans angles significantly deviat-
ing from planarity [157.6(5)-164.1(3) pm] indicate a distortion
from pseudo-octahedral coordination, attributed to relatively
strong copper(ll)-chloride interactions These distances and
angles are in very good agreement with the complex cation
[Cu,(bet),Cl,]*" in the compound [Cu,(bet),Cl,]CI-4H,0.7

The coordinating chloride is provided by the formally
anionic [CugCl,]*~ part. In this fragment, every copper atom is
coordinated by three chloride atoms, forming two six-mem-
bered rings, which are annulated with a central eight-
membered ring. According to charge balance [(4X £ 0),. + (2%
4+2)cy +(10x —1)_ =—6], the copper atoms are present in the
oxidation state +I1. This is in accordance with the low
coordination number and the trigonal coordination, which is
(besides tetrahedral coordination) typical for copper(l). Shorter
copper(l)—chloride distances [221.9(2)-235.5(2) pm] compared
to the copper(ll) —chloride bond in the paddle wheel [244.2(2)
pm] as well as bond valance sums between 0.91 and 1.05"
strongly support this assumption. A similar situation was
observed in the mixed valence copper compound [Cu(C,HgN,),]
[CuCl;]-H,0. There, copper(l) is coordinated by three chloride
ions with distances of 222.4-225.9 pm, while the coordination

101 © 2020 The Authors. Published by Wiley-VCH GmbH
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sphere of copper(ll) consists of a distorted square of four
nitrogen atoms and perpendicular to this two chlorido ligands
in a distance of 292.2 pm and 300.7 pm.”® The [CucCl,o]*"
structure fragment of 4 was previously found in the compounds
[CU(CsH1,N,),1[CuCliol" and [N(C,Hs),15[Cu,ClL l7® with similar
copper(l)—chloride distances (220.4-231.1 pm).”77® Similar to 4,
[CusCl,]* acts as bridging ligand for two copper(ll) atoms.
Thus, the first compound is a neutral complex,”” while in the
second compound, [CuCl,,]*" entities are connected by copper
(I1) atoms, forming negatively charged infinite chains.”®

2.5. Influence of Reaction Parameters

With the four crystal structures discussed, a significant influence
of the reaction conditions on the crystallized copper-betaine
complex after the dissolution of copper(ll) oxide in [Hbet][NTf,]
becomes apparent.

As reported before, chloride ions do not only show a
catalytic effect on the dissolution reaction and the formation of
1,2 but in larger quantities 2 is obtained as product. In 2,
chloride ions do not act as ligands to copper, however, they
appear to have a structure-directing effect. As Nockemann et al.
showed that complex speciation differs in dissolved and crystal-
lized metal-betaine complexes,”” chloride might occupy coordi-
nation sites in the dissolved complex, but crystallization in this
form is not favored.

On the other hand, compound 3, with betaine and chloride
forming three different coordination spheres around copper(ll),
is obtained at room temperature from a slightly altered reaction
mixture. This structure shows that chloride can act as a ligand
in copper-betaine complexes under suitable reaction condi-
tions. Reasons could be the influence of entropy or the different
amount of ions in solution.

Similarly, by dissolving copper(ll) oxide of lower purity,
compound 4 gives evidence for other impurities influencing the
reaction as well. Copper in the oxidation state +| might be part
of these impurities, however, oxidizing the starting material in
an oxygen stream did not influence the reaction or the product.
Therefore, a redox reaction also is possible.

Thus, three factors on complex speciation in the copper-
betaine system were identified: chloride content, reaction
temperature and impurities. As the crystallized products in this
system often show a relatively wide variety of crystal shapes
and colors (in different shades of yellow, green and blue), the
four complexes reported here, are not assumed to be the only
ones existing. However, they shall serve as examples for the
dependence of complex species on reaction conditions.

2.6. Electrochemical Copper Deposition

Having achieved some knowledge about different variables
influencing complex speciation in the system of copper(ll) oxide
and betaine, we investigated their influence on the electro-
deposition of copper. As impurities usually complicate electro-
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chemical systems, these studies were limited to copper(ll) oxide
of 99.995 % purity as reagent.

