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Abstract

Electrochemical reduction of carbon dioxide is one of the plausible approaches towards renewable
energy carriers. When coupled with electricity, which can be provided by sustainable technologies,
it becomes a method of high importance with potential value for future energy challenges. How-
ever, the electrochemical version of the CO; reduction reaction (CO2RR) proceeds through highly

energetic intermediates, therefore efficient catalytic and co-catalytic systems are needed.

Recently, considerable attention was dedicated to application of ionic liquids (ILs) as promising pro-
moters for the CO2RR. While most efforts in this domain have been concentrated on spectroscopic
and electrochemical investigation of existing IL-based systems and on the development of more
active electrodes, there are only a limited number of studies discussing the structure/activity rela-
tionships of ILs in the CO2RR. Our aim was to fill this gap and to find new classes of ILs that are able
to promote COzRR. Another aim of our project was to delineate the basic trends in the structures of

the active co-catalysts and provide descriptors for the promoting activity.

In this work three new classes of ILs are evaluated for the CO2RR. Within each IL series the structures
of the cationic core were varied, the dependencies of the stabilities and activities of the ILs on the
structure are discussed. Additionally, a fundamentallyy new type of ionic systems based on deep
eutectic solvents were applied to the CO2RR and found to be highly active, cheap and non-toxic
alternatives for the conventional ILs. Based on the obtained results, the charge and its accessibility
are suggested to be the main descriptors for the activity of the catalysts in non-aqueous environ-

ments.
Keywords

carbon dioxide reduction; electrochemistry; ionic liquids; deep eutectic solvents; non-aqueous elec-

trolytes



Résumeé

Réduire électrochimiquement le dioxyde de carbone est I'une des approches possibles pour en faire
un vecteur d’énergie renouvelable. Si cette démarche est couplée a une source d’énergie verte, elle
devient une méthode intéressante pour répondre aux challenges énergétiques. Cependant, la ré-
duction électrochimique du dioxyde de carbone (CO2RR) s’accomplis via des intermédiaires tres

énergétiques. Il y a donc besoin qu’un systéme catalytique et co-catalytique efficace émerge.

Récemment, I'attention c’est tourné sur I'application des liquides ioniques (ILs) comme promoteur
efficace de la CO2RR. Comme la plupart des efforts dans le domaine se sont concentré sur I'investi-
gation spectroscopique et électrochimique de ces systémes ainsi qu’au développement d’électrodes
plus actives ou au design des cellules électrochimiques, il n’y a qu’une poignée de travaux mettant
en relation la structure et I'activité des ILs. Notre but était donc de remplir ce manque en trouvant
de nouveaux ILs capable de promouvoir la CO2RR, de décrire les relations fondamentales entre leur

structure et leur activité afin d’en dégager des descripteurs promouvant la réaction.

Dans ce travail trois nouvelle classes d’ILs ont été évaluée pour la CO2RR. Chaque série posséde une
variation dans la structure du cation et la dépendance entre stabilité et activités seront discutée. De
plus, un nouveau type de system ionique, les solvants eutectiques profonds ont été appliqués a la
CO2RR et apparaissent comme une alternative trés active, peu cher et non toxique. Basé sur les
résultats obtenus, la charge et I'accessibilité du cation apparaissent comme les descripteurs princi-

paux de I'activité des catalyseurs en environnement non aqueux.

Mots-clés

réduction de dioxyde de carbone; électrochimie; liquides ioniques; solvants eutectiques profonds;
non aqueux électrolytes
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Chapter 1. Literature Review

Chapter 1 Literature Review

1.1 Introduction

Transformations of carbon dioxide into useful products is an important topic due to the abundance
of anthropogenic CO, accumulating in the atmosphere (in 2018 alone more than 37 Gt of CO; was
emitted from human activity).! Indeed, growing interest in CO; utilization can be illustrated by the
appearance of companies aiming to use CO; for the production of a number of materials including
carbon nanotubes and fibers, plastics, carbonates, chemical building blocks, methane and metha-
nol.2 Therefore, the development of methods that efficiently valorize CO,, such as the electrochem-
ical carbon dioxide reduction reaction (CO2RR), when coupled with a renewable source of energy,

could contribute significantly to reducing fossil fuels and the associated production of CO».3

In 2013 an important review was published entitled, 'Organic molecules as mediators and catalysts
for photocatalytic and electrocatalytic CO; reduction'.? In the ensuing years, the field has progressed
tremendously, albeit with some contentious issues. For several appealing systems numerous de-
bates on the origin of their activity and even on the validity of their assignment as catalysts have
been witnessed. Recently, a number of publications have attempted to refine the range of actual
catalysts and discussed the major methodological issues. Therefore, it is timely to review the topic
of organic catalysts for CO2RR from the point of view of these fresh perspectives and to consider the
main challenges that are faced. It should be noted that the expression “organic promoters for the
CO2RR” can be attributed to a very broad range of systems, and in this review we consider only
CO:RR to fuels, accomplished on metal or inert carbon electrodes and catalyzed or promoted by
metal-free, non-enzymatic compounds, used as additives to the electrolyte or as the electrolyte
itself. Complementary to this work are a number of useful reviews covering general trends for the
CO3RR,>8 cell design,® application of metal complex catalysis,”'° metal-free electrodes,*! enzymatic

catalysis? and photoelectrochemistry.13-1°
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Chapter 1. Literature Review

The high reduction overpotential, i.e. the difference between the thermodynamic onset potential
and the observed one, is one of the key factors hampering the CO;RR. The need to apply extra volt-
age for the transformation not only makes the reduction less energetically attractive, but also re-
sults in lower current densities (which define the amount of the product being produced) and lower
selectivity for the target process due to increased rates of side reactions. The origins of high over-
potentials are believed to be derived from the high energies of the intermediates generated during
the catalytic process (Figure 1.1).1® Side reactions, especially the hydrogen evolution reaction, HER,
lower the Faradaic and energy efficiencies of the transformation.!” Adjustment of the composition
of the electrolyte represents a powerful and simple way to influence the outcome of the reduction,
as in most configurations of the cell an electrolyte is present and, depending upon its composition,
it can drastically influence the overpotential, current densities and even the selectivity of the pro-
cess, as will be demonstrated below. Electrolyte additives with defined structures and, conse-
guently, tailored properties, are accessible via organic chemistry and provide a powerful approach

to enhance the catalytic properties of the entire system.

CO, (O, HCOO, CHa...

Red Ox

N
OO Y,

+ o\i’ ° e

CO, HCOO, CHa...

no promoter

----- with promoter

Figure 1.1. Promotion of COzRR.
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Chapter 1. Literature Review

1.2 Redox Shuttles

Due to their high stabilities and solubilities in organic solvents, tetraalkylammonium salts are pres-
ently the component of choice in supporting electrolytes when the electrochemical reduction of
CO; is conducted in organic solvents. These salts were shown to promote the CO2RR by Bockris et
al,’® and the initial report was followed by studies exploring the possible routes of the reduction,
with a one-electron reduction of the NR4* cation proposed to be the key step in the reaction (Figure
1.2).1%20 Combining crown ethers with tetraalkylammonium salts further enhances the CO2RR,?° be-
lieved to be due to the formation of a crown-*NR4 complex when size of the crown allows the cation
to fit into the cavity (Figure 1.2). However, the catalytic role of persubstituted ammonium cations
was later disputed as evidence for the formation of *NRs was elusive.?! Moreover, cyclic voltamo-
grams do not reveal reduction waves for solutions containing tetraalkylammonium salts in the ab-
sence of CO; and varying the alkyl group does not significantly alter the onset potential for the

COzRR, which supports an outer sphere reduction mechanism.

CO, I 18-crown-6

NR;  ,COp  +_
- H, e -
© <+ 5 o+ OH
NR,

Figure 1.2. Initial proposed mechanism for the reduction of CO:z in the presence of tetraalkylammonium salts

and facilitation of the process in the presence of crown ethers.

A straightforward strategy to change the mechanism of the CO2RR is to employ redox shuttles, these
are compounds that can serve as electron transfer agents between the surface of the electrode and
the substrate (namely CO: in the CO2RR). Several catalysts based on this principle have been sug-
gested and the first confirmed redox shuttle catalysts for the CO,RR were based on aromatic esters
and nitriles (Scheme 1.1, shuttles 1 and 2). When employed in media with a low availability of pro-
tons, the distribution of the reduction products switches from a mixture of CO and oxalate to only
oxalate.?22% Initially, the reaction was believed to occur through an outer sphere single electron
transfer from the reduced form of the catalyst to CO,. Later, however, evidence for an inner-sphere

mechanism was obtained, which implies the formation of a bond between the C-atom in CO; and

15



Chapter 1. Literature Review

the O- or N-atom of the catalyst, with subsequent formation of CO; radical anions which then di-
merize.?3?* Another somewhat more sophisticated mechanism which cannot be ruled out is based
on a two-centered process, taking place through the formation of a derivative of 2-((hydroxycar-

bonyl)oxy)acetic acid with its subsequent decomposition to oxalate.?”

(o]

co, o O
. o)

S o OO

1 2 3
el Q0 O
NS —
N N
P g $
OH HO
4

Scheme 1.1. Mechanism of the CO2RR catalysis by one-electron redox shuttles (Q).

The range of suitable electron transfer agents is not limited to aromatic nitriles and esters. For in-
stance, 1,2-diphenylethane-1,2-dione (Scheme 1.1, 3), acts as a redox shuttle in the CO2RR,?® reduc-
ing the overpotential for CO; by ca. 900 mV. Oxalate was identified as the only product of the re-
duction of CO; with a current efficiency of 70%. The catalytic role of 3 was confirmed and in the
presence of pyridine, with isonicotinic acid (71%) and oxalic acid (12%) obtained, confirming the
radical mechanism.?” The di-Schiff base N,N’-bis(2-hydroxy-1-naphthaldehyde)-m-phenylene-
diimine (Scheme 1.1, 4) also serves as an electron transfer catalyst affording oxalate with a current
efficiency of 57%.28 Compound 4 also catalyzes the synthesis of isonicotinic acid from a mixture of

pyridine and C0O,.%°

Although electron shuttles are attractive catalysts due to their high propensity for oxalate for-
mation, the high reduction potentials usually associated with them and, therefore, overpotentials
for the CO2RR, make them less attractive.* Another problem can be coupling of the shuttle with CO;

instead of transferring the electron, as is the case for benzophenone.30:3!
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1.3  Pyridinium Salts and Dihydropyridines
However, the range of the catalysts for the CO2RR is not limited to redox shuttles and a landmark
report described pyridinium salts as catalysts for the CO2RR (Figure 1.3).32 Combined with a hydro-
genated Pd electrode and 0.01 M additives of pyridinium salts, the formation of MeOH was ob-
served with Faradaic efficiencies of up to 30%. In subsequent studies it was shown that along with
Pd electrodes, Pt electrodes (FEchzon = 22%, | = 50 uA/cm?),33 and illuminated p-type semiconductors
(FEcH3on =96%, E =-0.25 — -0.20 V vs. SCE for GaAs; FEcnzon =2.7%, E = -1.1 V vs SCE, for pyrite) can
be used.3473¢ It was found that substituents which increase the basicity of pyridine N-atom improve
catalytic performance and sterically bulky substituents on the para-position to the N-atom lower

the activity.3’

Inspired by pyridinium catalysts, a range of N-heterocyclic compounds were probed as catalysts for
the CO2RR (Figure 1.3). Pyridoxine (vitamin Bs, 6) was reported to catalyze CO2RR with a FEchson
around 5%.3® Pyridazine also exhibits a lower FEco compared to pyridinium catalysts (3.6 vs 14%
respectively).3® Initially, mercaptopteridine 8 was reported to transform CO; and formic acid to
methanol on a glassy carbon electrode.*® However, a subsequent study indicated that 8 does not
function as an electrocatalyst for the CO2RR,*! and this conclusion was later supported by calcula-

tions.*?

ﬁré‘oﬁ%

Figure 1.3. Pyridine-based catalysts suggested for the CO2RR.

The activity of the pyridinium catalyst was originally attributed to the formation of a pyridinium

radical, serving as a hydrogenating source.?? Later the pyridinium radical was considered to be a
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one-electron charge-transfer mediator, that forms a reduced neutral pyridine-CO, complex (Py-
COOH?, Scheme 1.2, A).334344 The corresponding carbamate was investigated in order to clarify the
properties of the possible intermediate.*>*® Yet, the electrochemical potential for the formation of
the reduced intermediate was found to be more negative than the actual reduction potential.*”48
Taking this into consideration, the mechanism of the co-catalytic activity of pyridinium salts was
rather considered to be due to facilitating proton-coupled electron transfer (PCET) or proton-cou-

pled hydride transfer (PCHT) from the surface of the actual catalyst, i.e. the cathode.?’

A
|
H><H
HO™ H
B
H_ OH
H><H

Scheme 1.2. Various mechanisms proposed for the promoting activity of pyridinium ions for the CO2RR.

A further study on the reduction mechanism proposed the formation of dihydropyridine intermedi-
ates in the COzRR. Notably, 1,2-dihydropyridine was suggested to be the key intermediate for both
electrochemical*®™! and photoelectrochemical®? reductions (Scheme 1.2, B). Inspired by this hy-
pothesis and the similarity between pyridines/dihydropyridines and nature's redox NADP*/NADPH
pair, organic hydrides derived from pyridines were also considered as potential CO2RR catalysis.>3>*
Dihydropyridines have a hydricity between that of Hantzsch ester and NaBH4 and might be able to
reduce CO; directly. Although 1,2- and 1,4-dihydropyridines were isolated, they were not found to
react with CO2.>° The isolated dihydropyridines, however, reduced CO; to formic acid and methanol

when potential was applied.
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The nature of the activity of the pyridinium catalysts continued to be debatable, with some reports
questioning the co-catalytic role of pyridinium ions in the CO2RR. For instance, on platinum®® or
gold>’ electrodes, the pyridinium ion was shown to act as a facilitating HER acid, i.e. like conjugated
acids of aniline and benzylamine,® as no products for the CO2RR were detected. Further research
focused the electrochemistry of pyridinium on glassy carbon (RVC), Pt, Ag, Au and Cu electrodes in
aqueous electrolytes.>>%0 |t was shown that the observed changes in the CV curves during electrol-
ysis in the presence of CO; are not due to the CO2RR, but result from alternative pathways for the
HER. Moreover, in the presence of pyridinium ions, deposits on the electrode were observed to
form in both the presence and in the absence of CO3, which might influence the electrolysis as well
and hamper the interpretation of the results.®® Protonated pyridine was also ruled out as a possible
catalyst for the CO2RR on a Pt electrode, with pyridinium ions being smoothly reduced to piperidine
in both presence and absence of CO,, without any sign of the CO2RR.®! The only CO> reduction prod-
uct that was hypothesized to be formed on a Pt electrode was CO, which is an efficient poison of
the catalytic surface inhibiting the reduction reaction.®? Using a similar system in situ IR spectros-
copy allowed formate to be detected in <3% yield, which is slightly facilitated in the presence of

pyridinium salts.%3

The range of experimental conditions employed for the CO2RR hamper comparisons and it cannot
be excluded that pyridinium-based compounds catalyze the CO2RR under certain conditions. More-
over, methodological drawbacks include the misuse of electrochemical methods, lack of internal
standards for the determination of products, and impurities in the electrolytes. Cyclic voltammetry
experiments must be followed by electrolysis at different potentials in order to reveal the actual
reduction products. The application of internal standards for product determination is especially
relevant when small concentrations of products are formed, as impurities and signals from catalyst

decomposition products may prevent quantification of the CO2RR products.®*

Despite the uncertainty of the catalytic role of pyridinium ions in the CO2RR, inorganic hydrides such
as boranes® and borohydrides®® can reduce CO; to formate (the latter even in absence of a catalyst).
Organic benzimidazole-based hydrides have also been successfully employed in the CO2RR (Scheme
1.3).%7 Formate was the main reduction product, and the organic hydride could be regenerated elec-

trochemically from the resulting benzimidazolium salt.
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Scheme 1.3. Reduction of CO2 by organic hydrides derived from benzimidazolium salts.

An attempt to define general descriptors for N-heterocycles that are active in the CO2RR was made,
which is based on calculated molecular Pourbaix diagrams and correlating the CO3RR activity of the
N-heterocycle with the position of the triple point, where the conditions are optimal for both elec-
tron and/or proton transfer.®® Pourbaix diagrams might be useful when two-electron reductions
involving organic mediators are considered, e.g. for the prediction of the properties of organic hy-
drides. However, this approach considers only solution-phase thermodynamics and does not take

into account the role of the cathode, which can be key for the transformation.

1.4 lonic Liquids

lonic liquids (ILs) have received considerable attention in electrochemical applications®7° due to
their large potential windows,”* good ionic conductivities,”? low volatilities’® and their ability to dis-
solve high concentrations of CO2.7% In this pioneering study Im ILs were shown to lower the reduc-
tion overpotential from > 700 mV to 170 mV when combined with a silver cathode.'” Moreover, the
parasitic HER was suppressed, which resulted in a FEco close to 100%. It is important to underline
that the electrode is not innocent in this process as no reaction is detected when a glassy carbon
electrode is employed.”” IL additives can also switch the selectivity of the CO2RR. For example, on a
lead electrode oxalate is the main reduction product whereas in the presence of an IL the dominant

product is carbon monoxide.”®

Numerous studies have been devoted to the elucidation of the mechanism for the promotion of
CO3RR by ILs. In the original paper, the promoting effect was attributed to the formation of an IL-
CO; adduct, although the structure of the adduct was not described.'’ In a computational study the
most plausible pathway was found to consist of the initial one electron generation of a radical from

the Im cation and formation of an adduct with CO;, followed by electron transfer and subsequent
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decomposition of the adduct to water and CO, with the regeneration of the original Im cation
(Scheme 1.4).”7 Formation of the IL-CO, adduct correlates with the known chemistry of Im salts,
which easily form N-heterocyclic carbenes (NHCs) via deprotonation of the acidic 2-proton under
basic conditions’®7° (note that the cathode can serve as a powerful base)®® or by electrochemical
reduction.t2®2 The resulting NHC reacts rapidly with available electrophiles,”® e.g. C0,.838% In syn-
thetic chemistry this phenomena was employed, for example, to activate CO, and chemically reduce

it with silanes to produce methanol.®

H H CO, H CO
A\+ : A \ >
N —° - NN N~ N
\_//\ \_//\ \://\
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AN N die
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Scheme 1.4. Mechanistic pathway for the IL-mediated CO2RR proposed by Wang et al.””

The calculated mechanism was supported by experimental data concerning the CO2RR overpoten-
tial in the presence of water employing Im salts as co-catalysts.2® Their behavior differed from other
investigated ionic co-catalysts, and was attributed to the suppression of side reactions due to the
regeneration of the imidazolium (Im) structure during the reduction from the reaction of the NHC
with water. Furthermore, CO;-Im adducts (e.g. 13, Scheme 1.4) were identified in low concentra-
tions in the post-electrolysis mixtures.’®8¢8” Carboxylates adducts are stable under ambient condi-
tions and can be synthesized and isolated.®8 An attempt to introduce this adduct into the electrolysis
cycle was not successful, i.e. the adduct was not further reduced to the CO; reduction products and
the starting IL,%” which indicates the formation of the carboxylate is a parasitic reaction. Moreover,
2-substituted Im co-catalysts, lacking an acidic proton at the C2 and cannot form carboxylates, are
more active for the CO2RR than non-substituted Im ILs and are also more stable.8”87.868 |f radical
formation followed by the coupling with CO; at the 2-position is the key step for the reduction, then
2-substituted Im rings should not act as co-catalysts as they cannot form carbenes at the C2. Im salts
can form non-classical (abnormal) carbenes at the Cs and Cs positions and, replacing the protons at

the C4 and Cs positions of the Im ring with methyl groups dramatically reduces activity, suggesting
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that the protons in these position play a key role (e.g. providing two H-bonds, participating in the
formation of a stabilize CO2-IL complex).8° However, the possibility that the reduction reaction with

substituted and non-substituted Im ILs operate via different mechanisms cannot be excluded.