Three samples of (A) pure [Hbet][NTf,], (B) copper(ll) oxide
and [Hbet][NTf,] as well as (C) copper(ll) oxide, [Hbet][NTf,] and
[Hbet]Cl were investigated. These three samples have quite
different appearance and properties. (A) The IL [Hbet][NTf,] is a
solid at room temperature and melts at 57°C.®¥ (B) From
copper(ll) oxide and [Hbet][NTf,], compound 1 crystallizes
almost instantly, giving a solid even at 175°C. (C) In contrast,
the mixture of copper(ll) oxide, [Hbet][NTf,] and [Hbet]Cl gives a
liquid at 175°C, from which crystals precipitate after several
hours at room temperature. Moreover, the IL in this sample
slowly decomposes at this elevated temperature.

In order to allow comparable studies at room temperature,
a suitable, preferable green solvent had to be found. For more
information on the investigated solvents, see Table S4. (B) is
soluble in water, methanol, ethanol, ethylene glycol, acetone,
acetonitrile and sulfolane. Low or negligible solubility is found
in i-propanol, n-butanol and ethyl acetate. (C) dissolves in each
of these solvents, whereas in the most samples not yet
identified green-blue precipitations occur. The reflections in the
PXRD pattern of the precipitates (Figure S5) cannot be
attributed to any known substance, however, their colors
suggest copper(ll) compounds. Furthermore, the PXRD patterns
indicate, that in the aprotic solvents acetone and acetonitrile,
the same precipitate was obtained. The same is true for the
alcohols and ethyl acetate. This is in agreement with IR spectra
(Figure S6), where several bands in every spectrum are
attributed to betaine. However, the high intensity bands of the
[NTf,]” anion are only observed in the spectra of the alcohol
and ethyl acetate precipitations. Furthermore, v,(COO) is not or
very weakly observed at 1770 cm™' as expected for uncoordi-
nated [Hbet]™. Instead, bands shifted to lower wave numbers
occur, suggesting the coordination of betaine.” These observa-
tions suggest a precipitated copper-betaine coordination com-
pound free of [NTf,]~ anions for the acetone and acetonitrile
precipitations, but [NTf,] -containing or -associated copper-
betaine complexes for the precipitations in the other solvents.
Furthermore, several additional bands compared to pure [Hbet]
[NTf,] suggest the presence of other organic components.

Although, the samples can be dissolved in alcohols, we
aimed at an aprotic solvent as the presence of protons, hence
the possibility of the protonation of betaine ligands, might
affect the copper(ll)-betaine complexes. At the same time, the
chosen solvent should have a wide electrochemical window in
order to get the best conditions for electrodeposition. Having
these requirements, acetonitrile and sulfolane were chosen as
solvents for electrochemical investigations. Currently, sulfolane
is a relatively uncommon solvent in electrochemistry. However,
a recent report showed the electrodeposition of silicon from
this solvent.” Furthermore, ternary mixtures of sulfolane, 3-
methyl sulfolane and different ILs were used in high-temper-
ature supercapacitors.®” For our samples, sulfolane clearly is the
better solvent as no precipitation occurs and it is suggested as
a “recommended green solvent” by Clark etal. in a review
comparing different solvent selection guides.®™ This is in
agreement with other reports highlighting the low skin
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penetration of sulfolane, presumably no mutagenic, clastogenic,
carcinogenic or reproductive toxicity, its low volatility and its
application to environmentally more benign processes.®**
However, with a boiling point of 287 °C,®? the distillation of the
solvent for the recycling of the IL will not be possible without
its decomposition.” In contrast to this, in acetonitrile, a
supposedly copper-containing precipitation occurs during the
dissolution of the chloride-rich sample and it is suggested as a
“problematic green solvent”.®"” However, the dissolution takes
place significantly faster and the boiling point of only 82°C
allows the easy separation of the solvent from the IL.

Cyclic voltammograms (CVs) of the three samples in
acetonitrile are shown in Figure 5. From the CV of pure [Hbet]
[NTf,] in acetonitrile, sample (A), it becomes apparent that at
voltages below —1.0V, electrochemical reactions of the solvent
take place. Therefore, oxidation or reduction processes of the
metal ions are difficult to analyze in this regime.

For sample (B), which contained copper(ll) oxide and [Hbet]
[NTf,], two anodic peaks are observed at —0.8 V and —1.7 V and
two cathodic peaks at —0.7 V and —0.4 V. This might be the
reversible two-stage reduction of copper(ll) to copper(0) via
copper(l). Abbott and McKenzie studied the CVs of different
copper(ll) salts in DESs and found that anodic and cathodic
peaks for both redox couples Cu'"/Cu' and Cu'/Cu® are observ-
able. However, their electrochemical potentials depend on the
anions and additional complexing agents present in the
solution.® As the electrodeposition of copper from [Hbet][NTf,]
has not been reported before, an exact comparison cannot be
made. Furthermore, the analysis of the electrochemical peaks is
complicated by electrochemical reactions of the solvent below
—1.0V.

For the sample with a large amount of chloride (C), several
small anodic peaks appear at 0.1V and below —1.0V and,
therefore, should not be assigned to specific reactions. Two
cathodic peaks are observed at —0.4V and 0.3V, which might
result from the oxidation of copper(0) and copper(l).

Dissolving the samples in sulfolane, quite different CVs are
obtained, as shown in Figure 6. In sample (A) with only [Hbet]
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Figure 5. CVs of pure [Hbet][NTf,] (A) and copper(ll) oxide-[Hbet][NTf,]
mixtures in acetonitrile in the absence (B) and presence of chloride (C),
recorded at room temperature at a scan rate of 10 mV/s.
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Figure 6. CVs of pure [Hbet][NTf,] (A) and copper(ll) oxide-[Hbet][NTf,]
mixtures in sulfolane in the absence (B) and presence of chloride (C),
recorded at room temperature at a scan rate of 10 mV/s.

[NTf,] dissolved, an anodic peak is observed at —1.1V and a
cathodic peak at 1.1 V. Therefore, it has to be taken into
account that a reaction of [Hbet][NTf,] in sulfolane or of the
solvent itself takes place at these potentials. Accordingly, the
respective peaks in samples (B) and (C) are attributed to the
same process.

For sample (B), two additional anodic peaks at —1.4V and
—2.0V as well as a broad cathodic peak at —0.1V with a
shoulder at 0.2V are observed. In agreement with the same
sample in acetonitrile, these peaks could be attributed to the
reversible reduction of copper(ll) to copper(0) via copper(l). As
solvents influence electrochemical potentials, a difference
between the CV signals in acetonitrile and sulfolane meets
general expectations.

The CV of sample (C) in sulfolane is less clear as several
anodic (—0.1V, —0.6 V and —1.9V) and cathodic peaks (—1.6V,
—0.7V, =05V, 0.7V, 1.8V) are observed. Apparently, electro-
chemical electron transfer reactions do not only involve copper
in the presence of chloride, but other processes occur.

These CVs clearly show that sample composition and,
therefore, complex speciation, has a significant effect on metal
deposition potentials. Furthermore, complex speciation limits
the options of sample preparation for electrochemical experi-
ments. In the chloride-rich sample (C) dissolved in acetonitrile, a
significant amount of the copper content is expected to be lost
by precipitation. In order to compare the electrochemical
behavior of different chloride-rich samples, a sample (D) of
copper(ll) oxide and [Hbet]Cl in an excess of aqueous [Hbet]
[NTf,] without any organic solvent was prepared. Nockemann
et al. showed that [Hbet][NTf,], despite being hydrophobic, is
able to take up approximately 14 wt. % of water at room
temperature before phase separation occurs.?® This content is
assumed for the IL used here, which was freshly synthesized,
but not dried. Despite water being problematic in electro-
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chemistry, the advantages are a lowered viscosity and pre-
vented crystallization. With copper being a noble metal, copper
deposition without significant water decomposition is expected
to be possible. However, the CV range had to be decreased to
—1.5V<E<1.0Vin order to reduce the electrolysis of water. As
shown in Figure 7, two anodic peaks are observed at —0.6 V
and —1.0V as well as two cathodic peaks at —0.9V and 0.2 V.
These peaks are attributed to the reversible two-step reduction
of copper(ll). This CV differing significantly from the chloride-
rich sample (C) in acetonitrile and sulfolane, is not surprising as
electrochemical potentials depend on the chemical system.
Compared to the organic solvent solutions, the aqueous sample
(C) shows only the two anodic, respectively cathodic peaks,
which are attributed to the redox couples Cu"/Cu' and Cu'/Cu’.
Reducing the measuring range, therefore, could be useful to
avoid other electrochemical reactions in the solvent samples as
well. However, from these CVs it is not clear whether both
copper reduction and oxidation steps take place in this
potential range, as electrochemical reactions of pure [Hbet]
[NTf,] in acetonitrile as well as sulfolane are observed.