The influence of the length of the N-alkyl chain on the CO2RR is unclear. According to one study, as
the alkyl chain increases from ethyl to octyl the FE and onset potential both increase.’® The increase
in the reduction onset potential was attributed to the reduced contribution of side reactions, par-
ticularly dimerization of Im cations (due to steric effects) and the HER (due to the increasing hydro-
phobicity of the cations with the length of the alkyl chains). However, in another report the opposite
trend was observed with a positive influence of longer alkyl chains on the CO2RR.2® In the most
recent study the length of the alkyl chain was found to be negligible for the CO2RR.?! In addition, in
a series of tetraalkylammonium salts the smallest cations displayed more positive onset poten-

tials.80

Further improvements in the onset potential can be achieved with Im ILs by adding water to the
system.®® This phenomenon was thoroughly investigated and confirmed by several research
groups,®>°® and it has been suggested that water acts as a proton source for the reduction process
and promotes mass transport.®? In addition, commonly used ILs based on tetrafluoroborate anions
are unstable and hydrolysis of the BF4™ anion can occur, which lowers the pH of the solution and

increase the availability of protons.®*

The influence of the anion on the CO2RR is complicated as it appears to depend on the structure of
the cathode material employed. For Cu and Ag polycrystalline electrodes, the nature of the anion
(PFe’, BF4, Br,, ClO4, SO4% and HCO3') has negligible effect on the formation of the carbon-based
products.®8°7.9% However, the anion might have a considerable influence on the CO2RR when it in-
teracts strongly with the surface of the electrode or changes the pH of the solution. For instance,
enhancement of the CO2RR by adsorbed halides was demonstrated for Ag nanocoral electrodes (CI
)*° and for plasma-activated Cu electrodes (Cl'<Br<I-).2% The nature of the anion alters the perfor-
mance of the electrochemical system when employing pure ILs as electrolytes (NTf, > BF4 > tris(per-
fluoroalkyl)trifluorophosphate in terms of activity for the [BMIm]-based ILs),”> as physical properties

of the IL strongly influence the solubility of CO; and mass transport.®3
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The anion has a considerable impact on the reduction process if it directly forms intermediates with
CO,, such as when ILs with base-derived anions are used.!01192 Here, the activity of the IL is depend-
ent on the formation of transition state intermediates between CO; and the base-derived anion,
e.g. 1,2,4-triazolide, which can react with CO; stoichiometrically and reversibly,'%3 and leads to the
formation of formate at low overpotentials. Another example of an IL with anion-derived activity
was demonstrated with Im salts with the BFsCl- anion.%* In the presence of CO, a new peak appears
on the CV scan, which disappears when the electrolyte is purged with N». This work is intriguing as
it represents a new CO; activation process involving Lewis pairs, which was inspired by the lability
of B-halide bonds.1% Unfortunately, the products for this reduction were not determined, although
conventional ILs were inactive under the conditions (possibly due to the use of a Pt electrode which

does not favor CO production).106:107

The inconsistencies regarding the role of the IL ions on the CO2RR are partly due to the problems
associated with correcting for uncompensated Ohmic resistance (IR drop). For more conductive
aqueous electrolytes this problem can be relevant in some reactions;!% for organic electrolytes,
which usually possess higher resistances, not including a IR drop correction significantly distorts the
results. To illustrate this problem, corrected and not corrected CV curves were compared for differ-
ent compositions of Im-based ILs. In the uncorrected curves significant differences are observed
between the different ILs, whereas following correction, the differences were found to be negligible

(Figure 1.4).%1
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Figure 1.4. Comparison of cyclic voltammetry data for various ionic co-catalytic systems without and with IR-

correction. Adapted from ref. 91.

The mechanism by which Im ILs enhance the CO2RR was probed by in operando sum frequency
generation spectroscopy.'?® When a potential is applied, the IL participates in the formation of an
electric double layer, which is further supported by calculations''® and other electrochemical exper-
iments.2%7 Under certain potentials, irrespective of the presence of CO; in solution, a structural tran-
sition in the IL occurs. Notably, this potential accurately corresponds to the voltage where the CO2RR
also occurs. The origin of the catalytic effect is believed to be derived from the increased abundance
and high degree of alignment of the IL cations leading to a sharp growth of the local electrical field
in the proximity of the electrode.'® Stabilization of the key reduction intermediates by the local
cation-induced electric field is supported by DFT calculations (Figure 1.5).}!! The positive effect of

water additives may then be explained by reducing the negative potential for the IL transition.1?
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Figure 1.5. Effect of field stabilization on the COzRR. Left: Ag(111) and Pt(111) without field stabilization.
Right: Ag(111) with field stabilization. Adapted from ref. 111.

The scope of active ILs able to co-catalyze the CO,RR is not limited to Im ILs (Figure 1.6). Pyrazolium-
based ILs are stable co-catalysts that result in quantitative Faradaic efficiencies for CO at high cur-
rent densities.'3 Fully substituted pyrazolium cations display good performance in the CO2RR, which
opposes pyrazolium CO; adduct formation and supports modification of the electric double layer as
the most possible origin of the co-catalytic activity. An study probing different cations in the CO2RR

revealed Im and pyrrolidinium ILs as the most active compounds from the range tested (Figure

1.6).%6
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Figure 1.6. lonic promoters probed for the CO2RR. A: The most active co-catalysts cations. B: Other organic

salt cations. C: Anions used in the study.

N-alkylpyridinium ILs do not act as co-catalysts for the CO2RR when used with the most widespread
electrode materials.3>%° However, some N-arylpyridinium salts do behave as co-catalysts with Cu

electrodes.'* It was found that the arylpyridinium salts serve as precatalysts and form deposits on
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the electrode during the reduction, which increases the selectivity for C2 products, yielding CaHa
(FEc2na = 41%) and C2HsOH (FEcanson < 27%). N-butyl pyridine and protonated pyridine did not show

such activity, which is consistent with the previous reports (see above).

In general, ILs are characterized by their low volatility,”® which significantly simplifies their utiliza-
tion, but can hamper recycling. To overcome this issue an approach for the CO;RR was devised that
employed the distillable IL dimethylammonium dimethylcarbamate as the medium for the reduc-
tion.''> This IL, derived from dimethylamine and CO,, breaks down at 60°C into volatile components
that can be easily removed.!® Optimum results were obtained using dimethylammonium dimethyl-
carbamate with In as the electrode material, yielding CO (FE = 44.5%) and formate (FE = 39.7%) as

the predominant products of the reduction.

1.5 Functionalized Ionic Liquids and Deep Eutectic Solvents

Functionalized ILs were also explored in the CO;RR with, for example, hydroxy-tagged ILs showing
higher co-catalytic activity compared to simple (alkyl) ILs.*!” Introduction of the OH-group lowers
the reduction onset potential by 70 mV compared to structurally related unfunctionalized ana-
logues. This observation is in accordance with other studies based on homogeneous metal catalysis,
which show that hydroxyl groups in proximity to metal catalyst facilitate the reduction of CO,.118
Therefore, the presence of hydroxyl groups in the proximity of the electrode surface presumably
enhances the CO2RR. To ensure close proximity of the hydroxy-group with the electrode, the cation
should be modified with the group since the cations associate with the electrode, and in this context
choline derivatives represent a naturally occurring class of cations endowed with a OH-group. More-
over, choline chloride is the basic component of deep eutectic solvents (DESs), which resemble ILs
in many ways, i.e. similar conductivities, low volatilities, high solubility of CO», etc.}'%12! The impact
of choline chloride on several electrochemical reactions including the CO2RR was reported.*?? Cho-
line chloride was used in aqueous bicarbonate solutions, which provided the pH necessary for the
reduction and served as a source of CO,. However, the reduction process was investigated by CV
only, without information on electrolysis and the product distribution. Subsequently, choline chlo-
ride and choline chloride/urea (1/2) based electrolytes mixed with KCl (to improve conductivity)
were shown to slightly improve the FEco compared to pure KCl electrolyte.’® However, the jco value
remained the same for both choline/KCl and pure KCl electrolytes at the same potentials. The influ-

ence of choline additives on the reduction onset potential was not investigated (CV data was not
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presented), and addition of urea (the second component of the DES) did not result in any improve-
ment compared to pure choline chloride. However, the effect of the choline derivatives might not
be pronounced in aqueous solutions where the impact of the OH group is diminished. Choline chlo-
ride tends to be poorly soluble in acetonitrile, frequently used for electrochemistry, which hampers
its application.!?3 The solubility of choline chloride can be increased in organic solvents by employing
the DES principle, i.e. harnessing strong interactions between the chloride and ethylene glycol (as
hydrogen bond donor).*?3 The resulting systems showed high selectivities for CO (FEco up to 100%)

and lowered onset potentials.

While organic promoters of the CO2RR are largely limited to the classes described above, there are,
however, several systems which have not been mentioned thus far, but are of relevance. For in-
stance, attempts to reduce CO; in monoethanolamine were made,'?* since monoethanolamine is
an industrial solvent used to capture CO,.12> Reduction was highly dependent on the employed elec-
trode (smooth metal electrodes based on silver - FEco = 33.4%, FEncoo- = 2.0% at -0.8 V and indium
- FEco = 17.0%, FEhcoo- = 45.4% at -0.8 V were evaluated. The activity was significantly improved
when porous metal electrodes were used or surfactants (e.g. CTAB) added. In an investigation of
silver-base complexes in the CO;RR, it was found that the base alone, i.e. 3,5-diamino-1,2,4-triazole
(DAT), decreased the reduction overpotential and increased the current density and Faradaic effi-
ciency for CO formation when used with Ag/C electrodes.'?® The co-catalytic effect of DAT was at-

tributed to weakening of the CO-bond at the silver electrode and to the suppression of HER.?’

1.6 Summary

Active organic systems for the CO2RR can be divided into three main groups, i.e. redox shuttles
forming radicals, organic hydrides and ionic compounds. Electron shuttles appear to be the catalysts
of choice for the synthesis of oxalate and in general require high overpotentials, which can be ad-
justed by tuning of the shuttle structure. The application of organic hydrides results in the formation
of formate, and the applicability of the catalyst is defined by the hydricity of the hydride and ease
of its regeneration on the electrode. lonic systems tune the activity of the actual reduction catalyst,
i.e. the electrode, and can be used for a synthesis of various products (CO, formate and methane
are the most widespread outcomes). The activity of this system depends on the properties of the
double layer formed in the reduction process, and the activity of the catalyst can be improved by

introduction of the functional groups (e.g. OH).
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As the origin of the catalytic and co-catalytic activities of organic systems become unraveled, ra-
tional design of the promoters becomes possible and can be achieved using the same principles
applied to the rational design of traditional organic catalysis. Indeed, transferring concepts from

organic chemistry to electrochemistry could be fruitful.

Importantly, the evaluation of different organic promoters should take into account that the for-
mation of reactive intermediates can result in various side reactions, which hamper analysis of the
system. The data from cyclic voltammetry experiments and electrolysis should be corrected for the
uncompensated resistance and followed by careful analysis of the reduction products with the ap-
plication of internal standards in order to avoid errors. To provide unambiguous conclusions on the
applicability of organic promoters for industrial CO2RR, their performance must also be assessed at
high current densities (> 200 mA/cm?).128 Based on the versatility of organic promoters and the ease
of tuning the microenvironment of the electrode using them, significant improvements in activity

can be envisaged, which may lead to industrial applications.
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Chapter 2 Triazolium Ionic Liquids

2.1 Introduction

The origin of the promotion of the CO2RR by imidazolium ILs (Im ILs) is still under discussion (see
Chapter 1, 1.4). This ambiguity leads to a lack of clear recommendations towards the optimal struc-
ture of the Im co-catalyst, i.e. which functions should be present in which positions of the Im ring.
To address that issue, we have explored the applicability of a range of the Im ILs with diverse sub-

stitution patterns (Figure 2.1 A) for the CO,RR.!

NN NN/ NN/ C : \
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Figure 2.1. A: Substituted Im IL, used for the research. B: Hypothesized binding modes of CO2 and Im ILs on

\

\—/ \—/
"normal” carbene abnormal carbene

the Ag electrode. C: “Normal” and abnormal carbenes.

It was clearly demonstrated that substitution in the C2 position of the Im core by alkyl or aromatic
moieties improves the co-catalytic properties of the IL, whereas substituents at the C4 and C5 sig-
nificantly decrease the performance of the system. We were able to relate the low activity of 4,5-
substituted Im ILs to the possible binding modes of CO, with the IL cation on the surface of the silver
electrode, where CO,-based intermediates are stabilized by hydrogen bonding (Figure 2.1 B). Mean-
while, improved activity of 2-substituted Im ILs can be explained by suppression of alternative re-
duction pathways and side reactions. For instance, NHC formation is suppressed, which is consid-

ered as a parasite reaction as formation of the adduct of NHC and CO; is very stable and therefore
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inhibits the CO2RR. Carbenes can be formed from 2-substituted Im ILs as well (so-called abnormal
carbenes, Figure 2.1 C), but their formation is less favorable compared to classic NHCs. The differ-

III

ence in stabilities and ease of formation for “normal” and abnormal NHCs can be illustrated by the
fact that for coordination compounds abnormal binding accounts for only around 2% of the overall

amount of characterized NHC-complexes.?

Thus, introduction of a substituent in the C2 position of the Im ring is beneficial for the catalysis,
which contrasts with the assumptions that the CO,-Im adduct plays an important role in the reduc-
tion. However, corresponding 2-substituted Im ILs are less available compared to the classic ionic
liquids with 1-butyl-3-methylimidazolium ([BMIm]) cation, which hampers their application and
makes them unattractive for the further development. To address this issue, we investigated a new
class of ionic liquids, based on the 1,2,3-triazolium cation, since a wide and diverse range of substit-

uents can be introduced into their structure with considerable ease.

In terms of structure, 1,2,3-triazolium ILs (further — Tz ILs) are similar to Im ILs and differ in the
second position of the aromatic ring, where the carbon atom is replaced by nitrogen. This modifica-
tion results in the absence of an acidic proton at the second position and, therefore, prevents the
possibility of NHC formation. Moreover, the N2 atom possesses a lone pair and therefore can serve
as weak nucleophile, which suggests additional binding modes for CO,. Another advantage of the Tz
derivatives is their availability by Huisgen cycloaddition (namely copper-catalyzed click reaction),
which is a powerful and mild approach affording a range of substituted triazoles.> Moreover, Tz ILs
were reported to possess higher stability towards alkaline conditions compared to Im salts and de-
composition potentials, suitable for the CO,RR.* To the best of our knowledge Tz ILs have not been

applied as co-catalysts for the COzRR.
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2.2 Results

The approach for the synthesis of substituted Tz ILs is presented in Scheme 2.1. The starting organic
azides are readily synthesized from corresponding iodides. While benzylazide is a stable high-boiling
compound, butylazide is a flexible volatile liquid (bp = 71°C at 225 mm Hg),”> which tends to sponta-
neously explode under stress when pure.®’ Therefore, for the next step butylazide was used directly
as an ether extract without prior purification. The Tz core is synthesized by the Cu(l)-catalyzed 1,3-
dipolar cycloaddition of terminal alkynes and azides. The reaction proceeds smoothly under ambi-
ent conditions, providing the corresponding triazoles in excellent yield. In the next step the triazoles

are alkylated with iodomethane and the iodide anion exchanged for Tf,N"(TFSI) or BF4".

NaN3
T8 5
R1 | R1 N3 CUI R1\N/N\\
. N
=
=R,
R
R3_|
Ri<
NN - [Cation]A R1\N,N .
i B
_ \
R2 A R, I

Scheme 2.1. Synthesis of 1,3,4-substituted Tz ILs.

Direct synthesis of 4,5-non-substituted Tz ILs using the click reaction is more challenging as acety-
lene (a gas) is required. To circumvent this issue two approaches have been suggested (Scheme 2.2
A). First, trimethylsilyl (TMS) acetylene can be employed as the alkyne component. After the cy-
cloaddition reaction the TMS group is easily removed using either tetrabutylammonium fluoride
(TBAF) or a methanolic solution of NaOH, yielding N-substituted triazoles (Scheme 2.2 B). The dis-
advantage of this approach is necessity to purify the products chromatographically, as it is demand-
ing to separate the siloxane by-products by other means. Alternatively, 1H-1,2,3-triazole is commer-
cially available and can be easily N-alkylated in the presence of bases. However, in this case 2-al-
kyltriazoles are formed as by-products along with the target 1-alkyltriazoles (Scheme 2.2 C). As a
simple solution for the issue, we use the crude mixture in the subsequent alkylation step (towards
1,3-substituted Tz) without further purification. The 2-alkyltriazole is not alkylated under ambient

conditions and was easily separated from the product by extraction with diethyl ether. Although
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both approaches described above are valid, we mainly used the last one, starting from 1H-1,2,3-

triazole.
R
1\N/,\l\\+
N—R, TBAF
= R or
/ \ "N-N. NaOHMeOH  Risg N,
A
B \§<N LN
Ri<
NN, Risg-N, SiMes
N N
A = =~
¢ HEN SRARENG VL NN
R,—N ~ N + ‘N
HN-N, P Base ~/ Ly
N +
Sy
— SiMe3

Scheme 2.2. A: Retrosynthetic analysis for 1,3-substituted triazoles. B: Approach including click reaction. C:

Approach including alkylation of 1,2,3-triazole.

The Tz ILs selected and synthesized for the investigation are presented in Figure 2.2. Butyl, benzyl
and phenyl groups were chosen as substituents for the Tz ILs: butyl as an inert alkyl group, allowing
comparison with classic [BMIm] ILs, and aromatic groups as they can potentially orient the Tz ring
due to m-stacking of the cations and possible interaction of the aromatic ring with the electrode.
The 1,3,4-substituted Tz ILs are easier to prepare than the unsubstituted Tz ILs, which makes them
particularly attractive systems to probe for the CO2RR. The TFSI anion was selected due to the large
potential windows of TFSI ILs, their generally lower melting points, viscosities and good solubilities

in organic solvents.

/\/\N”N\\ . \N,N\\NJr \N’N\\N+_
[DBTZ] [MBTz] [DMTz]
N/,\l\\ + /\/\N/’\I\\ + N/l\l\\ +
~ ~ ~
[MBnPhTz] [MBPhTz] [MBnBuTZ]

Figure 2.2. Cations of the Tz ILs employed in the current project.
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To probe the ability of the Tz ILs to act as co-catalysts in the CO2RR the corresponding compound
(0.02 M) was dissolved in a 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAP) in
acetonitrile. Polished polycrystalline silver and glassy carbon electrodes were used as the cathodes.
The choice of the electrodes is based on the fact that ILs do not normally have catalytic activities on
their own, but improve the performance of the actual catalyst, i.e. the electrodes. Silver is a well-
established catalyst for the CO2RR, having large FEco at reasonable potentials.®2 Meanwhile, glassy
carbon electrodes do not exhibit catalytic properties and are used as an inert electrode, which al-

lows the stability of the system to be probed in the presence of CO..

First, the electrochemical behavior of the systems in the presence and absence of CO; was evaluated
by cyclic voltammetry (CV) experiments. Experiments under N, atmosphere were performed to de-
termine the potential windows of the Tz ILs (Figure 2.3). Tz ILs without aromatic substituents
showed better stability. Benzyl substituents have the most destabilizing effect, which is probably
due to the low stability of the benzyl group under strongly reducing conditions, e.g. benzylamines
can be easily cleaved under the conditions of the Birch reduction, forming toluene and free amines.’
The introduction of the phenyl group in the Tz ring also results in the destabilization of the co-cata-
lyst, which may be a consequence of the formation of a larger electron-deficient conjugated system.
For the 1,3-alkyl substituted Tz, dibutyl Tz is more stable than dimethyl Tz, presumably due to the

larger sterics and stronger electron donating effect of the butyl group compared to the methyl one.