Finally, we aimed on the macroscopic copper deposition as
proof of concept for the direct copper plating from a copper(ll)
oxide solution in IL. A simple two-electrode cell was used, which
is a cheap and easy to handle method for first electrodeposition
experiments.®”®® The copper coating of a steel electrode was
investigated in six solutions. The steel surface was polished
prior to use in order to remove contaminations and oxide layers
as well as to enable optimal electrodeposition on a smooth
steel surface. The effectivity of the cleaning procedure, i.e. the
smoothening of the initially rough electrode surface, is
evidenced by SEM pictures in Figure S7. The example of the
chloride-rich sample in aqueous [Hbet][NTf,] (D) already shows
that the sample composition has to be adjusted in order to
realize electrochemical metal deposition. Among other aspects,
a suitable viscosity is required and the decomposition of the IL
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Figure 7. CVs of chloride-rich copper(ll) oxide-[Hbet][NTf,] mixtures diluted

with acetonitrile or sulfolane (C) and aqueous IL (D), recorded at room
temperature at a scan rate of 10 mV/s.

ChemistryOpen 2021, 10, 97 -109 www.chemistryopen.org

should be prevented as good as possible. The latter condition
limits the range in which the viscosity can be regulated by
increasing the temperature. One option for low-temperature
optimization is the usage of water-containing [Hbet][NTf,],
which is, however, not favored due to the inconvenient
electrochemical properties of water. Another option is an excess
of [Hbet][NTf,] in order to obtain copper-betaine complexes
dissolved in unreacted IL. And, third, other suitable solvents
could be added. Therefore, firstly, copper deposition was
performed in the solution of copper(ll) oxide and [Hbet]Cl in
aqueous [Hbet][NTf,] (D). Secondly, a water-free mixture of
copper(ll) oxide and [Hbet]Cl in [Hbet][NTf,] (E) was investi-
gated. Thirdly, mixtures of copper(ll) oxide and [Hbet][NTf,]
with and without additional [Hbet]Cl dissolved in acetonitrile
and sulfolane (B), (C) were studied.

Copper coatings of differing appearance were obtained
from several solutions. Images of the steel electrodes after the
electrodeposition experiments are shown in Figure 8.

In the aqueous sample (D), copper formation occurred
directly upon immersing the steel electrode into the solution
without applying any potential. The copper deposit adheres
only loosely to the steel surface, and copper flakes (PXRD in
Figure S8) start to diffuse through the solution. When rinsing
with acetone the most of the coating is lost (see also the
energy-dispersive X-ray spectroscopy (EDX) maps of the local
element distribution, Figure S9). As copper has a higher electro-
chemical potential,® iron dissolves in a copper(ll) solution
upon simultaneous copper deposition. This is in agreement
with the uneven, damaged electrode surface shown in Fig-
ure 9(g). Therefore, solution (D) seems unsuitable for controlled
copper coating.

From the water- and solvent-free sample (E), a copper
coating is obtained within 30 minutes at a potential at —0.5 V.
Due to the high viscosity of the sample, elevated temperatures
had to be applied. At 60°C, the sample was still a thick paste
giving no deposit. However, copper coating could be per-
formed at 100 °C. The deposit appears slightly granular, which is
confirmed by scanning electron microscopy [SEM, Figure 9(h)].
Dark, isolated spots of different shapes are present on the

Figure 8. Copper-coated steel electrodes from copper(ll) oxide and [Hbet]
[NTf,] (@) in sulfolane [sample (B)], (b) with [Hbet]Cl in sulfolane [sample (C)],
(c) with [Hbet]Cl in acetonitrile [sample (C)], (d) with [Hbet]Cl in aqueous
solution before and (e) after rinsing [sample (D)], (f) with [Hbet]Cl solvent-
free [sample (E)].
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500 um

Figure 9. SEM images of the electrode surface (a), (b) CuO and [Hbet][NTf,]
in sulfolane [sample (Q)], (c), (d) CuO, [Hbet][NTf,] and [Hbet]Cl in sulfolane
[sample (Q)], (e), (f) CuO, [Hbet][NTf,] and [Hbet]Cl in acetonitrile [sample
(Q)], (g) CuO, aqueous [Hbet][NTf,] and [Hbet]Cl [sample (D)], (h) CuO, [Hbet]
[NTf,] and [Hbet]Cl solvent-free [sample (E)].

electrode surface. EDX maps of the local element distribution
detect only a small amount of copper in these isles, although
an even distribution in between (Figure S10). This is in agree-
ment with more precise EDX point measurements shown in
Figures S11 and S12. From these results, it is assumed that
copper is deposited as a relatively even coating, but organic
material crystallizes as well in a spotty way. This is not surprising
considering the negligible excess of IL that would be able to
dissolve organic material released from copper complexes. The
EDX point measurements in Figure S11 suggest chloride-rich
compounds in the isles. Due to the low amount of deposit
obtained in the coating experiment, the organic material, could
not be characterized by PXRD, yet. Further experiments with
varying sample composition, especially an excess of [Hbet]
[NTf,], should be conducted as an increased amount of the IL
could lower the reaction temperature and might prevent the
deposition of organic material.

In contrast to that, the copper deposition from diluted
solutions, i.e. sample (B) and (C) in acetonitrile or sulfolane,
appears to be inhibited. No deposits are obtained by gradually
decreasing the potential to —2.5V. Not until a potential of
—3.0V was applied for 30 minutes, thin, copper-colored coat-
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ings were observed from the solutions of CuO and [Hbet][NTf,]
(B) in sulfolane as well as CuO, [Hbet][NTf,] and [Hbet]Cl (C) in
sulfolane or acetonitrile [Figure 8(a)-(c)]. However, no deposi-
tion occurred in sample (B) in acetonitrile. EDX maps of the
local element distribution confirm that the obtained deposits
consist of copper, alongside with some organic material
(Figures S13-S15). SEM images of sample (B) and (C) in sulfolane
show relatively uniform copper coatings [Figure 9(a)-(d)].
Spherical copper particles, mostly smaller than 100 nm, are
distributed at the steel surfaces. In the sample of CuO and
[Hbet][NTf,] (B), these particles are more densely packed, while
other areas of the steel surface remain bare. Furthermore, the
particle size distribution is broader. The chloride-rich sample (C)
displays more homogenous particles regarding their size and
distribution. Apparently, complex speciation in the sulfolane
solutions affects the growth of particles on the steel surface. In
contrast to this, the copper deposit from the chloride-rich
sample (C) dissolved in acetonitrile is more inhomogeneous.
Particles of various shapes and sizes of several micrometers are
distributed relatively unevenly on the steel surface [Figure 9(e),
(f)]. This suggests that the electrodeposition of copper from
acetonitrile is less favored on steel. After the initial deposition
of copper particles on the electrode surface, further reduction
might preferably take place on the copper substrate, increasing
the particle size. Altogether, dilution with solvents appears to
allow relatively uniform copper coating, whereby the solvent as
well as complex speciation influence the product. However,
significantly higher negative potentials compared to the
solvent-free sample (E) have to be applied. An explanation
could be a high overpotential on steel in the respective solvent.

To summarize, we show that copper deposition from
different solutions is possible. Complex speciation as well as
dilution with different solvents appears to have a significant
effect on the deposition potentials as well as the properties of
the copper coatings. In order to determine the optimal copper
deposition strategy for a specific purpose, further investigations
on the characteristics of these coatings have to be performed.
Furthermore, the sample composition has to be optimized
towards desired coating properties. Future work should also
include investigations regarding the recyclability of the IL as
[Hbet][NTf,] is the most expensive component in the process.
There are promising options for the recycling of [Hbet][NTf,] in
general, as metal ions can be leached by protonating the
betaine ligands.” If other solvents are used, the additional step
of their separation is necessary, whereas several methods are
possible.”” A volatile solvent, such as acetonitrile, might be
distilled. For a high-boiling solvent like sulfolane, membrane-
based methods could be applicable. Finding and optimizing a
suitable process involves a lot of experimental work in the
future.

3. Conclusions
The dissolution of copper(ll) oxide in the IL [Hbet][NTf,] was

investigated in detail. Dependent on the reaction conditions,
such as chloride content, reaction temperature and impurities,
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different complex species are observed. The four crystal
structures discussed herein show that chloride acts as additional
ligand under certain reaction conditions.