Under N3, CVs obtained using a Ag working electrode correspond to those obtained with a glassy
carbon electrode (Figure 2.3, solid green vs dashed blue lines), suggesting that specific interactions
between the electrodes and the Tz cation are not essential and allowing the CVs for the Ag and C

electrodes, recorded under CO;, to be compared.
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Figure 2.3. CV data on the stability of the Tz ILs.

The shapes of the decomposition curves are different for the 1,3,4- and 1,3-substituted Tz cations.
For the 1,3,4-Tz ILs no peaks appear on the backward oxidation scan, which implies fully irreversible
reduction of the species. The reduction curves for the 1,3-alkyl ILs have an extremum for the oxida-

tive part of the curve along with the one appearing during the reduction, which might imply a certain
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degree of reversibility for the degradation process. The CVs are not symmetric, with minima (extre-
mum attributed to the reduction wave) higher in amplitude than the maxima (extremum attributed
to the oxidation wave). Such shape can be a sign of a partial decomposition of the formed reduction
product. For the deeper understanding of the reduction of the Tz cations, CV curves at different scan

rates were recorded (Figure 2.4 left).

E,V
-2,5 -2,0 -1,5 -1,0
1 L L 1 10 e oxidation wave
e reduction wave [ qq
5 R2 = 0.9986 e
- '-'-. -5
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Vfl5 ¢ L 1 0 §
50 mV/s -5 > 10 1 £
— 100 mVis . L5
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— 300mVis | 45 R*=0.9946 e
J, mA/cm?

Figure 2.4. Left: CV curves for [DMTZz]TFSI recorded at different scan rates. Right: Relation of the peak cur-
rent densities to the square root of the scan rate. Experimental conditions: 0.02 M IL in 0.1 M TBAP in

MeCN, glassy carbon polished working electrode.

The CV curve becomes more symmetrical at higher scan rates, further supporting decomposition of
the reduced species as the reason for the asymmetry of the CV. The peak-to-peak separation for all
curves is ca. 77 mV, which is larger than that of a fully reversible process (57 mV).1° In general, the
difference may result from quasi-reversibility of the reduction or from non-ideality of the system
(large resistances between the working and the reference electrodes, which are normal when em-
ploying organic electrolytes). In order to clarify which of these reasons is in operation, the CV exper-
iment was performed for ferrocene (Fc). The reduction of Fc is a one-electron and fully reversible
process, which allows it to be used as a standard for the electrochemical measurements. In our case
peak-to-peak separation for the Fc couple was 76 mV, indicating the reduction of Tz to be a reversi-
ble one-electron process. The relation of the current density to the square root of the scan rate is
linear for both the reduction and oxidation waves, which shows fast electron transfer and, there-

fore, diffusion control of the reduction reaction (Figure 2.4 right).
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Following the measurements under a N, atmosphere, the reaction mixtures were flushed with CO;
and the CV experiments were performed again. In the accordance with the data on the Im ILs, 1,3,4-
substituted Tz ILs showed no significant co-catalytic activity, which is concluded from a lack of dif-
ference of the onset potentials and only minor differences in the current densities in the presence
and absence of CO, (Figure 2.5). However, in the case of 1,3-alkylated Tz ILs, [DMTz]Tf:N,
[BMTz]Tf;N and [DBTz]Tf;N, when CO; is present in the system the onset potentials of the reduction
waves shift in a positive direction and are followed by the disappearance of the oxidation peaks.
These changes indicate a new Faradaic process in the system due to the presence of CO,. The CV
curves have a peak, nearly corresponding to the reduction peak of the co-catalyst under N;. This
observation may imply that the reduction wave consists of two simultaneous processes, i.e. reduc-
tion of CO; and decomposition of the co-catalysts, with the latter limiting the reduction. As no cat-
alytic current is observed when the glassy carbon electrode is used instead of the Ag electrode, and
hence the role of the Ag electrode appears to be essential for catalysis and it seems unlikely that

the Tz IL serves as a redox shuttle as shown in Scheme 1.1 in the section 1.2.

However, even when the glassy carbon electrode is employed, the shape of the CV curve is different
in the presence and absence of CO,. When carbon dioxide is in the mixture, the reduction current
increases, the oxidation peaks disappear and the process loses all signs of reversibility. A possible
explanation for these changes is that CO; reacts rapidly with the reduced form of triazolium cation.

However, a shift in the onset potential does not occur.
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Figure 2.5. CV curves for the Tz ILs under N2 and CO2 atmospheres. Experimental conditions: 0.02 M IL in

0.1 M TBAP in MeCN, Ag polished polycrystalline working electrode.
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Since CV experiments are unable to assess performance of the co-catalytic systems as the nature of
the products and their contribution to the overall reduction process remains unknown, potenti-
ostatic electrolysis combined with online GC analysis was performed. For this purpose, the [MBTz]-
based IL was selected as the model compound, having the largest difference between decomposi-

tion and CO2RR potentials. Electrolysis was performed at three different potentials (Figure 2.6).
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Figure 2.6. Left: Results of potential controlled electrolysis for [MBTZz]TFSI - electrolysis traces and FEco.
Right: CVs of [MBTZz]TFSI displayed with the electrolysis potentials.

The FEco was found to be low at low overpotentials (15-20%) and increase with the higher applied
voltage (reaching ca. 40%). Traces of H, were detected, although no other CO>-based products were
detected. Low Faradaic yields can be explained by competing partial decomposition of the co-cata-

lyst.

2.3 Summary
In conclusion, we have synthesized a new type of ILs for the CO2RR and assessed their performance.
While 1,3,4-substituted Tz ILs do not behave as co-catalyts and are irreversibly decomposed at po-
tentials close to the required for CO2RR, their 1,3-alkylated analogues can serve as promoters. The
FEs for the only CO;-based product (CO) were found to be low (below 40%) due to decomposition

of the co-catalyst. However, the Tz ILs have promising onset potentials for the CO2RR, which are
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close to the theoretical ones for non-aqueous systems. Nonetheless, these results contribute to the

understanding of structure/activity relationships for CO2RR catalysts.
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2.4 Experimental

2.4.1 Electrochemical measurements.

Cyclic voltammetry (CV) measurements were carried out using a Bio-Logic SP200 potentiostat and a
custom-made glass electrochemical cell. BusNPFes (0.1 M, Sigma-Aldrich) in anhydrous acetonitrile
(5 mL, 99.9+ %, Extra Dry, Acros) was used as the supporting electrolyte and the concentration of
catalysts was 0.02 M for all runs if not stated otherwise. Silver and glassy carbon disk electrodes (5
mm diameter, BiolLogic) were used as working electrodes. Before each experiment, the electrodes
were polished with Al>Os slurry (1 micron, Electron Microscopy Sciences), washed with water and
dried using a stream of air. An Ag/AgCl quasi-reference homemade electrode was employed as the
reference. The electrode was prepared by polarization of Ag wire in 2 M HCI (two electrode setup,
Ag wire anode (working electrode), Pt cathode (counter electrode + reference), 2V for 180 s). This
electrode was operated behind a ceramic diaphragm (6.1240.020, Metrohm) and calibrated to the
ferrocene/ferrocenium couple. A Pt wire was used as the counter electrode. All the electrodes were
always set at the same positions in the cell prior to every experiment in order to keep ohmic losses
constant, and the measurements were corrected for the IR drop. Before conducting each experi-
ment, the solution was flushed with Ar for 15 min under stirring. CV scans were recorded at 100

mV/s. All the ILs were dried at 90°C for 30 min before cyclic voltammetry measurements.

Chronoamperometry experiments followed by gas chromatography(GC) analysis were carried out in
a H-type cell employing NBusPFs (0.1 M) containing the target IL (0.02 M) as catholyte, H,SO4 (0.5
M, suprapure, Merck) as anolyte, compartments separated by a polymer membrane Nafion 117,
Sigma-Aldrich). As working electrodes, a Ag foil (99.9%, 0.25 mm thickness, Sigma Aldrich) was used.
Before measurements, the Ag foil electrode was mechanically polished with alumina paste (1 um)
on polishing cloth, ultrasonicated for about 1 minute, then rinsed with Milli-Q water and dried in Ar
stream. A platinized Pt foil and a leakless Ag/AgCl electrode (EDAQ) were used as counter and ref-
erence electrodes, respectively. Before each series of experiments, a calibration mixture of Hy, CO,
CO;, CH4, C;Hs and C3Hs (Carbagaz) was injected in the GC. HayeSep D 80-100 mesh column was

employed for the separation.

Potentiostatic control was provided with a Metrohm Autolab PGSTAT302N instrument. The catho-

lyte was continuously purged with CO> gas at the flow rate of 15 mL/min, thereby transporting vol-
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atile reaction products from the headspace into the sampling loops of the on-line gas chromato-
graph (SRI Instruments). The partial current density for a given gaseous product was determined

using the following equations:

ci-v-F-z

l; =
L 6.
100 -V, (1)

].
FE (%) = —— - 100%
I
total (2)

li is the Partial current for the conversion of CO; to product i, ¢; represents the volume fraction of
the products measured via online GC using an independent calibration standard gas (Carbagas), z is
the number of electrons involved in the reaction to form a particular product, F is the Faraday con-
stant (96485 C/mol), vis the flow rate [L/s], Vi represents the molar volume, liotar is the total current
at the time of measurement. Faradaic efficiency (FE) was obtained by normalizing the partial current
density for a given reaction product with respect to the total current density. Gas products were

analyzed online during steady-state potentiostatic CO; electrolysis at different electrode potentials.

2.4.2 Synthesis and characterization of compounds.

All reagents were obtained commercially and used without further purification unless otherwise
stated. CO; (99.998 %) and Ar (99.9999 %) were obtained from Carbagas, Switzerland. *H, °F and
proton-decoupled 3C-NMR spectra were recorded on a Bruker Avance-400 (400 MHz) spectrome-

ter. All reactions were completed under inert conditions (nitrogen atmosphere).

1-azidobutane: To a solution of 1-iodobutane (4.60 mL, 40 mmol) in DMSO (50 mL) was added NaN3

N (3.90 g, 60 mmol), the reaction mixture was left stirring at 90°C for 24 hours. The
\/\/

resulting mixture was cooled down, diluted with water (100 mL) and extracted with

Et20 (3x100 mL). The combined organic fractions were dried over MgSQ4, then the volume of the

solution was reduced under vacuum. The resulting mixture was used without further purification,

as BuNs is potentially explosive when pure. NMR vyield: 78%. *H NMR (400 MHz, Chloroform-d) &
3.27 (t,J = 6.9 Hz, 2H), 1.68 — 1.53 (m, 2H), 1.51 — 1.34 (m, 2H), 1.01 — 0.87 (m, 3H).

Benzylazide: To a solution of benzylbromide (3.5 mL, 29 mmol) in a 4:1 mixture of acetone and

\ V@ water (160 and 40 mL respectively) was added NaN3 (2.85 g, 48 mmol). The reaction
3
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mixture was left stirring at rt for 24 hours. The resulting mixture was extracted with dichloro-
methane (2x40 mL), the combined organic fractions were washed with brine (50 mL), dried over
MgS04 and dried under vacuum, affording pale yellow oil (3.97 g, ca. 100%). 'H NMR (400 MHz,
Chloroform-d) & 7.59 — 7.28 (m, 5H), 4.37 (s, 2H). 13C NMR (101 MHz, CDCl3) & 135.37, 128.83,
128.30, 128.21, 54.82.

1-butyl-4-phenyl-1,2,3-triazole: To a solution of BuN3 (1.0 g, 10 mmol) in methanol (50 mL) were

\_\; added sodium ascorbate (0.40 g, 2 mmol), copper sulfate pentahydrate

N'N;N (0.38 g, 1.5 mmol) and phenylacetylene (1.11 mL, 10 mmol). The reaction

mixture was left for 12 hours at rt, diluted by water (50 mL), extracted by

dichloromethane (4x50 mL). The combined organic fractions were washed

with Brine (50 mL), dried over MgSQy, filtered through a short silica plug and dried under vacuum,

affording pale pink solid (1.63 g, 80%). *H NMR (400 MHz, Chloroform-d) § 7.91—7.82 (m, 2H), 7.77

(s, 1H), 7.45 (t, J = 7.5 Hz, 2H), 7.41 — 7.31 (m, 1H), 4.43 (t, J = 7.2 Hz, 2H), 1.96 (p, J = 7.3 Hz, 2H),

1.43 (h, J = 7.4 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 147.73, 130.72, 128.81,
128.06, 125.69, 119.39, 50.15, 32.31, 19.73, 13.46.

1-benzyl-4-phenyl-1,2,3-triazole: To a solution of copper sulfate pentahydrate (0.04 g, 0.16 mmol),

sodium ascorbate (0.60 g, 0.3 mmol) and benzoic acid (0.17 g, 1.4 mmol)

Q Nz in a 2:1 mixture of H,0 (10 mL) and tert-butanol (5 mL) were added ben-
N zylazide (2.00 g, 15 mmol) and phenylacetylene (1.57 mL, 14.3 mmol). The
reaction mixture was left for 10 minutes at rt, diluted by dichloromethane
(150 mL), washed by water (100 mL), brine (100 mL), dried over MgS0O4 and filtered through a celite
plug. The solvent was removed under vacuum, affording colorless solid (3.4 g, 99%). *H NMR (400

MHz, Chloroform-d) & 7.87 — 7.77 (m, 2H), 7.68 (s, 1H), 7.47 — 7.31 (m, 8H), 5.60 (s, 2H). 13C NMR
(101 MHz, CDCls) 6 148.25, 134.68, 130.53, 129.16, 128.80, 128.17, 128.06, 125.71, 119.47, 54.25.

1-benzyl-4-butyl-1,2,3-triazole: Synthesized employing the same protocol, as for 1-benzyl-4-phenyl-

1,2,3-triazole. Starting from 1-hexyne (1.56 mL, 13.6 mmol). Yield 70%
Nsp (2.1 g). *H NMR (400 MHz, Chloroform-d) 6 7.43 — 7.36 (m, 2H), 7.31 —
N

\?K/\/ 7.25 (m, 3H), 5.52 (s, 2H), 2.77 — 2.67 (m, 2H), 1.65 (t, J = 7.5 Hz, 2H),
1.38 (h, J = 7.4 Hz, 2H), 0.94 (t, J = 7.3 Hz, 3H).
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1-methyl-1,2,3-triazole: To an ice-cooled (0°C) suspension of sodium hydride (4.6 g, 0.19 mol) in dry

Nsyn  THF (100 mL) was added dropwise 1H-1,2,3-triazole (10 mL, 0.17 mol), followed by io-

N

—

domethane (16.6 mL, 0.17 mol). The reaction was left stirring for 2 hours at rt. Water
(100 mL) was added, the mixture was extracted by dichloromethane (3x100 mL), combined organic
layers were dried over MgSQa. Activated charcoal (50 mg) was added, the mixture left stirring for 3
hours at rt, then it was filtered through celite, the solvent was removed under vacuum, yielding
colorless liquid (4.7 g, 33%). 'H NMR (400 MHz, Chloroform-d) & 7.63 (s, 1H), 7.48 (s, 1H), 4.06 (s,
3H).

1-methyl-1,2,3-triazole: To a solution of 1H-1,2,3-triazole (10 mL, 0.17 mol) in dry MeCN (70 mL)
Nz Were added butyl bromide (20.5 mL, 0.19 mol) and potassium carbonate (36 g,
/_FN\% 0.26 mol). The reaction was left stirring for 12 hours at rt. Water (150 mL) was
added, the mixture was extracted by dichloromethane (3x100 mL), combined or-
ganic layers were dried over MgSO4. The solvent was removed under vacuum, yielding colorless
liquid (17.51 g). As discussed in the main text, two products were formed: 1-butyl-1H-1,2,3-triazole
and 2-butyl-2H-1,2,3-triazole (1:1, 8.8 g and 41% yield each). The mixture was used directly for the
alkylation step. *H NMR (mixture): *H NMR (400 MHz, Chloroform-d) 6 7.71 (d, J = 1.0 Hz, 1H), 7.59
(s, 1H), 7.55 (d, J=1.0 Hz, 1H), 4.43 (dt, /= 20.2, 7.2 Hz, 4H), 2.09 - 1.79 (m, 4H), 1.47 — 1.28 (m, 4H),
1.08 —0.87 (m, 6H).

1-butyl-3-methyl-4-phenyl-1,2,3-triazolium iodide: To a solution of 1-butyl-4-phenyl-1,2,3-triazole
\_\; B (360 mg, 1.8 mmol) in dry MeCN (10 mL) was added iodomethane (8.8 mL,
N'N:N+ I 17 mmol). The reaction mixture was left for 12 hours at reflux, then dried

under vacuum, adsorbed on silica, washed with MeCN (5 mL) to remove

the colored side products, then with water (50 mL). The solvent was re-

moved under vacuum, yielding yellow viscous oil (0.30 g, 49%).'H NMR (400 MHz, Chloroform-d) 6
9.53 (s, 1H), 7.84 — 7.74 (m, 2H), 7.69 — 7.50 (m, 3H), 4.83 (t, J = 7.4 Hz, 2H), 4.33 (s, 3H), 2.11 (tdd, J

=9.2,6.8, 4.3 Hz, 2H), 1.48 (h, J = 7.4 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).
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1-benzyl-3-methyl-4-butyl-1,2,3-triazolium iodide: Synthesized employing the same protocol, as

for 1-butyl-3-methyl-4-phenyl-1,2,3-triazolium iodide. Starting from 1-

Q Napn+ - benzyl-4-butyl-1,2,3-triazole (2.1 g, 9.8 mmol). Yield 81% (2.8 g). *H NMR
N

\7K/\/ (400 MHz, Chloroform-d) 6 9.12 (s, 1H), 7.57 (dd, J = 6.6, 3.0 Hz, 2H),

7.36 (dp, J = 4.8, 1.9 Hz, 3H), 5.90 (s, 2H), 4.19 (s, 3H), 2.88 — 2.70 (m, 2H), 1.79 — 1.61 (m, 2H), 1.39
(h,J = 7.4 Hz, 2H), 0.89 (t, J = 7.3 Hz, 3H).

1-benzyl-3-methyl-4-phenyl-1,2,3-triazolium iodide: To a solution of 1-benzyl-4-phenyl-1,2,3-tria-
Q- zole (3.36 g, 14.3 mmol) in dry MeCN (30 mL) was added iodomethane (7
N\ +/
NN

mL, 71 mmol). The reaction mixture was left for 12 hours at reflux, the sol-
= vent was removed under vacuum and the residue washed with Et,0 (15
mL). The product was dried under vacuum, yielding yellow crystalline prod-
uct (4.18 g, 78%). *H NMR (400 MHz, Chloroform-d) 6 9.47 (s, 1H), 7.80 — 7.66 (m, 4H), 7.65 — 7.53

(m, 3H), 7.49 — 7.41 (m, 3H), 6.08 (s, 2H), 4.31 (s, 3H).

1,3-dimethyl-1,2,3-triazolium iodide: To a solution of 3-methyl-1,2,3-triazole (0.97 g, 11.7 mmol) in
,N:[:]/ dry MeCN (10 mL) was added iodomethane (1.37 mL, 14 mmol). The reaction mixture

_N -
\7’ ' Was left for 12 hours at reflux, the solvent was removed under vacuum and the prod-

uct precipitated with Et,0 (15 mL). The precipitate was filtered off and dried under vacuum, yielding
colorless crystalline product (1.05 g, 40%). *H NMR (400 MHz, DMSO-ds) & 8.82 (s, 2H), 4.31 (s, 6H).

1-methyl-3-butyl-1,2,3-triazolium iodide: To the mixture from the synthesis of 1-butyl-1,2,3-tria-

/N:ﬁ/ zole (15 g, 120 mmol) was added iodomethane (12 mL, 120 mmol). The reac-

/_/7N\7’ ] tion mixture was left for 12 hours at room temperature, the solvent was re-

moved under vacuum, water (50 mL) was added and the solution was washed

with Et;0 (3x50 mL). The solvent was removed under vacuum, yielding yellow oily product (21.4 g).

H NMR (400 MHz, DMSO-de) 6 8.91 (d, J = 1.4 Hz, 1H), 8.85 (d, J = 1.4 Hz, 1H), 4.63 (t, J = 7.1 Hz,
2H), 4.31 (s, 3H), 2.04 - 1.72 (m, 2H), 1.40 - 1.12 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H).

1,3-dibutyl-1,2,3-triazolium iodide: To an ice-cooled (0°C) suspension of sodium hydride (1.9 g, 80
/Ntr:rl/\/\ mmol) in dry THF (100 mL) was added dropwise 1H-1,2,3-triazole (4.19
/_/-N\% ] mL, 72 mmol) followed by 1-iodobutane (21 mL, 181 mmol) The reaction
was left for 5 days at reflux. Water (100 mL) was added, the mixture was

extracted by dichloromethane (3x100 mL), combined organic layers were dried over MgSQOa. The
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solvent was removed under vacuum, yielding dark yellow oil (15.4 g, 69%). 'H NMR (400 MHz,
DMSO-ds) & 8.98 (s, 2H), 4.65 (t, J = 7.1 Hz, 4H), 2.04 — 1.83 (m, 4H), 1.42 — 1.19 (m, 4H), 0.91 (t, J =
7.4 Hz, 6H). 13C NMR (101 MHz, DMSO) & 131.26, 53.31, 31.05, 19.20, 13.67.

Typical procedure for the anion metathesis: To a solution of triazolium halide salt (1 eq) in a mixture
of Milli-Q water and dichloromethane (1:1) was added lithium bis(trifluromethylsulfonyl)imide (1
eq). The mixture was left stirring for 3-4 hours at rt. The mixture was diluted by Milli-Q water, ex-
tracted by DCM (3x equal volumes), the solvent from the combined organic phases was removed
under reduced pressure. The residue was washed by Et,0 and dried under vacuum, yielding the

target products.

1-butyl-3-methyl-4-phenyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide: Yield 97% (503 mg).
\_¥ . 1H NMR (400 MHz, DMSO-ds) § 9.21 (s, 1H), 7.76 (dt, J = 6.9, 2.2 Hz, 2H),
N ; TN 7.69 (dt, J = 5.2, 2.4 Hz, 3H), 4.67 (t, J = 7.1 Hz, 2H), 4.30 (s, 3H), 1.97 (dq,
J=9.3,7.2 Hz, 2H), 1.39 (ddt, J = 14.6, 9.5, 7.2 Hz, 2H), 0.96 (t, J = 7.4 Hz,

3H). 3C NMR (101 MHz, DMSO) & 142.76, 131.93, 129.86, 129.77,

129.23, 123.20, 118.35, 53.44, 31.00, 19.22, 13.70. *°F NMR (376 MHz, DMSO) 6 -78.72.

1-benzyl-3-methyl-4-butyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide: Yield 87% (2.4 g). *H

NMR (400 MHz, Chloroform-d) & 8.08 (s, 1H), 7.46 (s, 5H), 5.68 (s, 2H),
~ _ 4.20(s, 3H), 2.79 (ddd, J = 9.0, 6.9, 0.8 Hz, 2H), 1.69 (dddd, J = 9.4, 7.9,
N

Nan™ e
2
\?K/\/ 6.9, 5.9 Hz, 2H), 1.44 (dq, J = 14.6, 7.3 Hz, 2H), 0.96 (t, J = 7.3 Hz, 3H). 13C
NMR (101 MHz, CDCl3) & 145.21, 130.81, 130.14, 129.60, 129.38, 127.47, 57.62, 37.47, 28.68, 23.05,
22.08, 13.32. 19F NMR (376 MHz, CDCls) & -78.87, -78.88.

1-benzyl-3-methyl-4-phenyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide: Yield 88% (2.48 g).

Q 1H NMR (400 MHz, DMSO-ds) § 9.29 (s, 1H), 7.82 — 7.72 (m, 2H), 7.68 (q, J
N

N: +/ _
N Tf,N

=4.9,4.2 Hz, 3H), 7.61 - 7.53 (m, 2H), 7.49 (dd, J = 9.3, 3.9 Hz, 3H), 5.94 (s,
2H), 4.29 (s, 3H). 13C NMR (101 MHz, DMSO) & 143.11, 133.31, 131.95,
129.84, 129.81, 129.76, 129.55, 129.46, 129.39, 123.09, 121.55, 118.35,
56.75. F NMR (376 MHz, DMSO) & -78.71.
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1,3-dimethyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide: Yield 75% (630 mg). *H NMR (400
Nefir MHz, DMSO-ds) & 8.80 (s, 2H), 4.30 (s, 6H). 3C NMR (101 MHz, DMSO) & 132.10,
_N -
=) TN 15154, 118.34, 40.14. 1F NMR (376 MHz, DMSO) 6 -78.73.

1-methyl-3-butyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide: Yield 99% (3.7 g). 'H NMR
Nefy” (400 MHz, DMSO-ds) & 8.89 (d, J = 1.4 Hz, 1H), 8.83 (d, J = 1.4 Hz, 1H), 4.62
/_/-N\% TEN (t,J=7.1Hz, 2H), 4.31 (s, 3H), 2.01 — 1.71 (m, 2H), 1.47 — 1.17 (m, 3H), 0.92
(t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, DMSO) & 132.19, 131.12, 53.20,

31.09, 19.17, 13.61.'F NMR (376 MHz, DMSO) & -78.71, -78.71.

1,3-dibutyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide: Yield 98% (11.1 g). *H NMR (400
N/N\\ﬁ/\/\ MHz, DMSO-ds) & 8.93 (s, 1H), 4.63 (t, J = 7.2 Hz, 2H), 2.00 — 1.81 (m, 2H),

/_f = TN 1.41—1.21 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO) &
131.23, 53.31, 31.03, 19.19, 13.60. °F NMR (376 MHz, DMSO) 6 -78.71,
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2.5 Supporting Information
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Figure S2.1. NMR 1H for BuNs in Et2O (400 mHz, CDCls).
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Figure S2.2. 'H NMR spectrum for BnN3 (400 mHz, CDCls).
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Figure S2.3. 13C NMR spectrum for BnN3 (101 mHz, CDClz).
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Figure S2.4. 'H NMR spectrum for 1-butyl-4-phenyltriazole (400 mHz, CDCls).
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Figure S2.5. 3C NMR spectrum for 1-butyl-4-phenyltriazole (101 mHz, CDCls).
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Figure S2.6. 'H NMR spectrum for 1-benzyl-4-phenyltriazole (400 mHz, CDClz).
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Figure S2.7. 3C NMR spectrum for 1-benzyl-4-phenyltriazole (101 mHz, CDCls).
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Figure S2.8.1H NMR spectrum for 1-benzyl-4-butyltriazole (400 mHz, CDClz).
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HNMR (400 MHz Chloroform-) § 9.12(s, 1H), 757 (dd, J=6.6, 3.0Hz, 2E), 736 (dp, J= 48, 1.9
Hz, 3H), 590(s, 2, 419 (5, 3H), 288 - 2.70 (m, 2D, 1.79- 1.61 (m, 2H), L39(h,S =74 Hz, 2H),0.89
(tJ=73Hz 3H)
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Figure S2.13.*H NMR spectrum for 1-benzyl-3-methyl-4-butyltriazolium iodide (400 mHz, CDClz).
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Figure S2.14.'H NMR spectrum for 1,3-dimethyltriazolium iodide (400 mHz, DMSO-ds).
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HNMR (400 MHEz DMSO-4,) 5 898 (s, 2H), 465 (1,7 =7.1Hz 4H), 2.04 - 1.83 (m, 4H), 142-119
(m,4H), 091 (¢ J=7.4 Hz 6H).
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Figure S2.15. IH NMR spectrum for 1,3-dibutyltriazolium iodide (400 mHz, DMSO-ds).
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Figure S2.16. 13C NMR spectrum for 1,3-dibutyltriazolium iodide (101 mHz, DMSO-ds).
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HNMR. (400 MHz DMSO-¢) 5 921 (s, 1H), 7.76 (dt, J=69,2.2Hz 2H), 769 (dt,J =52, 24Hz

3H), 467 (¢, J=7.1Hz 2H), 430 (s, 3H), 197 (dq,/=9.3, 72 Hz 2H), 1.39(ddt, J=146,93, 72 Hz,

2H), 0.96 (¢, J=74Hz 3H).
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Figure S2.17. 'H NMR spectrum for 1-butyl-3-methyl-4-phenyltriazolium TFSI (400 mHz, DMSO-ds).
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Figure S2.18. 13C NMR spectrum for 1-butyl-3-methyl-4-phenyltriazolium TFSI (101 mHz, DMSO-ds).
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HNMR (400 MHz DMSO-4,) 5 929 (s, 1H), 7.82 - 7.72 (m, 2, 7.68(q, J=49,42 Hz 3H), 7.61-
7.53 (m, 2H), 749 (dd,J=9.3, 3.9 Hz 3H), 5.4 (s, 2H), 429, 3
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Figure S2.19. 'H NMR spectrum for 1-benzyl-3-methyl-4-phenyltriazolium TFSI (400 mHz, DMSO-ds).
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Figure S2.20. 13C NMR spectrum for 1-benzyl-3-methyl-4-phenyltriazolium TFSI (101 mHz, DMSO-de).
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HNVMR (400 Mz, DMS 0-d) 5 880 (s, ), 430 (s, 65D,
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Figure S2.21.*H NMR spectrum for 1,3-dimethyltriazolium TFSI (400 mHz, DMSO-ds).
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Figure S2.22.13C NMR spectrum for 1,3-dimethyltriazolium iodide (101 mHz, DMSO-de).
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HNMR. (400 MHz DMSO-¢)5889(d, /=14 Hz |H), 883 (@, J=14Hz 1H),4.&(t.J=71Hz
2H), 431 (5, 36,201 - 1.71 (m, 2H), 147 - 117 (m, 3H), 092(t, J=74 Hz, 3H).
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Figure S2.23.*H NMR spectrum for 1-butyl-3-methyltriazolium TFSI (400 mHz, DMSO-ds).
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Figure S2.24.13C NMR spectrum for 1-butyl-3-methyltriazolium TFSI (101 mHz, DMSO-ds).
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HNMR (400 MHz DMSO-d,) 8 893 (s, 1H), 463 (t,/ =72 Hz 2D,2.00- 1.81 (m 2H), 141-121
(m,2H),092(t, J=7.4Hz 3H.
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Figure S2.25. 'H NMR spectrum for 1,3-dibutyltriazolium TFSI (400 mHz, DMSO-ds).
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Figure S2.26. 13C NMR spectrum for 1,3-dibutyltriazolium TFSI (101 mHz, DMSO-ds).
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Chapter 3  Pyrazolium Ionic Liquids

3.1 Introduction

In the previous chapter, we considered application of the

2

Tz ILs for the CO2RR, which is similar to the usage of the \EN
classical Im ILs in the terms of the structure of the co-cata- E’\fN = r/'\{;\'
lyst. Herein, we report on an even more dramatic change . P4

salts to the pyrazolium (Pz) ILs the reduction of CO; to CO

related to the structure of the cation. By switching from Im @ @

/’\{\ ~ N
proceeds with higher Faradaic efficiencies (FEs) without LN_ ) /\\<
N
decomposition while maintaining the same high current \QN

densities, therefore making a further step towards a com-

mercial viable electrochemical CO, conversion process.? To the best of our knowledge, this is the
first example describing the use of pyrazolium ILs as co-catalysts in the electroreduction of CO,. De-
spite certain similarity of Im and Pz rings, the latter possess different resonance structures, charge

distributions and are usually less likely to form carbenes and hydrogen bonds.
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3.2 Results

The methyl-substituted Pz ILs used in the electrochemical investigation are shown in Figure 3.1. Me-
thyl groups were systematically introduced onto the ring to investigate the influence of the substi-
tution pattern on the activity. In all cases bis(trifluoromethylsulfonyl)imide (Tf2N*) was used as the

anion unless stated otherwise.

Pz1234 T ON— Pz12345

Pz1235
Figure 3.1. Pz cations used in this study.

Electrochemical measurements were performed in dry acetonitrile (MeCN) containing 0.1 M
NBu4PFs. This system dissolves significant amounts of CO; (eight times higher than water)3 and pos-
sesses a potential window exceeding 4 V.* Moreover, conducting the studies in MeCN allows the
influence of water on the reaction to be probed separately. A silver commercially available disk elec-
trode was employed as the cathode, since it exhibits high FEs for CO production,® is easy to handle
and, moreover, there is a wealth of experimental data accumulated on such electrodes. The Pz ILs

were used in the concentration of 0.02 M in order to promote the reduction

The stabilities of the Pz ILs were investigated by cyclic voltammetry (CV) under an argon atmosphere.
The decomposition onset potential tends to shift towards more negative values with the introduc-
tion of methyl groups on the Pz ring (Figure 3.2), i.e. electron-donating substituents and/or increased
steric hindrance of the ring result in higher stabilities. Methyl groups at positions C3 and C5 influence
on the stability to a greater extent than methylation of the C4-position, therefore it seems likely that

decomposition occurs at C-N or N-N sites.
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Figure 3.2. CVs for the Pz ILs under Ar, illustrating the differences in stability of diversely substituted
Pz cations (Ag polished disk electrode, 0.1 M NBu4PFs in dry acetonitrile, 0.02 M IL additive).

CV experiments were then performed under a CO; atmosphere. A significant shift of the onset po-
tential towards more positive values, followed by a steep increase in the current density is observed

under these conditions (Figure 3.3).

Different variations of the Pz ILs structures effect the co-catalytic performance in the reduction of
CO; to CO in the following way: (1) the introduction of methyl groups on the Pz ring leads to a slight
increase in the reduction onset potential (SI, Figure S3.1 — S3.5); (2) substitution of the N-methyl
group by a butyl group has minor impact on catalytic performance (SI, Figure S3.6); (3) replacement
of Tf,N™ anion by TfO™ does not alter the performance of the co-catalyst, which is expected as the
reduction takes place in NBusPFs solution, and the concentration of PF¢ is 5 times higher than that
of the IL anion (0.1 M vs 0.02 M, respectively, see SI, Figure S3.7). Therefore, neglecting the minor
impact in onset potential with substitution, and taking into consideration the increase in their sta-

bility, the more substituted Pz ILs are the most attractive co-catalysts.
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Potential vs Fc, V
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Figure 3.3. Example of the change in the CV after addition of COz using Pz12 as the co-catalyst (red —
argon atmosphere, black — carbon dioxide atmosphere). The performance of the silver electrode towards
COz2 reduction with and without Pz IL additives are compared in the inset. CVs for the other Pz ILs under CO:
are provided in the Sl (Figures S3.1 — S3.5).

The reduction waves for the Pz ILs recorded in the presence of CO; do not reach a current limitation
peak at the decomposition potential of the co-catalyst (Figure 3.3). This is particularly striking for co-

catalyst Pz1235, which affords current densities =~ 30 mA/cm? (Figure S3.5).

CVs using a glassy carbon electrode were recorded employing the same conditions both under Ar
and under a CO; atmosphere. Under Ar, the onset potentials for the CVs do not differ from those
recorded on the silver electrode (SI, Figure S3.8). Moreover, the voltammetric response of the glassy
carbon remains unchanged when the solution is saturated with CO,. Combined, this demonstrates
that the Ag electrode is the actual catalyst for the reduction, and that the IL behaves as a co-catalyst
in the reduction of CO, to CO. Notably, the introduction of CO; does not result in destabilization of

the Pz ILs.

In order to confirm that the changes of the current registered are related to the CO; reduction pro-
cess, rather than catalyst decomposition, chronoamperometric experiments followed by online gas
chromatography analysis were performed using a two-compartment H-type cell and IL Pz1235B as
a compromise between activity and stability of the promoter. An aqueous 0.5 M sulfuric acid solu-
tion was used in the compartment with the counter-electrode in order to decrease the impedance
of the system and avoid the formation of MeCN decomposition products, which interfere with the

separator (a Nafion 117 membrane). As Nafion is able to conduct protons, hydrogen-containing
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products or hydrogen itself could be expected if the HER takes place. The results of the measure-

ments are presented in Figure 3.4 and the values are summarized in Table 3.1.

FEs for CO formation are around 100% with current densities up to 30 mA/cm?, which suggests that
CO is the major product formed. Small amounts of hydrogen (from 1 — 4 %) and formic acid (< 4%)
were detected and 'H NMR spectroscopy, respectively. *H NMR spectroscopy revealed no decompo-
sition of the Pz IL over the time of the electrolysis (Figure $3.52). Notably, small amounts of methane
(around 0.5 -1 % FE) were observed as well by GC at low overpotentials (see Table 1). The formation
of methane has been detected as well by GC during CO; reduction at a Ag foil electrode in aqueous
solution,® but to the best of our knowledge not in acetonitrile solution. The maximum amount of
methane was obtained at the potential when active decomposition of the catalyst (according to the
CVs recorded under Ar, Figure 3.2) does not take place. Thus, the methane must be derived from

carbon dioxide.

Or I\(+ J_/
~N
o~
10 k
o Pz1235B
5_20_ =100 * & & " * 4
< &
£ i
- = 50 B FEgq
™ 30f = ® FE,
E 4 FE,,
ool 4 4 & & & &
-40 L . \ ,
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Figure 3.4. Dependency of the Faradaic efficiency in the formation of the detected products on voltage
employing Pz1235B. Conditions: cathode — Ag foil; anode — Pt foil; catholyte — 0.1 M NBu4PFs in MeCN,
0.02 M IL, saturated with COz2; anolyte — 0.5 M H2SO4 (aq); separator — Nafion 117.
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Table 3.1. Faradaic efficiencies for different products as a function of the reduction potential for CO2 electrol-

ysis employing Pz1235B.

Potential (vs Fc*/Fc), V FEco, %? FEn2, %2 FEch4, %2
2.1 99 4 0.9
-2.21 103 <1 04
-2.31 104 <1 0.3
-2.41 99 <1 0.2
-2.51 97 1 0.1
-2.61 102 1 0.3

a — Estimated error is 5% from the value obtained

Table 3.2. Faradaic efficiencies for different products as a function of the reduction potential for CO:2 electrol-

ysis employing [BMIM][BF4].

Potential (vs Fc*/Fc), V FEco, %2 FEn2, %? FEchs, %2
2.1 92 <1 -
-2.21 92 <1 -
-2.31 87 1 -

a — Estimated error is 5% from the value obtained

Water may impact on the electroreduction process depending upon the nature of the catalyst.”® For
Pz ILs, water significantly shifts the CO, reduction onset potential towards more positive values. As
an example, the influence of water on co-catalysis Pz1235 is shown in Figure 3.5. As the water con-
tent increases the onset potential for the reduction of CO, gradually decreases, until a concentration

of 0.3-0.6 mM reached (the value depends on the Pz IL employed).
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Figure 3.5. Decrease of the electrochemical reduction onset potential for the conversion of CO2 to CO

using co-catalyst Pz1235 in the presence of water.

The activity of the Pz ILs was compared to [BMIm][BF4] (where BMIm = the 1-butyl-3-methyl-Im
cation, Figure S3.9) using Pz IL Pz1235B as a representative example. [BMIm][BF4] is structurally sim-
ilar to [EMIm][BF4] (where EMIm = the 1-ethyl-3-methyl-Im cation), which is considered as the
benchmark IL co-catalyst for this reaction.> Under equivalent conditions Pz1235B exhibits a compa-
rable onset potential and current density to [BMIm][BF4], displaying a slightly steeper slope for the

reduction wave.