Furthermore, a mechanism for the previously reported
decomposition of [Hbet][NTf,] in the presence of chloride is
suggested, which is supported by experimental evidence for
chlorine and carbon dioxide as well as IR spectroscopy. It
combines aspects of the Deacon process and the Hunsdieker
reaction.

The electrochemical investigations show, that metal deposi-
tion from metal-betaine complexes depends on various factors.
Different complex species not only affect electrochemical
potentials and the characteristics of metal deposits, but also the
manageability of the sample. The coatings on the steel surface
were analyzed by SEM and EDX measurements, confirming the
deposition of copper. Furthermore, a strong dependence on
the quality of the coating from sample solution composition is
found. In this work, we demonstrate the general feasibility of
copper deposition from [Hbet][NTf,], however, more investiga-
tions in this system, especially regarding the recyclability of the
IL, are necessary in order to optimize the process. A low
viscosity as well as inhibited crystallization and decomposition
of the IL appear to be important criteria for this purpose. This
could be further developed to an alternative to classical copper
electroplating, starting from CuO instead of refined copper.

Altogether, this work highlights the importance of a de-
tailed understanding of the investigated metal-betaine system,
in order to realize targeted electrochemical reprocessing.

Experimental Section

Chemicals

[Hbet]Cl (99%) and copper(ll) oxide (99.995%) were obtained from
Alfa Aesar. Li[NTf,] (80% aqueous solution) was purchased from
iolitec. Acetonitrile (<30 ppm H,0) was obtained from VWR
chemicals and sulfolane (99 %) from Merck. Copper(ll) oxide (97.5%)
was obtained from Roth. In order to determine whether copper(l)
oxide is contained in the 2.5% impurities, the reagent was heated
in an oxygen stream. As thermogravimetric analysis of copper(l)
oxide in air suggested the completion of mass gain at 470°C,
500°C was chosen as oxidation temperature. Copper(ll) oxide
(97.5%) was flushed with oxygen in a glass tube for 16 hours,
subsequently, the temperature was elevated at AT/t=300Kh™',
kept at 500 °C for 6 h and cooled down overnight.

Synthesis of [Hbet][NTf,]

[Hbet][NTf,] was synthesized according to a literature procedure®

by stirring 0.1 mol [Hbet]Cl dissolved in 50 ml water and 0.1 mol Li
[NTf,] solution for one hour. Subsequently, the IL was separated
and washed with ice-cold water until chloride ions could not be
detected anymore by testing with AgNO; solution, typically five
times. The IL was dried under vacuum at a rotary evaporator at
60°C for one hour and under dynamic vacuum of 1072 mbar at
110°C overnight.

ChemistryOpen 2021, 10, 97 -109 www.chemistryopen.org

Synthesis of [Cu,(bet),(NTf,),][NTf,],

1 was obtained according to a previously described synthesis® by
stirring copper(ll) oxide (99.995% or 97.5%) and [Hbet][NTf,] in a
molar ratio of 1:2 with the addition of 0.3 mol% [Hbet]Cl. The
reaction was performed in an open round bottom flask at 175 °C for
24 h. Blue crystals of several shapes were obtained directly after the
reaction.

Synthesis of [Cu(bet),],[N(CH;);(CH,CI)I[NTf,]5

Compound 2 was synthesized by heating copper(ll) oxide
(99.995 %), [Hbet][NTf,] and [Hbet]Cl in a molar ratio of 1:2:2 to
175°C for 4 h in a system open to the air. Blue, rod-like crystals up
to a length of 2mm were obtained after one day at room
temperature.

Synthesis of [Cus(bet),CI;][NTf,];

3 was obtained by storing a mixture of copper(ll) oxide (99.995 %),
[Hbet][NTf,] and [Hbet]Cl in a molar ratio of 1:6:1 at room
temperature in an open vessel for 9 months. Amongst others, blue
crystals were found when investigating the sample under the
microscope.

Synthesis of [Cu,(bet),][Cu,Cl;,]

4 was obtained in the same reaction like 2 when using copper(ll)
oxide of 97.5% purity. Copper(ll) oxide (97.5%), [Hbet][NTf,] and
[Hbet]Cl in a molar ratio of 1:2:2 were heated to 175°C for4 h in a
system open to the air. Some small, blue, block-like crystals were
present directly after the reaction, which grew and increased in
number during one day at room temperature.