In order to demonstrate consistency of the working procedures, chronoamperometric experiments
followed by GC analysis were performed for the [BMIm][BF4] and Pz IL systems under the same con-
ditions and employing the same equipment (SI, Figure $3.9). The [BMIm][BF4] co-catalyst results in
good FE for CO (ca. 90% for low overpotentials, ca. 80-90% at higher voltages, see the Sl), which is
consistent with the literature.” However, in case of [BMIm][BF4] the only reduction products ob-
served are CO and negligible amounts of H,. No traces of methane or other products were detected

by *H and *3C NMR spectroscopy or GC.

The protons in Pz-based ILs should not be readily reduced to form carbenes from the Pz, which ex-
cludes the likelihood of the formation of covalent adducts with CO>, e.g. carboxylates, as is the case
of Im ILs.® Moreover, the fully substituted Pz IL Pz12345 displays high catalytic performance, exclud-

ing the possibility of covalent interactions between the Pz IL and CO,. As mentioned above, catalysis
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occurs when a silver electrode is used as the cathode and not with a glassy carbon electrode. There-
fore, the initial step of the reduction most probably corresponds to the formation of a CO;-based
radical-anion on the surface of the silver electrode (Figure 3.6). The effect of the co-catalyst should
then result from stabilization of this intermediate by ion pair, dipole-ion interactions or change of
the local microenvironment. According to previous reports, IL cations are able to arrange on the
silver surface in a coplanar fashion to form a double layer.1%!! The nitrogen-containing domain of
the Pz cation is the most positively charged region and substitution at C3 and C5 positions changes
the activity of the system more significantly than at the C4 position. Therefore, it is reasonable to
assume that the CO, intermediate interacts with the positively charged region of the Pz ring (Figure
3.6), which helps to stabilize the intermediate and lower the overpotential of the reaction.

I \

N\ +_— __\N+*N

\ 7" Tz O::”" N //
T G

S

S

Figure 3.6. Possible intermediate structures between the Pz cations and the CO2*- radical anion lead-

ing to a lowering of the overpotential in the reduction of CO2 to CO.

3.3 Summary
In conclusion, a series of substituted Pz ILs was synthesized and shown to be efficient co-catalysts
for electrochemical reduction of CO; to CO, superior to the benchmark Im ILs in terms of FE for CO
formation (100% vs. 80-90%). High current densities (30 mA/cm? during electrolysis) were achieved.
The influence of the substitution pattern on the Pz ring on stability and activity was investigated,
with substituents generally stabilizing the co-catalyst, but slightly decreasing performance. Water
significantly decreases the reduction onset potential for most Pz co-catalysts. Additionally, during
chronoamperometric experiments the unexpected formation of small quantities of methane and
formic acid was observed, which is highly encouraging and warrants further investigation of Pz ILs

with other electrode materials.
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3.4 Experimental

3.4.1 Materials and methods.

All reagents were obtained commercially and used without further purification unless otherwise
stated. CO2 (99.998 %) and Ar (99.9999 %) were obtained from Carbagas, Switzerland. *H, °F and
proton-decoupled 3C-NMR spectra were recorded on a Bruker Avance-400 (400 MHz) spectrome-
ter. All reactions were completed under inert conditions (nitrogen atmosphere). For the graphical
representation of NMR spectra please see the Supporting Information. Electrochemical measure-

ments were made in according with the protocols from Chapter 2.

3.4.2 Synthesis and characterization of the compounds.
3-methyl-1H-pyrazole: To a cooled (ice water bath) solution of 4,4-dimethoxybutan-2-one (5.00 g,
HN\’__\7/ 38 mmol) in methanol (20 mL) a solution of N2Hs-HCI (3.12 g, 45.6 mmol) in deionized
— water (10 mL) was added dropwise and stirred for 15 min. The mixture was heated to
reflux for 24 h. After cooling, the solvent was removed under reduced pressure, the residue was
dissolved in water (20 mL), the pH was adjusted to 8-9 with sodium hydroxide aqueous solution (1
M) and the mixture was extracted by ethyl acetate (3 times equal volume). The combined organic
phase was washed with brine (equal volume), organic solvent was removed and the residue was
dried under vacuum affording a pale yellow liquid (2.82 g, 93%). *H NMR (400 MHz, DMSO-d6, §):
7.44 (s, 1H, Pz H), 6.00 (d, 1H, Pz H), 2.21 (s, 3H, CH3); 3C NMR (100 MHz, DMSO-d6, &): 104.06,
12.08.

3,4,5-trimethylpyrazole: Prepared employing the same procedure as for 3-methyl-1H-pyrazole,

N starting with 3-methylpentane-2,4-dione. Colorless solid. Yield 82% (0.78 g). *H NMR

HN/_\ (400 MHz, DMSO-d6, 8): 2.06 (s, 6H, CH3), 1.83 (s, 3H, CH3); 3C NMR (100 MHz, DMSO-
dé6, 6): 109.48, 10.87, 7.78.

N-butylpyrazole: A mixture of corresponding pyrazole (2.92 g, 43 mmol), potassium carbonate (8.90

g, 64 mmol), bromobutane (11.80 g, 86 mmol) and dry acetonitrile (25 mL) was stirred

ﬁ under reflux for 24 h. Potassium tert-butoxide (1 mg, 9 mmol) was added to the solution
N\:b and the mixture was heated under reflux for a further 24 h. Then the solvent was evap-
orated under reduced pressure, diluted with water (ca. 50 mL), and the product extracted with di-
ethyl ether (3 times ca. 50 mL) and washed with brine (ca. 150 mL). Removal of the solvent under

vacuum affords the required product. Yield 61% (3.28 g). *H NMR (400 MHz, DMSO-d6, 6): 7.68 (d,

83



Chapter 3. Pyrazolium lonic Liquids

1H, Pz H), 7.41 (d, 1H, Pz H), 6.20 (t, 1H, Pz H), 4.09 (t, 2H, CH,), 1.74 (m, 2H, CH2), 1.22 (m, 2H, CHa),
0.88 (t, 3H, CHs); 13C NMR (100 MHz, DMSO-d6, §): 138.68, 129.86, 105.14, 51.19, 32.48, 19.63,
13.81.

1-butyl-3,5-dimethylpyrazole: Synthesized employing the same protocol as for N-butylpyrazole,

starting with 3,5-dimethylpyrazole (5.00 g, 69.4 mmol). Product was purified by vac-
8 uum distillation. Yield: 4.28 g, 40.5%. 'H NMR (400 MHz, DMSO-d6, §): 5.74 (s, 1H, Pz

N
N" H), 3.88 (t, 2H, CH2), 2.18 (s, 3H, CHs), 2.07 (s, 3H, CHs), 1.65 (m, 2H, CH,), 1.26 (m,

2H, CH,), 0.89 (t, 3H, CH3); 3C NMR (100 MHz, DMSO-d6, 6): 145.75, 138.38, 104.66,
47.89, 32.38, 19.76, 13.95, 13.73, 10.93.

General procedure for pyrazolium iodides:

To a solution of corresponding pyrazole (1 eq) in dry acetonitrile (0.75 mL per mmol of butylpyra-
zole), iodomethane (2-4 eq) was added and the reaction mixture was stirred at 60°C for 24 h in the
dark. After cooling, the solvent was removed under reduced pressure and the solid residue was
recrystallized from acetonitrile (1-5 mL mL) sometimes precipitated with ethyl acetate (ca. 5-10 mL).
The product was separated by filtration, washed with ethyl acetate (5-10 mL) and dried under vac-

uum.

1,2-dimethylpyrazolium iodide: Starting with pyrazole (1.00 g, 14.7 mmol). Yield 22% (0.74 g). *H
l\lﬁ NMR (400 MHz, DMSO-d6, 6): 8.47 (d, 2H, Pz H), 6.82 (t, 1H, Pz H), 4.12 (s, 6H, CH3);
N _\7 - 13C NMR (100 MHz, DMSO-d6, 8): 137.92, 107.27, 37.00.

1,2,3-trimethylpyrazolium iodide: Starting with 3-methylpyrazole (0.70 g, 8.5 mmol). Yield 45%
l (0.91 g). *H NMR (400 MHz, DMSO-d6, &): 8.34 (d, 1H, Pz H), 6.69 (d, 1H, Pz H), 4.07

_N
\N\j/ (s, 3H, CHs), 3.94 (s, 3H, CHs), 2.45 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6, §):
—_ I'
146.77, 136.85, 107.25, 37.32, 33.97, 12.14.

1,2,3,5-tetramethylpyrazolium iodide: Starting with 3,5-dimethylpyrazole (1.00 g, 10.4 mmol). Col-
IL" orless crystals. Yield 68% (1.78 g). *H NMR (400 MHz, DMSO-d6, 8): 6.56 (s, 1H, Pz H),
;_:\7/|' 3.93 (s, 6H, CH3), 2.42 (s, 6H, CH3); 3C NMR (100 MHz, DMSO-d6, &): 145.63, 107.44,

34.36, 12.01.
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1,2,3,4-tetramethylpyrazolium iodide: Starting with 3,4-dimethylpyrazole (0.50 g, 5.2 mmol). Yield

l 59% (0.78 g). *H NMR (400 MHz, DMSO-d6, 8): 8.21 (s, 1H, Pz H), 4.04 (s, 3H, CH3),

\N’N: 3.93 (s, 3H, CHs), 2.37 (s, 3H, CH3), 2.05 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6,
\_:z/ - 6): 144.84, 135.65, 115.28, 36.96, 34.06, 10.16, 8.31.

1,2,4-trimethylpyrazolium iodide: Starting with 4-methylpyrazole (0.52 g, 6.3 mmol). Yield 47%
| (0.60 g). *H NMR (400 MHz, DMSO-d6, 8): 8.27 (s, 2H, Pz H), 4.06 (s, 3H, CH3), 2.10 (s,
~ /N+
N _\Z - 3H, CHs); 13C NMR (100 MHz, DMSO-d6, 6): 136.80, 116.87, 36.81, 8.78.

1,2,3,4,5-pentamethylpyrazolium iodide: Starting from 3,4,5-trimethylpyrazole (0.12 g, 1.1 mmol).
l Yield 30% (0.08 g).*H NMR (400 MHz, DMSO-d6, &): 3.91 (s, 6H, CHs), 2.35 (s, 6H, CHs),

~ /N+
;___\z/ - 2.00 (s, 3H, CHs); 3C NMR (100 MHz, DMSO-d6, 8): 143.62, 133.80, 34.01, 10.16, 7.75.
1-butyl-2-methylpyrazolium iodide: To a solution of 1-butylpyrazole (1.00 g, 8.0 mmol) in dry ace-
tonitrile (5 mL) iodomethane (2.30 g, 16.1 mmol) was added and the reaction mixture
ﬁ | was stirred at 60°C for 24 h in the dark. After cooling, the solvent was removed under
/N+
N _\7 - reduced pressure, the solid residue was dissolved in acetonitrile (ca. 5 mL) and the

product was precipitated by ethyl acetate (ca. 10 mL). The precipitate was separated
by filtration, washed with ethyl acetate (10 mL) and dried under vacuum. Pale yellowish solid, yield
71% (1.52 g). *H NMR (400 MHz, DMSO-d6, 6): 8.58 (d, 1H, Pz H), 8.53 (d, 1H, Pz H), 6.88 (t, 1H, Pz
H), 4.51 (t, 2H, CH>), 4.17 (s, 3H, CH3), 1.82 (m, 2H, CH,), 1.33 (m, 2H, CH>), 0.92 (t, 3H, CH3); 13 C NMR
(100 MHz, DMSO-d6, 6): 138.48, 137.33, 107.52, 49.67, 37.41, 30.39, 19.31, 13.77.

1-butyl-2,3,5-trimethylpyrazolium iodide: was synthesized employing the same protocol as for 1-

butyl-2-methylpyrazolium iodide. Starting with 1-butyl-3,5-dimethylpyrazole (1.00

\N,N: g, 6.6 mmol). Yield 97% (1.715 g). *H NMR (400 MHz, DMSO-d6, &): 6.58 (s, 1H; Pz

):7/|' H), 4.40 (t, 2H, CH2), 3.95 (s, 3H, CH3), 2.45 (s, 3H, CHs), 2.42 (s, 3H, CHs), 1.66 (m,

2H, CHy), 1.33 (m, 2H, CH2), 0.92 (t, 3H, CHs); 3C NMR (100 MHz, DMSO-d6, &): 146.63, 145.81,
107.89, 46.63, 34.38, 30.67, 19.44, 13.86, 12.10, 11.90.
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General procedure for pyrazolium bis(trifluoromethylsulfonyl)imide (TFSI) ILs:

Solutions of butylpyrazolium iodide (1 eq) and LiTFSI (1.1 eq) in minimum amounts of water were
mixed stirred at room temperature for 12 h. A biphasic mixture formed. Aqueous phase was re-

moved and the IL phase was washed 3 times with deionized water (2-5 mL) and dried under vacuum.

1,2-dimethylpyrazolium TFSI (Pz12): Starting with 1,2-dimethylpyrazolium iodide (0.40 g, 1.8

| mmol). Yield 53% (0.36 g). H NMR (400 MHz, DMSO-d6, 6): 8.45 (s, 2H, Pz H),6.85

\N\/_E - (s, 1H, Pz H), 4.10 (s, 6H, CH3); 13C NMR (100 MHz, DMSO-d6, &): 137.93, 121.56,

118.36, 107.25, 36.86; 1°F NMR (376 MHz, DMSO-d6, &): -78.71. HR-MS (ESI) m/z:

[cation]* calcd for CsHoN2*: 97.0780; found: 97.0766; [anion] calcd for C;FsNO4S;: 279.9178; found:
279.9173.

1,2,3-trimethylpyrazolium TFSI (Pz123): Starting with 1,2,3-trimethylpyrazolium iodide (0.30 g, 1.3
| mmol). Yield 71% (0.37 g). *H NMR (400 MHz, DMSO-d6, 6): 8.34 (d, 1H, Pz H), 6.68
\N\:b/_NTf (d, 1H, Pz H), 4.06 (s, 3H, CHs), 3.93 (s, 3H, CHs), 2.45 (s, 3H, CH3); 13C NMR (100
2 MHz, DMSO-d6, 6): 146.79, 136.86, 124.76, 121.56, 118.36, 115.16, 107.23, 37.14,

33.72, 11.89; 19F NMR (376 MHz, DMSO-d6, 6): -78.71. HR-MS (ESI) m/z: [cation]+ calcd for

C6H11N2+, 111.0917; found, 111.0922; [anion]- calcd for C2F6NO4S2-, 279.9178; found, 279.9182.

1,2,3,5-tetramethylpyrazolium TFSI (Pz1235): Starting with 1,2,3,5-tetramethylpyrazolium iodide
|, (0.30 g, 1.2 mmol). Yield 79% (0.39 g). *H NMR (400 MHz, DMSO-d6, 8): 6.53 (s,
\;/_b/_Nsz 1H, Pz H), 3.90 (s, 6H, CHs), 2.40 (s, 6H, CHs); 3C NMR (100 MHz, DMSO-d6, §):
145.69, 121.54, 118.34, 107.38, 33.94, 11.74; °F NMR (376 MHz, DMSO-d6, §): -

78.73. HR-MS (ESI) m/z: [cation]* calcd for C7H13N2*: 125.1073; found: 125.1079; [anion] calcd for

C2F6NO4S2: 279.9178; found: 279.9173.

1,2,3,4-tetramethylpyrazolium TFSI (Pz12345): Starting with 1,2,3,4-tetramethylpyrazolium iodide
| (0.50 g, 2.0 mmol). Yield 91% (0.74 g). *H NMR (400 MHz, DMSO-d6, &): 8.17 (s,
\N’N: _ 1H, Pz H), 4.02 (s, 3H, CH3), 3.92 (s, 3H, CH3), 2.36 (s, 3H, CHs), 2.05 (s, 3H, CHs); 13C
\_:TNTf NMR (100 MHz, DMSO-d6, 6): 144.85, 135.64, 124.77, 121.57, 118.37, 115.33,
115.37,36.78, 33.84,9.97, 8.15; °F NMR (376 MHz, DMSO-d6, §): -78.77. HR-MS (ESI) m/z: [cation]*
calcd for C7H13N>*™: 125.1073; found: 125.1079; [anion] calcd for CoFsNO4S,: 279.9178; found:

279.9173.
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1,2,4-trimethylpyrazolium TFSI (Pz124): Starting with 1,2,4-trimethylpyrazolium iodide (0.40 g, 1.7
l mmol). Yield 64% (0.42 g) of the product. *H NMR (400 MHz, DMSO-d6, §): 8.25 (s,
\N’N: _ 2H, Pz H), 4.05 (s, 6H, CHs), 2.10 (s, 3H, CH3); 3C NMR (100 MHz, DMSO-d6, 6):
\_:Z Nz 136.80, 121.56, 116.90, 36.71, 8.74; 1F NMR (376 MHz, DMSO-d6, §): -78.71. HR-
MS (ESI) m/z: [cation]* calcd for CsH11N2*: 111.0917; found: 111.09177; [anion] calcd for C2FeNO4Sy

: 279.9178; found: 279.9177.

1,2,3,4,5-pentamethylpyrazolium TFSI (Pz12345): Starting with 1,2,3,4,5-pentamethylpyrazolium

|, iodide (0.074 g, 0.28 mmol). Yield 78% (0.092 g). 'H NMR (400 MHz, DMSO-d6, 6):

\;/—E—\T_Nﬁz 3.90 (s, 6H, CHs), 2.35 (s, 6H, CH3), 2.00 (s, 3H, CH3); 3C NMR (100 MHz, DMSO-

de, 6): 143.63, 113.81, 33.92, 10.10, 7.70; °F NMR (376 MHz, DMSO-d6, §): -

78.71. HR-MS (ESI) m/z: [cation]* calcd for CsHisN2*: 139.1230; found: 139.1235; [anion] calcd for
C2FeNO4S;: 279.9178; found: 279.9173.

1-butyl-2-methylpyrazolium TFSI (Pz12B): Starting with 1-butyl-2-methylpyrazolium iodide (0.50 g,

1.9 mmol). Yield 84% (0.67 g). *H NMR (400 MHz, DMSO-d6, 8): 8.52 (d, 1H, Pz H),
ﬁ ’\ll 8.48 (d, 1H, Pz H), 6.86(t, 1H, Pz H), 4.45 (t, 2H, CH2), 4.14 (s, 3H, CH3), 1.82 (m, 2H,
N 9 ~7r,  CHa2), 1.34 (m, 2H, CHz), 0.94 (t, 3H, CH); °C NMR (100 MHz, DMSO-d6, 6): 138.52,

2
137.32, 124.77, 121.57, 118.37, 115.17, 107.48, 49.56, 37.08, 30.36, 19.29, 13.64; °F NMR (376
MHz, DMSO-d6, &): -78.75. HR-MS (ESI) m/z: [cation]* calcd for CgHisN2*: 139.1230; found:

139.1235; [anion]  calcd for C2FeNO4S,: 279.9178; found: 279.9173.

1-butyl-2,3,5-trimethylpyrazolium TFSI (Pz1235B): Starting with 1-butyl-2,3,5-trimethylpyrazolium

iodide (0.50 g, 1.7 mmol). Yield 91% (0.695 g). *H NMR (400 MHz, DMSO-d6, 8):

PLN 6.55 (s, 1H, Pz H), 4.38 (t, 2H, CHa), 3.93 (s, 3H, CHs), 2.44 (s, 3H, CH3), 2.41 (s, 3H,

)=7/_NTf2 CHs), 1.67 (m, 2H, CHa), 1.34 (m, 2H, CHy), 0.93 (t, 3H, CHs); 3C NMR (100 MHz,

DMSO-d6, 6): 146.58, 145.77, 124.74, 121.54, 118.34, 115.14, 107.81, 46.49, 34.07, 30.63, 19.42,

13.80, 11.90, 11.70; **F NMR (376 MHz, DMSO-d6, §): -78.71. HR-MS (ESI) m/z: [cation]* calcd for
Ci0H19N2*, 167.1543; found, 167.1548; [anion] calcd for C2FeNO4S,7, 279.9178; found, 279.9173.