Comment on the Thermal Behavior of Compounds 1-4

Melting or decomposition points of new coordination compounds
can be valuable information.®¥ However, as the complexes reported
herein were not synthesized as single phase materials, this is
difficult to realize. First of all, the individual crystals cannot be
separated as no solvent only for the IL (and other compounds
present) was found. A rough estimation of the thermal behaviour
was performed by gently cleaning selected crystals from some
adherent IL with fuzz-free paper and heating in 10 K steps for 30
minutes each. Optical investigation indicates that 1 decomposes
between 240°C and 270°C without prior melting, which is in
agreement with thermal analysis. For compounds 2, 3 and 4, it is
not clear whether they melt or re-dissolve in the adherent IL before
they decompose. Thermal analysis was not performed as the
assignment of signals to a specific compound in a sample of
unknown phase composition would be mere speculation.

X-Ray Crystal Structure Determination

The collection of diffraction intensities of single-crystals was
performed on a Kappa APEX Il CCD diffractometer (Bruker) with
Mo-K, radiation (1=71.073 pm) at 100(2) K under flowing nitrogen
gas. Empirical multi-scan absorption corrections were applied to
the data. Structure solution was done with the program SHELXT®?
in OLEX2®' via intrinsic phasing. Structure refinement was
performed with the method of full-matrix least squares on F,* with
the program SHELXL®**¥ in OLEX2."¥ Non-hydrogen atoms were
refined with anisotropic displacement parameters, hydrogen atoms
were refined with riding coordinates and displacement parameters.
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The crystal structures were plotted in the program Diamond.® The
full crystallographic data is deposited at the Cambridge Crystallo-
graphic Data Centre, deposit numbers CCDC 1947513 (1), CCDC
2021280 (2), CCDC 2021283 (3) and CCDC 2021281 (4).

[Cu(bet),],IN(CH,);(CH,CNIINTf,]s: monoclinic space group P2,/n (no.
14); T=10012) K; a=2109.56(9) pm, b=2232.56(9) pm, c=
2181.44(9) pm, $=90.633(1)°, V=10273.3(7) x 10° pm’; Z=4; p.pc.=
1.664 gcm™>;, u(Mo-K,)=0.780 mm™'; 20,.,=56.6°, —28<h<28,
—29<k<29, —29<1<29; 329240 measured, 25608 unique reflec-
tions, Ri,;=0.048, R,=0.023; 1312 parameters, R;[20389 F, > 40(F,)]
=0.060, wR,(all F,)=0.170, GooF =1.165, residual electron density
—1.95 to 5.50 ex 107° pm™~. The description of the disorder of one
of the [NTf,]” anions uses two conformations, yet the residual
electron density indicates additional non-modelled disorder. For
selected interatomic distances, see Table S1.

[Cu,(bet),Cl5]INTS,]5: orthorhombic space group Cmc2, (no. 36); T=
100(2) K; a=2504.27(9) pm, b=1661.29(6) pm and c¢=1342.53(5)
pm, V=5585.4(4) x10°pm? Z=4; p.,.=1.910gcm> u(Mo-K,)=
1.633 mm™; 20,,,=73.0°, —41<h<41, —27<k<27, —22<1<22;
194841 measured, 13863 unique reflections, R;,,=0.065, R,=0.034;
443 parameters, R,[12473 F, >40(F,)]=0.031, wR,(all F,)=0.065,
GooF =1.055, residual electron density —1.17 to 0.76 ex 107° pm~.
One of the non-mirror-symmetric [NTf,]~ anions is positioned in the
mirror plane m. This involves large anisotropic displacement
parameters of the individual atoms and split positions for the sulfur
atoms. For selected interatomic distances, see Table S2.

[Cu,(bet),][CucCl,ol: monoclinic space group P2,/n (no. 14); T=
100(2) K; a=1516.32(14) pm, b=906.38(8) pm, c=1652.66(16) pm
and B=113.018(3)°, V=2090.5(3) x10°pm?%} Z=4;, p.=
2.115gcm™>; u(Mo-K,)=4.670 mm™; 26,.,=555°, —19<h<19,
—11<k<11, —21</<21; 101058 measured, 4870 unique reflec-
tions, R,,;=0.106, R,=0.039; 269 parameters, R,[3511 F, >40(F.)]=
0.053, wR,(all F,)=0.123, GooF =1.025, residual electron density
—1.39to 2.33 ex 10" pm™. The atoms of the betaine ligands show a
relatively high mobility, indicated by large displacement ellipsoids
suggesting disorder. To restrict the complexity of the structure
model, split positions were refined for two oxygen atoms and one
carbon atom in equal partial amounts. Furthermore, for one
chloride atom, two minor split positions [occupation 0.106(3) and
0.064(3)] were refined. For selected interatomic distances, see
Table S3.