1,2-dimethylpyrazolium triflate: Pyrazole (0.5 g,7.34 mmol), potassium carbonate (0.6 g,7.35
mmol) and dry acetonitrile (8 mL) were mixed in a Schlenk flask. After 30 min of stirring, the reaction

mixture was cooled in an ice water bath and methyl triflate (3.6 g, 0.22 mmol) was added dropwise.
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The reaction mixture was then stirred at the room temperature for 12 h. The mixture was filtered
and the solvent was removed under vacuum. The solid residue was redissolved in
\N\:l\ll—:7 i dichloromethane (5 mL), filtered, and the filtrate concentrated under vacuum. The
=/ OTf product was precipitated with diethyl ether (5 mL) from methanol (1 mL), the pre-
cipitate was removed by filtration, washed with cold ethanol (1 mL) and dried under vacuum, to
afford a white solid (250 mg, yield 14%). 'H NMR (400 MHz, DMSO-d6, 8): 8.44 (d, 2H, Pz H),6.81 (t,
1H, Pz H), 4.10 (s, 6H, CHs); 3C NMR (100 MHz, DMSO-d6, §): 137.91, 122.76, 119.56, 107.26, 36.85;
BF NMR (376 MHz, DMSO-d6, 8): -78.77. HR-MS (ESI) m/z: [cation]* calcd for CsHoN2*: 97.0760;
found: 97.0766; [anion] calcd for CF303S: 148.9526; found: 148.9520.
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3.5 Supporting Information

3.5.1 CVdata
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Figure S3.1. Comparison of cyclic voltammograms for Pz12 and Pz123 (Ag electrode, CO2).
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Figure S3.2. Comparison of cyclic voltammograms for Pz12 and Pz124 (Ag electrode, COy>).
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Potential against Fc, V
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Figure S3.3. Comparison of cyclic voltammograms for Pz12 and Pz1234 (Ag electrode, COy).
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Figure S3.4. Comparison of cyclic voltammograms for Pz12 and Pz1235 (Ag electrode, COx).
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Potential against Fc, V
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Figure S3.5. Comparison of cyclic voltammograms for Pz12 and Pz12345 (Ag electrode, COy).
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Figure S3.6. Comparison of CV data for methylated and butylated Pz ILs Pz12 and Pz12B.
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Potential against Fc, V
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Figure S3.7. Comparison of CV data for Pz12 with different anions: TfaN- and TfO- (Ag electrode, COz).
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Figure S3.8. Comparison of cyclic voltammetry data recorded on Ag and C electrodes.
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Figure S3.9. CV data plotted together for Pz1235B and [BMIm][BF4]. Examples of transients (-2.21 V vs Fc)

are compared in the insert.
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3.5.2 NMR spectra
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Figure S3.10. 'H NMR spectrum of 3-methylpyrazole (DMSO-ds).
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Figure S3.11. 13C NMR spectrum of 3-methylpyrazole (DMSO-de).
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Figure S3.12. *H NMR spectrum of 3,4,5-trimethylpyrazole (DMSO-ds).
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Figure S3.13. 13C NMR spectrum of 3,4,5-trimethylpyrazole (DMSO-de).
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Figure S3.14. *H NMR spectrum of 1-butylpyrazole (DMSO-d6).
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99



Chapter 3. Pyrazolium lonic Liquids

F24000
23000
+22000
r21000
20000
+19000
+18000
r17000
16000
15000
~14000
+13000
12000
11000
10000
~0000
+8000
+7000
6000
~5000
4000
+3000
~2000
1000
-0
+-1000

exp89-pro-dmso.1 fid o M —=—=0 0N
n Ty M WN W Wm N
w0 LL e B B e B o B B o BY N
| e
HNMR @00 MHz DMS0-A,) 5 6.56 (s, 1H), 3.93 (s, 6H), 242 (s, G).
N+
\\:ti:_;j?#/" :
— |
J 1l
DMSO-d5
H,O @
o
)
L
T R
= © W oW
< -0
— © O O W
16 15 14 13 12 11 10 9 8 7 6 4 3 2 1 0 -1 -2 -3
f1 (ppm)

~-2000

Figure S3.22. 'H NMR spectrum of 1,2,3,5-tetramethylpyrazolium iodide (DMSO-ds).

3200

-3000

2800

2600

F2400

2200

2000

1800

1600

1400

1200

1000

exp89-pro-dmso.2.fid m T
[ = LYWW INTW o
n ™~ OO M [=
= (=] OO0 OO OO T o~
= = TITFTITmmmm  —
| I == st
'CNMR. (101 MLz DMSO) 3 14563, 10744, 3436, 1201
DMS0-d5
L+
NS i
— |
80 70 60 50 40 30 20 10 0 -10

210 200 190 180 170 160 150 140 130 120 110 100 Q0
1 (ppm,

pm)

Figure S3.23. 13C NMR spectrum of 1,2,3,5-tetramethylpyrazolium iodide (DMSO-ds).

100



Chapter 3. Pyrazolium lonic Liquids

exp06-pro-dmso.1 fid — + M N = O O
~ SO0 M WNhhlAMo L300
@ T m M oud ey ed e g
\ N T e
HNMR (400 Mz, DMSO-,) 5 821 (s, 1H), 404 (s, 38, 393 (s, 39, 137 6, 3H), 205 (s, 3 T 7 [-3000
‘ f [
‘ | ‘ +-2800
i |
\N,N\ |‘ ‘ 2600
\:z/l f H H1 F2400
| | f 1
J ) J) [ 200
F2000
1800
-1600
1400
F1200
H1000
DMSOHS 800
-600
K0 r400
®
‘ i ‘ F200
b L UL lo
T T e T
o Lor e ) w [ = Ree]
o — O 3 o~ - +-200
— P! [ s e
1L0 105 100 95 90 85 80 75 70 65 60 (5.5 ) 50 45 40 35 30 25 20 L5 10 05 0.0
ppm,

Figure S 3.24. 'H NMR spectrum of 1,2,3,4-tetramethylpyrazolium iodide (DMSO-ds).
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Figure S3.31. 13C NMR spectrum of 1-butyl-2-methylpyrazolium iodide (DMSO-ds).
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108



Chapter 3. Pyrazolium lonic Liquids

1400

1300

1200

1100

1000

exp20-pro-dmso.1 fid I~ o~ ™M No—— O WL
- o, ™M nmwmwmnwn mo
@« T m M ouood e ed e
| N/ | —l

HNMR (300 MHz DMSO-.) 5 8.17 (s, 1), 402 (s, 3H), 392 (s, 3H), .36 (s, 3H), 205 (s, 31 ‘ .

[ ]

[ +
N 2
—/ NTh r ,
J ) - J’ b/ -,
DMSOd5
H,O
e 1
|
| U} U' i
) S | YAV

. ey T T

o @D W0 = <+ — —

~— & =] O

110 105 100 95 90 &5 80 75 70 65 60 “ (5.5 ) 50 45 40 35 30 25 20 15 1.0 05 0.0
PPM

Figure S3.40. *H NMR spectrum of 1,2,3,4-tetramethylpyrazolium TFSI Pz1234 (DMSO-ds).

FAUNU

1-38000

36000

134000

32000

30000

28000

26000

24000

{22000

-20000

18000

+16000

14000

12000

10000

8000

6000

4000

2000

Fo

r-2000

exp20-pro-dmso.3.fid n o+ P P P 0
0 @0 Mnemm— O TS MMN— oS
T I T =0 LMoY N
- [ B i OO0 OO0 GOwMm G
PRk R S S S ITITTTOMMMMM G
I | I TN e——— N
'CNMR (101 MHz DMS0)5 14485, 135,64 12477, 12157, 11837, 11533, 115.17, 36.78, 33.84,
997,815
s
~N~ X
—[ NT,
@ DMSO-d5
!
'y )
i
I
o
i )
W 210 200 190 180 170 160 150 140 130 120 1%10( 1?0 @ 80 70 60 500 40 30 20 10 0 -10
ppm,

Figure S3.41. 13C NMR spectrum of 1,2,3,4-tetramethylpyrazolium TFSI Pz1234 (DMSO-ds).

109



Chapter 3. Pyrazolium lonic Liquids

exp03-pro-dmso.1 fid n n NN =000
[ [=] M WA 0n -
[+3] - Mmoo ooy e 3500
| e
HNMR (@00 Mz DMS0-,) 5 825 (s, ), 4.05 (s, 65, 210 (s, 3H) L |
|~Iq+ ( {2000
~N~ X r
—/ NT, - |
= ‘ J 2500
2000
1500
1000
DMSO-d5|
H,0
[ ] 1
|
500
J
J to
Tt T T T !
= @ w0 = @
=) ~ — v o
ol © — <+ &
110 105 100 95 90 &5 80 75 70 65 60 “ (5.5 ) 50 45 40 35 30 25 20 15 1.0 05 0.0
PPM

Figure S3.42. 'H NMR spectrum of 1,2,4-trimethylpyrazolium TFSI Pz124 (DMSO-ds).
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Figure S3.43. 13C NMR spectrum of 1,2,4-trimethylpyrazolium TFSI Pz124 (DMSO-ds).
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Figure S3.44. *H NMR spectrum of 1,2,3,4,5-pentamethylpyrazolium TFSI Pz12345 (DMSO-ds).
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Figure S3.45. 13C NMR spectrum of 1,2,3,4,5-pentamethylpyrazolium TFSI Pz12345 (DMSO-ds).
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Figure S3.46. *H NMR spectrum of 1-butyl-2-methylpyrazolium TFSI Pz12B (DMSO-ds).
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Figure S3.47. 13C NMR spectrum of 1-butyl-2-methylpyrazolium TFSI Pz12B (DMSO-ds).
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Figure S3.48. 'H NMR spectrum of 1-butyl-2,3,5-trimethylpyrazolium TFSI Pz1235B (DMSO-ds).
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Figure S3.49. 13C NMR spectrum of 1-butyl-2,3,5-trimethylpyrazolium TFSI Pz1235B (DMSO-de).

113



Chapter 3. Pyrazolium lonic Liquids

Pz of.Lfid L1ooso

4
f

~844
—681
410
378
378
252
251
251
250
L250

HNMR (400 Mz DMSO-4,) 5 844 (s, 2H), 681 (s, 1K), 410 (s, 6D -

A
N X .| t 8000
/o r | |

J .| ) S / +7000

6000

5000

4000

3000

2000

i DMSO-d5 1000

T

3

o
L

0

12.002

6.5 6.0 50 45

< 10,997 —

s 6141
0.60=
0.88= —

=
w
wn
w
=3
™~
in
~
=3
-
in
—
=)
=)
in
=3
=

1.0 105 100 95 90 85 80 75 7. 5.5
f1 (ppm)

Figure S3.50. *H NMR spectrum of 1,2-dimethylpyrazolium triflate (DMSO-de).
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Figure S3.51. 13C NMR spectrum of 1,2-dimethylpyrazolium triflate (DMSO-ds).
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Figure S3.52. Stacked 'H NMR spectra for the system before, during and after electrolysis (red, green and
blue plots respectively; DMSO-ds). Red dot marks formic acid, blue — Pz1235B, green — MeCN decomposition
product. Inset: amplified regions of the same overlapped and normalized *H NMR spectra for the system be-
fore, during and after electrolysis (low field — selected signal of the Pz IL, high field — selected signal of
NBu4PFg). The inset demonstrates constant relation between intensities of Pz and BusN* NMR signals, and,

therefore, stability of the catalytic system.
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Chapter 4 Guanidinium Ionic Liquids

4.1 Introduction

In the previous chapters it was demonstrated that the scope of the ionic compounds able to pro-
mote the CO;RR is not limited to Im-based ILs. Pz and some tetraalkyl ammonium (e.g. pyrroli-
dinium) salts also display co-catalytic activity. However, the number of room-temperature ILs (RTILs)
that are applicable for the CO2RR remains small, and the structures of these compounds tend to be
similar. Therefore, the development of ILs with fundamentally different structures, which can assist
the CO2RR, is of high relevance. In case of activity, such systems provide valuable data on the possi-
ble active sites, binding modes and electronic factors that are important for the efficient promotion
of the target reaction. Such data facilitates the development of descriptors for a rational design of

superior co-catalysts for the CO2RR.

In this chapter, we show that guanidinium (Gua)-based ILs are promoters for the CO2RR and can be
used to investigate the reduction mechanism. Gua ILs were described as stable! and readily availa-
ble? compounds, which were predicted to dissolve reasonable amounts of CO,* and were applied as
electrolytes in Li-ion batteries,*® in dye-sensitized solar cells® and as reaction media for a range of
organic reactions.”® The properties of these ILs can be tuned by variation of six substituents at-
tached to the N-atoms. Due to the conjugation in the guanidinium core, the positive charge is sta-
bilized and distributed over three sites. Therefore, gradual changes in the substitution pattern could

be used to elucidate structure/activity dependencies.
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4.2 Results

The synthesis of the Gua ILs was performed using a previously reported approach,®> employing chlo-
roamidinium chlorides as the precursors (Scheme 4.1). These chlorides were obtained by the treat-
ment of urea derivatives either with oxalyl chloride, or with phosphoryl chloride, although oxalyl
chloride is preferable due to the easier purification of the product. The guanidine core is formed on
the next step —reaction of the chloroamidinium salt with a primary or secondary amine. Application
of secondary amines reduces the number of synthetic steps and affords guanidinium salts directly.
In the case of cyclic ureas the synthesis of Gua ILs is more complicated, probably due to the slower

double bond rearrangement in the strained systems compared to the acyclic systems.

R'I\ R1\+,R2

0 Cl N N
COcCl R4NH Rl
r. Mg 9% Joor 3 r o R 2 L g MR
N N N N N N N N
| | (OrPOC|3) | | — | | | |
R R R R Ci R R R R yx
HNR{R,

Scheme 4.1. Synthesis of Gua ILs.
The Gua cations prepared are presented in Figure 4.1. As mentioned above, Gua ILs have three sym-
metrically placed charged N-sites and the stepwise changes of the substitution patterns, and hence
charge accessibility, should influence the activity of the salt. The substituents were selected in a way
to gradually increase the steric hindrance of the nitrogen sites by introduction of cyclic groups. Fur-
thermore, the accessibility of the nitrogen center can be tuned by changing the N-C-N angle of the
guanidinium core. For this purpose, cyclic ureas were employed as precursors for the Gua ILs in

order to introduce intramolecular links between the nitrogen atoms.

\ltj/\/\ \ﬁ/\/\ @ \,:]/\/\
T Ot D O
| | v/

[PMBGual] [DPyrMBGua] [DPyrPipGual [MB5Gua]

Figure 4.1. Cations of the synthesized Gua ILs.

As in the previous chapters, non-aqueous electrolytes were selected in order to minimize the pos-

sibility of the HER. The non-aqueous environment permits the use of PF¢"and Tf,N" as suitable anions

118



Chapter 4. Guanidinium lonic Liquids

for the ILs, as they provide good solubilities in organic solvents. Gua hexafluorophosphates are easy
to synthesize, purify and work with due to the high crystallinity of the compounds, while TfoN" ILs
with asymmetric cation are liquid at room-temperature and can be probed as media for the CO2RR.
Notably, some of the chloroamidinium precursors for the ILs are also commercially available in the

PFs form, which significantly simplifies synthesis of the co-catalysts.

As in the previous studies, a silver polished polycrystalline electrode was selected as the actual cat-
alyst for the reduction. A glassy carbon electrode was used to probe the stability of the catalysts in
the presence and absence of CO;, as this electrode is inert and no CO3RR is expected. Tetrabu-
tylammonium hexafluorophospate was employed as a part of the supporting electrolyte to ensure

high conductivities.

The stabilities and activities of the ILs were first tested by the CV experiments. Scans were per-
formed under a N2 atmosphere (for the silver electrode) and under both N; and CO; (for the glassy
carbon electrode), and reveal excellent stability of the Gua ILs as no current indicating decomposi-
tion of the ILs was observed within the electrochemical window of the solvent, i.e. acetonitrile (Fig-

ure 4.2).

When CO; is flushed through the system and the silver electrode is employed, steep reduction
waves appear on the CV, which may be attributed to the CO2RR (Figures 4.3, 4.6). The onset poten-
tial for the reduction shifts towards more positive voltages compared to the reference system, not
containing the IL co-catalyst, as demonstrated by the representative example of [MB5Gua]PFs (Fig-
ure 4.3). Meanwhile, no currents are observed when the C electrode is employed, supporting the

co-catalytic behavior of the Ag electrode.
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Figure 4.2. Cyclic voltamograms for the Gua ILs under Nz, illustrating stability of diversely substituted Gua
cations (Ag polished disk electrode, NBusPFs (0.1 M) in acetonitrile, IL additive (0.02 M), system flushed with

N2).
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Figure 4.3. Comparison of CV data, recorded in the presence and in the absence of the co-catalysts on the
example of [MBGua]PFs (Ag polished disk electrode, NBusPFs (0.1 M) in acetonitrile, IL additive (0.02 M),
system flushed with CO3).

In order to confirm that the observed currents are attributed to the CO2RR rather than to decom-

position of the co-catalyst or other side reactions, potentiostatic electrolysis followed by online GC
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analysis was performed for [MB5Gua]Tf;N, as the representative co-catalyst (Figure 4.4). CO was

found to be the predominant product of the reduction.

Or—v —23v —=2a4v

_20 B
T 40t

-60 B
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0 500 1000
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Figure 4.4. Performance of [MB5Gua]Tf2N for the CO2RR. Potentiostatic electrolysis followed by online GC
measurements, Ag working electrode, IL additive (0.02 M) and NBusPFs (0.1 M) in acetonitrile. Inset: Fara-
daic efficiencies for CO.

From a comparison of the activities of the Gua co-catalysts several trends can be deduced. With the
introduction of the cyclic substituents to the nitrogen atoms the onset potentials for the reduction
remain essentially unchanged. However, the current densities are significantly decreased. This ob-
servation supports the hypothesis, that promotion of the CO;RR by the Gua ILs occurs through the
interactions, co-axial with the Gua C-N bond, of the positively charged N-site with the negatively
charged O-atom from the CO;-based intermediate (Figure 4.5). Blocking of the active sites by the
substitution reduces the number of active sites, and, therefore, the overall speed of the reaction,
which leads to a decrease in the current. Moreover, the strength of the interaction between the

rest of the charged sides and CO,*" remains the same, which results in no changes in the reduction

onset potential for the CO2RR.

Another feature is apparent from a comparison of the acyclic Gua ILs and cyclic [MB5Gua]PFs (Figure
4.6). The latter co-catalyst has a noticeably lower reduction onset potential compared to the other
catalysts in the series. This difference might be due to two factors, i.e. a lower electron donating
effect of the methylidene group compared to the methyl and the strain in the cyclic molecule. The

strained group in the structure of [MB5Gua] cation increases the C-N-C angles in the Gua cation,
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thus increasing the availability of the positively charged nitrogen for the interaction with the CO,-

derived intermediate.
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Figure 4.5 Suggested bonding modes for Gua ILs and CO2-based intermediates, two projections. Left: inter-
action of CO: intermediate with unhindered Gua ILs. Right: blocking of the stabilizing interaction by introduc-

tion of cyclic substituents.
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Figure 4.6. Comparison of the activities of diversely substituted Gua ILs. Left: CV data for the representative
Gua ILs (Ag electrode, IL additive (0.02 M) and NBusPFs (0.1 M) in acetonitrile). Right: structures of the cor-
responding Gua ILs.
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Indeed, the concept of charge availability can be used to describe activities of other classes of ILs.
Im ILs, for example, have around 150 mV more positive onset potentials compared to the Gua ILs.
The C-N-C angle for Im ILs is same as for the Gua ILs (around 120°), while the positive charge is
distributed between two nitrogen centers, while for less active Gua ILs the effective charge is lower,
as it is distributed between three nitrogen centers. However, fully substituted Im ILs lose their co-
catalytic activity,® as the availability of the charged centers for the species in the same plane signif-
icantly drops. Although pyrrolidinium (Pyrd) ILs'°have a positive charge localized on one N-center,
the nitrogen atom of the Pyrd ILs has sp3-hybridization, which 1) limits availability of the co-catalyst
for the interaction with counter-ions; 2) makes the nitrogen less electronegative compared to the
sp2-hybridized nitrogens of Im ILs. Pyrd ILs are usually more active co-catalysts than tetraalkylammo-
nium salts,’® which can probably be explained by the strain in the Pyrd cycle, which broadens the
angles between the alkyl groups and makes the interaction with the CO,.based species more plau-
sible. Therefore, we support the statement, that COzRR is governed by the local electrical field en-

vironment.