Cyclic Voltammetry

For CV measurements, (A) 500 mg [Hbet][NTf,], (B) 50 mg copper(ll)
oxide, 500 mg [Hbet][NTf,] and 1 mg [Hbet]Cl (molar ratio 1:2:0.02,
24 h at 175°C) and (C) 50 mg copper(ll) oxide, 500 mg [Hbet][NTf,]
and 193 mg [Hbet]Cl (molar ratio 1:2:2, 4h at 175°C) were
dissolved in 25 ml acetonitrile or sulfolane. For another sample (D),
35 ml aqueous [Hbet][NTf,] was synthesized according to Nock-
emann et al.?¥ without drying. Then, 400 mg copper(ll) oxide and
770 mg [Hbet]Cl (molar ratio 1:1) were dissolved by stirring at
room temperature for 16 h, yielding a blue-green solution. CV
measurements were performed in a three-electrode electrochemical
cell with a glassy carbon disk working electrode (diameter 3 mm), a
platinum wire as counter electrode and a platinum plate as
pseudo-reference electrode in the range of —2.5V to 2.5V and with
a scan rate of 10 mV/s. The measuring range for sample (D) was
—1.5V to 1.0 V. Prior to the measurement, the platinum electrodes
were rinsed with acetone and cleaned with fuzz-free tissue, before
drying on air. The working electrode was polished with 0.05 pm
alumina paste on a velvet pad, subsequently rinsed with acetone
and dried on air.
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Electrochemical copper deposition

Prior to electrodeposition experiments, according to literature,®®

steel plates (width 10 mm, length 20 mm) were mechanically
polished with increasingly fine SiC paper (P320, P1200, P2500).
Subsequently, the steel substrate was ultrasonically cleaned in
acetone for 15 minutes, followed by drying at 110°C for 30 minutes.
The effectivity of this cleaning procedure is proven by SEM images
in Figure S6. For electrodeposition experiments, six solutions were
prepared: (B) 50 mg copper(ll) oxide, 500 mg [Hbet][NTf,] and 1 mg
[Hbet]Cl (molar ratio 1:2:0.02, 24 h at 175°C) in 25 ml acetonitrile
or sulfolane, (C) 50 mg copper(ll) oxide, 500 mg [Hbet][NTf,] and
193 mg [Hbet]Cl (molar ratio 1:2:2, 4h at 175°C) in 25 ml
acetonitrile or sulfolane, (D) 400 mg copper(ll) oxide and 770 mg
[Hbet]Cl (molar ratio 1:1) in 35 ml aqueous [Hbet][NTf,], (E) 300 mg
copper(ll) oxide, 3 g [Hbet][NTf,] and 1.16 g [Hbet]Cl (molar ratio
1:2:2, 4 h at 175°C). A steel plate was placed in sample (D) for 30
minutes without any potential applied. For the other samples, a
simple two-electrode setup was used with a steel working electrode
and a platinum wire as counter electrode. A voltage of —500 mV
was applied for 30 minutes at 100 °C for sample (E). For (B) and (C),
the voltage was decreased from —0.5V to —3.0V in steps of 0.5V
(30 minutes each) at room temperature.

Powder X-Ray Diffractometry

PXRD was performed on an Empyrean diffractometer (PANanalyt-
ical) equipped with a curved Ge(111) monochromator in Bragg-
Brentano geometry at 296K using Cu-K, radiation (A=
154.056 pm).

Scanning Electron Microscopy and Energy-dispersive X-ray
Spectroscopy

For SEM and EDX measurements, the steel electrodes were adhered
to the sample holder. Scanning electron microscopy (U,=2 kV) and
semi-quantitative energy-dispersive X-ray spectroscopy (U,=20 kV)
were performed using a SU8020 electron microscope (Hitachi)
equipped with an Oxford Silicon Drift Detector X-Max".
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