4.3 Summary
We describe Gua ILs as co-catalysts for the CO2RR, which are efficient co-catalysts although some-
what less effective than Im ILs and provide valuable information on the structure/activity correla-
tion. Based on the series of Gua ILs studied, the activity appears to be related to the accessibility of
the positively charged nitrogen sites and on the ring. This hypothesis also fits the general activity
trend for various classes of cations with Im ILs > Gua ILs, Pyrd ILs > tetraalkylammonium salts, Pz ILs
= Im ILs in the terms of activity. Furthermore, based on this hypothesis, the rational design of effi-

cient co-catalysts for the CO2RR should be possible.
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4.4  Experimental

4.4.1 Materials and methods.

All reagents were obtained commercially and used without further purification unless otherwise
stated. CO2 (99.998 %) and Ar (99.9999 %) were obtained from Carbagas, Switzerland. *H, °F and
proton-decoupled 3C-NMR spectra were recorded on a Bruker Avance-400 (400 MHz) spectrome-
ter. All reactions were completed under inert conditions (nitrogen atmosphere). For the graphical
representation of NMR spectra please see the Supporting Information. Electrochemical measure-

ments were made in according with the protocols from Chapter 2.

4.4.2 Synthesis and characterization of the compounds
N,N,N’,N’-tetramethylchloroformamidinium chloride: Solution of freshly distilled tetramethylurea
Cl (20 mL, 0.167 mmol, 1 eq) in dry dichloromethane (20 mL) was added dropwise to

\N \ﬁ/
|

| o oxalyl chloride (15.7 mL, 183 mmol, 1.1 eq). Intense gas evolution was observed.

The solution was left stirring for 24 hours at room temperature, the solvent was
removed under vacuum. The solid residue was washed with diethyl ether and dried under vacuum,
yielding the product (24 g, 85%) as colorless powder. 'H NMR (400 MHz, DMSO-ds) 6 2.69 (s, 12H).
13C NMR (101 MHz, DMSO) & 164.73, 38.71.

N-butyl-1,3-dimethylimidazolidin-2-imine. To a solution of 2-chloro-1,3-dimethyl-4,5-dihydro-1H-
n-Bu\N imidazol-3-ium chloride (2.00 g, 11.83 mmol, 1 eq) in dry acetonitrile (30 mL) n-bu-
\N)J\N/ tylamine (2.34 mL, 23.66 mmol, 2 eq.) was added dropwise at 0°C. The reaction mix-
/ ture was refluxed for 16 h, then cooled to rt, diluted with 1M NaOH (100 mL) and
extracted with DCM (3x50 mL). The combined organic layers were dried over Na;SO4 and then con-
centrated under reduced pressure to afford pale yellow oil (2.01 g, 96%). *H NMR (400 MHz, Chlo-
roform-d) & 3.36 — 3.26 (m, 2H), 3.11 (d, J = 4.9 Hz, 5H), 2.94 — 2.81 (m, 3H), 2.65 (s, 3H), 1.57 — 1.44
(m, 2H), 1.44 — 1.26 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 157.03, 50.92,
48.16,48.14,47.40, 38.48, 35.76, 34.64, 20.48, 14.13.

N-butyl-1,3-dimethylimidazolidin-2-iminium iodide. To a solution of N-butyl-1,3-dimethylimidazol-
n-Bu\,:rl/ - idin-2-imine (2.1g, 12.4 mmol, 1 eq) in dry acetonitrile (10 mL) iodomethane
\N)J\N/ (1.34 mL, 13.6 mmol, 1.1 eq.) was added dropwise. The reaction mixture was left
/ stirring at room temperature for 24 hours, then concentrated under reduced pres-

sure and dried under vacuum to afford dark yellow oil (3.03 g, 78%). *H NMR (400 MHz, DMSO-ds)
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5 3.68 (s, 4H), 3.31 — 3.23 (m, 2H), 2.97 (d, J = 1.0 Hz, 9H), 1.72 — 1.42 (m, 2H), 1.28 (h, J = 7.4 Hz,
2H), 0.91 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, DMSO) 6 164.07, 52.14, 49.76, 37.73, 36.65, 29.47,
19.56, 14.08.

N-(bis(dimethylamino)methylene)-N-methylbutan-1-aminium hexafluorophosphate. To a solu-
n-Bu\Kl/ tion of 2.00 g (11.69 mmol) of N-(chloro(dimethylamino)methylene)-N-methyl-
\NJ\N/ methanaminium chloride in 20 mL of dry acetonitrile a solution of 1.385 mL
| | PF (11.69 mmol, 1 eq.) of N-methylbutylamine and 1.625 mL (11.69 mmol, 1 eq.) of
triethylamine in 10 mL of dry diethyl ether was added dropwise at 0°C. The reaction mixture was
allowed to warm up to rt and stirred for 16 h, then diluted with 100 mL of water. Colored contami-
nants were extracted with DCM (3x50 mL). Half of the aqueous layer was separated and directly
used for the anion exchange. To the solution of butyl-pentamethylguanidinium chloride (1.3 g, 5.8
mmol, 1 eq) in Milli-Q water (ca.10 mL) solution of potassium hexafluorophosphate (1.2 g, 1.1 eq)
in Milli-Q water (ca. 100 mL) was added. Colorless precipitate was formed immediately. The mixture
was left stirring at rt for 3 hours, the product was separated by filtration, washed with Et,0 (3x50
mL) and dried under vacuum, affording the product as colorless powder (1.4 g, 72%). *H NMR (400
MHz, DMSO-ds) & 3.15 (q, J = 8.0 Hz, 2H), 2.87 (2s, 15H), 1.64 — 1.41 (m, 2H), 1.26 (dq, J = 15.2, 7.5
Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, DMSO) & 163.03, 51.78, 37.66, 29.31, 19.85,
14.03.31P NMR (162 MHz, DMSO-ds) 6 -118.50 —-172.13 (m). *F NMR (376 MHz, DMSO) § -70.20
(d, 711 Hz).

N-(di(pyrrolidin-1-yl)methylene)-N-methylbutan-1-aminium hexafluorophosphate. To a solution
n-Bu\;\rl/ PF, of 2.00 g (6.01 mmol) of 1-(chloro(pyrrolidin-1-yl)methylene)pyrrolidin-1-ium
NJ\N hexafluorophosphate in 20 mL of dry acetonitrile a solution of 0.7122 mL
C’ Q (6.01 mmol, 1 eq.) of N-methylbutylamine and 0.836 mL (6.01 mmol, 1 eq.) of
triethylamine in 10 mL of dry diethyl ether was added dropwise at 0°C. The reaction mixture was
allowed to warm up to rt and stirred for 16 h, then diluted with 100 mL of water and extracted with
DCM (3x50 mL). The combined organic layers were dried over Na>SO4 and concentrated under re-
duced pressure to afford pale yellow solid (2.20 g, 95%). *H NMR (400 MHz, DMSO-ds) 6 3.37 (td, J
=6.7,5.4,2.9 Hz, 8H), 3.15-3.04 (m, 2H), 2.82 (s, 3H), 1.97 — 1.82 (m, 8H), 1.60 — 1.44 (m, 2H), 1.27
(dg, J = 14.6, 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, DMSO) & 154.78, 49.97, 47.44,
35.49,27.45, 23.16, 17.63, 11.96, -0.50. 3P NMR (162 MHz, DMSO-ds) 6 -144.21 (sept, J = 711.1 Hz).
19F NMR (376 MHz, DMSO) 6 -70.27 (d, 711 Hz).
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1-(di(pyrrolidin-1-yl)methylene)piperidin-1-ium hexafluorophosphate. To a solution of 2.00g
(6.01 mmol) of 1-(chloro(pyrrolidin-1-yl)methylene)pyrrolidin-1-ium hexafluor-
@ PF, ophosphate in 20 mL of dry acetonitrile a solution of 0.59 mL (6.012 mmol,
G‘J\NQ 1 eq.) of piperidine and 0.84 mL (6.012 mmol, 1 eq.) of triethylamine in 10 mL
of dry diethyl ether was added dropwise at 0°C. The reaction mixture was al-
lowed to warm up to rt and stirred for 16 h, then diluted with 100 mL of water and extracted with
DCM (3x50 mL). The combined organic layers were dried over Na>SO4 and concentrated under re-
duced pressure to afford white solid (2.23 g, 97%). *H NMR (400 MHz, DMSO-ds) 6 3.37 (d, / = 6.6
Hz, 8H), 3.18 (t, J = 4.6 Hz, 4H), 1.96 — 1.84 (m, 8H), 1.67 — 1.52 (m, 6H). 13C NMR (101 MHz, DMSO)
8 156.29, 49.75, 49.57, 25.49, 25.32, 23.81. °F NMR (376 MHz, DMSO) & -70.28 (d, J = 707 Hz).3'P
NMR (162 MHz, DMSO-ds) 6 -144.2 (septet, J = 711 Hz).

N-butyl-1,3-dimethylimidazolidin-2-iminium bis(trifluoromethylsulfonyl)imide. To a solution of N-

n-Bu.*_~ _ butyl-1,3-dimethylimidazolidin-2-iminium iodide (2.0 g, 6.4 mmol, 1 eq) in water
Tf,N

\N)]\N/z (10 mL) was added LiTf;N (1.94 g, 6.7 mmol, 1.05 eq.) and dichloromethane (10

/ mL). The reaction mixture was left stirring at room temperature for 24 hours,

then the organic phase was separated, washed by water (3x50 mL), concentrated under reduced
pressure and dried under vacuum to afford pale yellow oil (2.93 g, 98%). *H NMR (400 MHz, DMSO-
ds) 6 3.67 (s, 4H), 3.29 —3.22 (m, 2H), 2.96 (d, J = 1.0 Hz, 9H), 1.66 — 1.48 (m, 2H), 1.35-1.18 (m,
6H), 0.93 — 0.82 (m, 3H). 3C NMR (101 MHz, DMSO) & 164.08, 121.55, 118.35, 52.39, 49.72, 37.61,
36.54,31.29, 27.35, 25.90, 22.45, 14.30. 1°F NMR (376 MHz, DMSO) 6 -78.75.

N-butyl-1,3-dimethylimidazolidin-2-iminium hexafluorophosphate. To a solution of N-butyl-1,3-di-

n-Bu\ﬁ/ _ methylimidazolidin-2-iminum iodide (0.5 g, 1.6 mmol, 1 eq) in Milli-Q water (5 mL)
PF

\N)J\N/ ° was added KPFs (0.33 g, 1.8 mmol, 1.1 eq.). The reaction mixture was left stirring

/ atroom temperature for 12 hours, dichloromethane (10 mL) was added. The aque-

ous phase was washed with Milli-Q water (2x10 mL), then dried under vacuum to afford pale yellow
oil (0.53 g, 100%). *H NMR (400 MHz, DMSO-ds) 6 3.67 (s, 4H), 3.30 —3.23 (m, 2H), 2.96 (s, 9H), 1.63
—1.49 (m, 2H), 1.28 (h, J = 7.3 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO) & 164.08,
52.12,49.73, 37.65, 36.57, 29.45, 19.55, 14.05. *F NMR (376 MHz, DMSO) & -70.21 (d, J = 711 Hz).
31p NMR (162 MHz, DMSO-de) & -144.2 (septet, ) = 711 Hz).

126



Chapter 4. Guanidinium lonic Liquids

4.1 Supporting Information
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Figure S4.1. *H NMR spectrum of N,N,N’,N’-tetramethylchloroformamidinium chloride (400 MHz, DMSO-ds).
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Figure S4.2. 13C NMR spectrum of N,N,N’,N’-tetramethylchloroformamidinium chloride (101 MHz, DMSO-de).
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HNMR (400 MHz Chloroform-) § 3.36— 3.26 (m, 2), 3.11(d,/=49Hz 5H),2.94- 281 (m, 3H),
265(s,3H),1.57- 1.44(m ZH), 1.4 - 1.26(m, 2H), 0.89(t, /=73 Hz 3H).
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Figure S4.3. 'H NMR spectrum of N-butyl-1,3-dimethylimidazolidin-2-imine (400 MHz, DMSO-ds).
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Figure S4.4.13C NMR spectrum of N-butyl-1,3-dimethylimidazolidin-2-imine (101 MHz, DMSO-ds).
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HNMR. (400 MEz, DMSO-d,) 6 3.68 (5, 4D, 331 - 3.3 (m, 2H), 297 (@, /=1.0Hz 91, 1.712- 1 42
(m, 2H), 1.28 (b, J=74Hz 2H),091 (t,/=7.4Hz 3H).
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HNMVR (400 MHz DMSO-d) 5 3.15(g, J=8.0 Hz 2H), 287 s, 15HD, 1.64 - 1.41 (m, JH), 1.26 (dq,
J=152,75Hz 1), 091 ¢./=73Hz 3H).
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Figure S4.7.H NMR spectrum of [PMBGua]PFs (400 MHz, DMSO-ds).
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Figure S4.8.13C NMR spectrum of [PMBGua]PFs (101 MHz, DMSO-ds).
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HNMR (400 MHEz DMSO-4,) 5337 (d,J =67, 5.4,29 Hz SH), 3.15- 3.04 (m 2H), 282 (s, 3H),
197-1.82 (m, 8H), 1.60- 1.44(m, 2H), 1.27 (dq, J=14.6, 74 Hz, 2H),0.90 (/=7 4 Hz, 3H).
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Figure S4.9.'H NMR spectrum of [DPyrMBGua]PFs (400 MHz, DMSO-ds).
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Figure S4.10. 13C NMR spectrum of [DPyrMBGua]PFs (101 MHz, DMSO-ds).
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Figure S4.11. *H NMR spectrum of [DPyrPipGua]PFs (400 MHz, DMSO-ds).
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Figure S4.12. 13C NMR spectrum of [DPyrPipGua]PFes (101 MHz, DMSO-ds).
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HNMR (400 MHz, DMSO-4;) 8 3.67 (s, 459, 3.30 - 3.5 (m, 2H), 296 (s, 9H), 1.63 - 1.4 (m, 2H),
128,/ =73Hz 21,091 (t,/= 74 Hz, 3H).
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Figure S4.13.'H NMR spectrum of [MB5Gua]PFs (400 MHz, DMSO-ds).
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Figure S4.15. 'H NMR spectrum of [MB5Gua]Tf2N (400 MHz, DMSO-ds).
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Figure S4.16. 13C NMR spectrum of [MB5Gua]Tf2N (101 MHz, DMSO-ds).
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Chapter 5 Deep Eutectic Solvents

5.1 Introduction

Altering the composition of the electrolyte

En is one of the main approaches aimed at decreas-
= ' ing the overpotential and increasing the selectiv-
ity of the CO2RR reaction.'3 The most investigated

CO solvents for the CO2RR are water,* acetonitrile,’

CcO dimethylsulfoxide,® dimethyl formamide,” and

propylene carbonate.® Aqueous electrolytes,

probably the most investigated and environmen-

tally benign, allow the synthesis of hydrogenated products, such as formic acid, methanol, methane,

etc. However, disadvantages of aqueous systems include the low solubility of CO,° and, in many

cases, the necessity to suppress the parasitic hydrogen evolution reaction (HER).? Non-aqueous sys-

tems may dissolve higher concentrations of CO, and the HER does not take place due to absence of

accessible protons in the system. Furthermore, reduction of CO; to CO, inherent for non-aqueous
systems, appears to be one of the most attractive types of CO2RR.*°

The addition of ionic liquids (ILs) to electrolytes significantly decreases the onset potential for

the CO,RR and helps to suppress HER.'! ILs based on Im,%*2 Pyrd®® and Pz'* cations were found to

be efficient co-catalysts. However, the high cost of ILs and their high viscosities hamper their direct

application in the CO2RR.
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Figure 5.1 Left: lonic liquids (green) and OH-functionalized compounds (magenta) that promote the COzRR.
Right: choline DES.

The presence of the hydroxyl group in the structure of the IL cation®'>® or in close proximity
to a catalytic metal center in an appropriate complex!” further enhances the CO,RR. A positive in-
fluence was also observed for the hydrolysis of cations in the proximity of the electrode®® or for the
presence of water in the electrolyte.’>*° Consequently, choline chloride ([Ch]Cl), a hydroxyl-bearing
ammonium salt, was investigated as an additive in an aqueous electrolyte for the CO2RR on a Pt
electrode.® Notably, [Ch]Cl is one of the components of deep eutectic solvents (DESs).?° DESs are
usually binary mixtures possessing melting points substantially below that of the individual com-
pounds.?! Many of the properties of DESs (e.g. large potential windows, high solubility of CO», low
vapor pressure, high conductivity) are similar to those of ILs, and DESs were investigated in similar
applications including CO; capture, metal deposition, electropolishing, etc.2%22 Simple DESs are
much less expensive than simple ILs and, since [Ch]Cl is derived from choline, a nutrient, are in gen-
eral less toxic.?3 Surprisingly, despite DES appear to be promising alternatives to ILs, their application
in the CO2RR has not been systematically explored (the only example we found in the literature is
the work of Verma et al.,> where DES solution in water was screened among other electrolytes).
Here, we demonstrate the utility of pure DESs and DES-additives to non-aqueous solvents in the
CO3RR (Figure 5.1) and describe a simple and general approach combining IL chlorides with EG to

generate DESs for application in the CO2RR.

5.2 Results

Silver was selected as the working electrode in these studies as it is known to catalyze the
reduction of CO; to CO with high Faradaic efficiencies and low overpotentials,?* which eliminates

alternative reaction pathways. Initially, the performance of the neat [Ch]Cl-urea (1:2) system, one
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of the most widely investigated DESs, was probed by cyclic voltammetry (CV). Addition of CO; to the
electrolytic system results in the appearance of a reduction wave in the low potential region, where
decomposition of the [Ch]Cl-urea DES is not observed (Figure S5.1). It should be noted that the
CO2RR occurs at the silver cathode, which is the catalyst, and the DES serves as a promoter (or co-
catalyst) and medium for the reduction. The CO2RR does not take place when a glassy carbon work-

ing electrode is employed in place of the silver electrode (Figure S5.2).
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Figure 5.2. Cyclic voltammograms (CVs) of the urea and EG-based DESs employed for the ERC: Ag working

electrode, CO2 atmosphere, undivided cell.

Despite the promising data obtained from the CV experiments, chronoamperometric meas-
urements with online product analysis indicate low applicability of the neat [Ch]Cl-urea DES as an
electrolyte for the CO2RR. The current densities are less than 0.1 mA/cm? and the Faradaic efficiency
for CO2 to CO conversion is rather low (Table 5.1). These results are attributed to the high viscosity
of the [Ch]Cl-urea DES (Table S5.1, 830 cP at 25°C?°), which leads to the rapid depletion of CO; at
the surface of the electrode and the development of the competing HER and other side reaction

(e.g. electrolyte reduction).

Water (1 to 15 % vol) was added to reduce the viscosity of the [Ch]Cl-urea DES (viscosity drops
from 1244 cP to ~30 cP at 15% of water at 21°C%). Current densities of the order of 0.6 mA/cm? and
Faradaic efficiencies for CO (FEco) of ca. 70% were obtained (Table 5.1, Figure S5.1). Since addition
of water increases the FEco it is apparent that the high viscosity is the main obstacle in the CO2RR

when using the neat [Ch]Cl-urea DES. Therefore, we switched to [Ch]Cl-ethylene glycol (EG) DES
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(1:2), as it has the lowest viscosity (36 cP?2, 40 cP according to our data, Table S5.1) of the wide-
spread room temperature DESs. As expected, the [Ch]CI-EG DES exhibited better performance com-
pared to urea-based DES with respect to both CV and chronoamperometric experiments. Under N,
a steep reduction wave for H, evolution arises on the I-V curve (Figure S5.3). However, introduction
of CO; in the cell results in the appearance of a new reduction wave at low potentials. According to
the chronoamperometric measurements followed by GC analysis, the new wave appears due to the
CO2RR. During electrolysis a current density of magnitude ca. 0.4 mA/cm? was reached with FEco
remaining around 78% (Table 5.1). Addition of water (7 % by vol.) leads to an increase of current
density, but with a decrease in the selectivity, i.e. FEco=40%. From the abovementioned results, it
appears that the application of pure DESs in the CO2RR is possible, but is challenging due to slow
mass transport. Possible solutions to overcome the problem of slow diffusion of CO; is to use gas
diffusion electrodes or to vary the cell configuration (e.g. the distance between electrodes, elec-
trode surface, etc.). An alternative approach is to employ the DES as an additive in a low viscous
solvent. The choice of the diluted solvent should be defined by miscibility with the DES, high solu-

bility of CO2 and, ideally, low volatility, low toxicity and low price.

As mentioned above, the application of [Ch]Cl additives in an aqueous electrolyte was demon-
strated before.!®**l However, employing 1M [Ch]Cl in water as the electrolyte was rather discourag-
ing, i.e. hydrogen was the main product of the reduction with only traces of CO formed (Table 1).
Addition of EG (2 eq. vs [Ch]Cl) improves the FEco to the level of only ca.23% (Table 5.1, Figure 5.3a).
Possibly, the difference in pH between our system and the one explored by Verma at al. (we used
0.5 M H3S04, and they — KHCOs solution as anolyte)? leads to the different outcomes of the [Ch]CI-

urea DES in water as Nafion, used as separator, is permeable for protons.

Acetonitrile (MeCN) is an aprotic polar solvent widely explored in the CO;RR; CO; is ca. 8 times
more soluble in it compared to water.’ Consequently, the electrochemical behavior of [Ch]CI (0.02
M) in MeCN solution (containing NBusPFs, 0.1 M) in the presence and absence of CO; was studied.
Under a nitrogen atmosphere a wave at ca. -1.9 V vs Ag/AgCl for the reduction of the [Ch] cation is
observed. Addition of CO; to the system results in a sharp growth of a new wave on the I-V curve,
indicating the development of the CO2RR (Figure S5.4). The fact that the co-catalytic activity can be
attributed to the presence of [Ch]Cl in the system was demonstrated by comparing CV curves regis-
tered in the presence and in the absence of [Ch]Cl: the onset potential for the latter was ca. 600 mV

more negative (Figure S5.5). Potentiostatic electrolysis combined with online GC detection reveal
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CO to be the dominant product, with a Faradaic efficiency approaching 100% at ca. -2.0 V vs Ag/AgCl
(Figure S5.4).

However, [Ch]Cl is poorly soluble in MeCN, with only low concentrations achieved after pro-
longed sonication. To overcome the solubility limitation, the chloride anion in [Ch]Cl was exchanged
with bis(trifluoromethylsulfonyl)imide (Tf.N"), to afford IL which is miscible with MeCN. CV and po-
tentiostatic electrolysis reveal the effect of [Ch][Tf.N] being comparable to that of [Ch]Cl at the same

concentration (Figure S5.5).

In an alternative approach, a DES was obtained by mixing [Ch]Cl and EG (1:2) allowing a con-
centration of [Ch]Cl of 1 M to be achieved in MeCN. According to the CV curves and chronoam-
perometric data (Figure 5.3b, Table 5.1), the addition of EG to the [Ch]Cl solution resulted in a highly
active system with both excellent FEco (99%) and jco (ca. 7 mA/cm?). Moreover, additives of EG do
not significantly change the reduction onset potential (Figure S5.6). In order to distinguish the effect
of the [Ch] cation from that of EG, additional experiments excluding [Ch] derivatives from the elec-
trolyte were performed, which indicate that EG does not have a considerable impact on the CO2RR
(Figure S5.7).

In order to broaden the applicability of our strategy for the employment of DESs in organic
solvents, propylene carbonate (PC) and 2-(2-ethoxyethoxy)ethanol (3EOH) were also studied. Both
are industrially important solvents with high boiling points. [Ch]Cl is insoluble in 3EOH, but with the
addition of 2 equivalents of EG a concentration of 1 M [Ch]Cl was reached. The resulting solution
was examined in the COzRR with current densities being 2-3 times higher than those achieved in
neat DES (Figure 5.3c). Moreover, FEco values exceeding 90% (Table 1) with current densities around
4 mA/cm? (Table S5.1) were obtained.

[Ch]Cl in poorly soluble in PC as well, whereas a combination of [Ch]Cl and EG (1:2) readily
provided 1 M solutions. Reduction of CO; in this media proceeds with around 100% FEco (Figure
5.3d, Table 5.1) at relatively high (ca. 8 mA/cm?, Table S5.1) current densities. Interestingly, water,
which is a by-product during the CO2RR (CO; + 2H* — CO + H,0), forms a second phase above the

electrolyte.
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Table 5.1. Reduction onset potentials for the CO2RR and product distribution at optimal po-

tentials for chronoamperometric experiments employing DESs or DES-like systems (neat or as an ad-

ditive in various solvents).[@

Catholyte FEco, %0 ZEHZ’ ! Engiagcl, V
[Ch]Cl-Urea (1:2) 15.8 17.0 -1.40
[Ch]CI-Urea (1:2) + H20
(159% vol) 59.0 26.3 -1.38
[ChICI-EG (1:2) 78.0 9.9 1143
[BMIM]CI-EG (L:2) 95.8 6.8 -1.44
1M [Ch]Cl + 2M EG in H20 23.3 75.6 N/AL)
1M [Ch]CI + 2M EG in MeCN 98.8 4.7 1152
1M [Ch]CI + 2M EG in 3EOH 92.3 8.4 1.4
1M [Ch]Cl + 2M EG in PC 1015 0.5 15
1M [ChICl in EG 711 28.2 1142
1M [Ch]Cl in PEG-200 83.2 7.9 -1.40
1M [BMIm]CI in PEG-200 85.9 3.7 141
1M [EMIMOHICI + 2M EG in oL e Las

PC

[a] Experimental conditions: U-type divided cell, Ag polished disc cathode, Pt wire anode,
Ag/AgCl reference, anolyte — H2SO4 (aq, 0.5 M), catholyte — given in the Table, Nafion 117 membrane

separator. [b] Estimated error is £5%. [c] Cannot be determined due to concomitant HER.

In an extension to the use of EG as HBD, polyethylene glycol (PEG), a cheap and stable non-
toxic class of polymers, was also evaluated. [Ch]CI dissolves in PEG-200, and 1M [Ch]Cl in PEG-200
represents a stable system with low onset potential of the CO2RR and good FEco (Table 5.1, Figure

$5.8).
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Figure 5.3. Cyclic voltamograms of [Ch]CI/EG (1/2) DES solutions in a) water; b) MeCN; c) 3EOH; d) PC un-
der N2 (green) and under CO2 (magenta). Insets: FEs obtained during potentiostatic electrolysis in presence
of COs2. All curves were recorded using Ag electrodes. Estimated error for the determination of the FE is
15%.

The idea to employ the concept of DES in order to solubilize [Ch]CI in organic media can be
expanded to other IL co-catalysts. [BMIm]CI ([BMIm] = the 1-butyl-3-methylimidazolium cation), a
“classical” co-catalyst for CO2RR, is a crystalline low-melting solid compound (mp = 65°C).26 When
mixed with EG (1:2 respectively), it forms a liquid with viscosity similar to that for [Ch]CI-EG DES
(36.9 cP and 40.1 cP respectively at 21°C, Table S5.1). The resulting solution was used for the CO2RR,
exhibiting a similar performance to the pure IL [BMIm][BF4] (Tables 5.1, S5.1, Figure S5.9).?’

The hydroxyl-functionalized IL, 1-(3-hydroxypropyl)-3-methylimidazolium tetrafluoroborate
[PMIMOH][BF4], was found to be a promising promoter for CO2RR.** Inspired by this work, we de-
cided to broaden our IL scope by 1-(2-hydroxyethyl)-3-methylimidazolium chloride. Although the
direct use of this salt is limited by its low solubility in organic solvents and by the fact that it is not a
room-temperature IL, the addition of 2 equivalents of EG affords a homogeneous system which
dissolves well in solvents like MeCN and PC (Figure 5.4). The resulting electrolytes (1 M) showed
excellent activity for the CO2RR in terms of FEco (both up to ~100%) and onset potentials (both ca. -
1.45 vs Ag/AgCl) for the reduction (Tables 5.1, S5.1, Figures S5.10, S5.11).
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Figure 5.4. Mixtures of MeCN with a) [EMImMOH]CI (1M, left); b) [EMImOH]CI + EG (1M and 2M respectively,
right).

From the viscosities of the investigated electrolytes there is an inverse correlation with the

current densities, which is as expected as the higher the viscosity the slower the diffusion of CO;

(Table S5.1). Consequently, since the potentials for the CO2RR are similar for all systems, mass

transport limitations appear to be the main factor leading to the differences in the current densities.

5.3 Summary

In conclusion, we show that [Ch]-based DESs facilitate the CO2RR, exhibiting similar character-
istics to IL-based systems. However, unlike ILs they are abundant, non-toxic, inexpensive and facile
to prepare and handle. Like ILs, DESs have high viscosities and therefore must be applied in organic
solvents, providing excellent co-catalytic systems. Following the same strategy of combining chlo-
rides with EG, liquid electrolytes based on non-room temperature ILs can be prepared. Such systems
exhibit improved solubility of the catalyst in organic solvents avoiding the additional synthetic step
of anion exchange, which increases the purity and reduces the cost of the co-catalyst. We believe
that this approach can be expanded to other [organic cation]Cl salts, which would vastly increase
the number of co-catalysts/electrolytes that can be employed for the CO2RR, and might lead to the

discovery of even more efficient systems for this and other important reactions.
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5.4 Experimental

5.4.1 Materials and methods

All the reagents except 1-(2-hydroxyethyl)-3-methylimidazolium chloride were purchased from
commercial sources and used without further purification. The following reagents were employed:
acetonitrile (>=99.9%, HPLC gradient grade, Fisher Chemical), 1-butyl-3-methylimidazolium chloride
(98.0%, Sigma), choline chloride (98+%, AlfaAesar), 2-(2-ethoxyethoxy)ethanol (98+%, Acros Organ-
ics), ethylene glycol (99.5%, for analysis, Acros Organics), polyethylene glycol (BioUltra, 200, Sigma),
propylene carbonate (99.7%, anhydrous, Sigma), urea (molecular biology grade, Lubio Science). 1-
(2-hydroxyethyl)-3-methylimidazolium chloride was synthesized according to a published proto-
col.?8 CO,(99.998 %) and Ar (99.9999 %) were obtained from Carbagas, Switzerland. Electrochemical

measurements were made in according with the protocols from Chapter 2.
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5.4.2 Viscosities of electrolytes and the current densities for the electrolysis

Table S1. Current densities for electrolysis at optimal potentials and viscosities of DESs and DES-

like systems.

Catholyte jco, mA/cm?2 ni, mPa sld
[Ch]CI-Urea (1:2) -0.01 124410l
[Ch]CI-Urea (1:2) + H20 (15% vol) -0.35 300!
[Ch]CI-EG (1:2) -0.41 40.1
[BMIM]CI-EG (1:2) -0.88 36.9
1M [Ch]CI + 2M EG in H20 -2.34 1.5
1M [Ch]CI + 2M EG in MeCN -6.94 0.8
1M [Ch]CI + 2M EG in 3EOH -4.24 9.3
1M [Ch]CIl + 2M EG in PC -7.68 5.0
1M [Ch]Cl in EG -0.94 19.3
1M [Ch]Cl in PEG-200 -0.76 87.8
1M [BMIm]CI in PEG-200 -0.64 77.9
1M [EMIMOHICI + 2M EG in PC -4.68 5.2

[@] Viscosities were measured at 21°C.

[b] Data points from Yadav A. and Pandey S, measured at 21°C.%
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5.4.3 Cyclic voltammetry data
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Figure S5.1. Cyclic voltammograms for the [Ch]Cl-urea (1:2) mixture, recorded under N2z (green) and under
CO2 (magenta). Insets: a) FEn2 and FEco during electrolysis for this system (Ag electrode, CO2 atmosphere);

b) system evolution with water addition.
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Figure S5.2. Cyclic voltammograms for the [Ch]Cl-urea (1:2) mixture under CO, atmosphere, rec-

orded employing glassy carbon (green) and silver (magenta) electrodes.
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Figure S5.3. Cyclic voltammograms for the [Ch]CI-EG (1:2) mixture, recorded under N2z (green) and under

CO2 (magenta). Inset: amplified cyclic voltammogram for the reduction under COx.
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Figure S5.4. Cyclic voltammograms for the system, consisting of [Ch]CI (0.02 M), NBu4PFs (0.1 M) and
MeCN, recorded under Nz (green) and under CO2 (magenta). Inset: FEn2 and FEco during electrolysis for

this system (Ag electrode).
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Figure S5.5. Cyclic voltammograms for COz-saturated electrolytes (0.1 M NBusPFsin MeCN) with (magenta)
and without (green) [Ch]CI (0.02 M).
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Figure S5.6. Cyclic voltammograms for COz-saturated electrolytes (0.02 M [Ch]CI + 0.1 M NBu4PFsin
MeCN) with (magenta) and without (green) EG.
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Figure S5.7. Cyclic voltammograms for COz-saturated electrolytes (0.1 M NBusPFsin MeCN) without any ad-
ditives (green), with 0.02 M urea (magenta) and with 0.02 M EG (blue).
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Figure S5.8. Cyclic voltammograms for solution of [Ch]CI (1M) in PEG-200 under N2z (green) and CO2 (ma-

genta) atmosphere. Inset: FEn2 and FEco during electrolysis for this system (Ag electrode).
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Potential vs Ag/AgCl, V

21 -1.7 -13 09 -05
| I TN TN [N NN (N A T I N AN T NN N NN NN NN NN N T A (N N S

~

4 00 E

<

<

£

1 a0 3

)

c

(]

©

120 %

t

o

0 -]

-20-19-18-17-16-15-14 1 30 ©

Eagingar» V -

Figure S5.9. Cyclic voltammograms for the mixture of [BMIm]CIl and EG (1:2) under Nz (green) and CO2z (ma-

genta) atmosphere. Inset: FEx2 and FEco during electrolysis for this system (Ag electrode).
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Figure S5.10. Cyclic voltammograms for the solution of [EMIMOH]CI (1 M) and EG (2 M) in propylene car-
bonate under N2 (green) and CO2 (magenta) atmosphere. Inset: FE+2 and FEco during electrolysis for this

system (Ag electrode).
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Figure S5.11. Cyclic voltammograms for the solution of [EMIMOH]CI (1 M) and EG (2 M) in MeCN under N2
(green) and CO2 (magenta) atmosphere. Inset: FEn2 and FEco during electrolysis for this system (Ag

electrode).
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Chapter 6 Conclusions

Three new classes of ILs — Tz, Pz and Gua — were assessed as co-catalysts in the CO2RR in non-aque-
ous electrolytes. The activity of the Tz ILs was highly dependent on the substitution pattern. While
1,3-alkylated Tz ILs show some co-catalytic activity at low overpotentials, their higher substituted
1,3,4-analogues display no co-catalytic activity (which resembles the behavior of the known Im ILs)
and are reduced instead of CO;. Despite the low substituted Tz ILs having promising onset potentials
for the CO;RR, close to the theoretical limit for non-aqueous systems, their instability makes them
less attractive for the application compared to the conventional Im ILs. However, information on
the influence of substitution patterns and onset potentials described above is an important contri-

bution to the understanding of structure/activity relationships for CO2RR catalysts.

The synthesized Pz ILs were shown to be efficient co-catalysts for the CO2RR, superior to the bench-
mark Im ILs in terms of FEco (100% vs. 80-90% at the same potentials). Introduction of substituents
in the Pz ring results in an increase of the stability of the co-catalysts along with a decrease in their
activities. However, unlike the fully substituted Im and Tz ILs, peralkylated Pz ILs show good activities
for the CO2RR. Notably, the presence of water in the electrolyte significantly decreases the reduction
onset potential for most Pz co-catalysts. Another interesting feature of the Pz ILs is the generation
of small amounts of formic acid and methane during the electrolysis, which is not typical of poly-
crystalline Ag electrodes in the presence of Im ILs. The change product selectivity encourages appli-

cation of the Pz IL with other electrodes and electrolytes.

Gua ILs have also shown co-catalytic activity for the CO;RR, although lower than that compared to
the Im ILs. The peculiarities of the Gua structure allow gradual substitution and introduction of bulky
substituents, which makes Gua ILs versatile synthetic tools for the research on the IL structure/ac-
tivity correlations. Decreasing the availability of the N-atoms of the Gua core suppresses the inter-
actions with the CO;-based intermediates, resulting in a decrease in the rate of the reduction,
whereas introduction of a strain between the nitrogen results in the decrease of the reduction onset

potential for the CO2RR.

Additionally to broadening the scope of room-temperature ILs capable of promoting the CO2RR, we

hypothesize that the main descriptors for the IL catalysts with high activity is the accessibility and
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charge of the active cationic center, which appears to be crucial in forming interaction with CO,. The
importance of the accessibility is demonstrated for the Gua ILs, where the reaction rates gradually
decrease with the introduction of blocking substituents on the nitrogen atoms. This mechanism also
explains why peralkylated Im and Tz ILs have negligible activity compared to their non-substituted
analogues. Furthermore, we suspect that the higher activity of cyclic Gua IL compared to the acyclic
analogue (see Chapter 4) is due to the strain in the cyclic compound, which widens the C-N-C angle
between the methyl group and the Gua core and makes the charged centers more accessible for
interactions with CO>. The influence of the charge can be demonstrated by comparing the activity
of Gua with Im or Pz ILs. The former have higher reduction overpotentials as the charge is more
delocalized, whereas Tz ILs exhibit even lower overpotentials compared to Im ILs due to the elec-
tronegative N2 atom in the structure. Finally, the relative weight of the charge distribution/charge
accessibility can be appreciated from a comparison of Im and Pyrd ILs. The former have slightly
higher co-catalytic activity than the latter, possessing more distributed charge but higher accessibil-
ity of the charged cites. We believe that based on this hypothesis, the rational design of efficient co-

catalysts for the CO2RR should be possible.

We also developed a new type of non-aqueous electrolytes based on DESs for the CO2RR. The pres-
ence of the OH-group in the structure of the cations was found to significantly facilitate the reduc-
tion. The resulting systems possess similar properties to ILs, but unlike ILs, they are abundant, non-
toxic, inexpensive and facile to prepare and handle. The solubility of conventional DESs in organic
solvents allows viscosity issues to be overcome, thus providing excellent co-catalytic systems. We
believe that this strategy may allow the anion exchange stage for the synthesis of IL to be avoid,
employing DESs based on the IL chlorides. This strategy significantly simplifies preparation of ionic
electrolytes, broadening the scope of catalytic media and making a further step towards green and

efficient electrolytes.
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